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Abstract Juvenile reef fish communities represent an

essential component of coral reef ecosystems in the current

focus of fish population dynamics and coral reef resilience.

Juvenile fish survival depends on habitat characteristics

and is, following settlement, the first determinant of the

number of individuals within adult populations. The goal of

this study was to provide methods for mapping juvenile

fish species richness and abundance into spatial domains

suitable for micro and meso-scale analysis and manage-

ment decisions. Generalized Linear Models predicting

juvenile fish species richness and abundance were devel-

oped according to spatial and temporal environmental

variables measured from 10 m up to 10 km in the south-

west lagoon of New Caledonia. The statistical model was

further spatially generalized using a 1.5-m resolution,

independently created, remotely sensed, habitat map. This

procedure revealed that : (1) spatial factors at 10 to 100-m

scale explained up to 71% of variability in juvenile species

richness, (2) a small improvement (75%) was gained when

a combination of environmental variables at different

spatial and temporal scales was used and (3) the coupling

of remotely sensed data, geographical information system

tools and point-based ecological data showed that the

highest species richness and abundance were predicted

along a narrow margin overlapping the coral reef flat and

adjacent seagrass beds. Spatially explicit models of species

distribution may be relevant for the management of reef

communities when strong relationships exist between

faunistic and environmental variables and when models are

built at appropriate scales.
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Introduction

Designing spatially explicit models for predicting the

number of species and individuals present as juveniles is a

critical challenge for reef fish ecology and conservation.

Among the factors suggested to contribute to reef resis-

tance and resilience, the number of fish species in a given

reef, or set of connected reefs, is often cited (McClanahan

et al. 2002; Wilson et al. 2006). Areas that support high

numbers of species are usually given high conservation

values, particularly when the maintenance and enhance-

ment of biodiversity is the central goal of the management

strategy (Myers et al. 2000; Roberts et al. 2002). However

the first factor limiting the numbers of species and indi-

viduals in a given fish community, following settlement, is

juvenile mortality (see review by Doherty 2002). Although

variable in time and species specific, juvenile mortality can

reach up to 60% at settlement (Doherty et al. 2004). Since

juvenile mortality mostly results from the intensity of

competition and predation after the settlement (Caselle

1999; Almany and Webster 2006), post-settlement juvenile

abundances may depend on habitat characteristics such as

refuge availability (Adams et al. 2004; Almany 2004).

Identifying the environmental factors that promote high

numbers of species and individuals present as juveniles is

thus crucial for understanding the processes governing

adult population dynamics. Moreover, preventing the

degradation of habitats where the numbers of species and
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individuals of juvenile fish are high can substantially

improve their recruitment (Gilliers et al. 2006; Scharf et al.

2006) and consequently increase the numbers of species

and individuals in the whole fish community.

Spatially explicit models predicting the number of spe-

cies and individuals present as juveniles should be based on

environmental variables that influence juvenile distribution

at different spatial scales. For example, immediately before

they settle on the reef, fish larvae may be heterogeneously

distributed in shelf waters that differ at a 0.1 to 10-km scale

in turbidity, current speed and direction (Williams 1982).

Then, larvae settle on habitats that can be characterized at a

0.1 to 10-km scale by their distance to the reef or their

exposure to dominant winds (Doherty 1991). At a 10 to

100-m scale, different factors have been found to influence

the spatial distribution of juvenile reef fish: average depth

(Srinivasan 2003), substratum composition (Depczynski

and Bellwood 2004; Sale et al. 2005), characteristics of

benthic covers (Adams et al. 2004; Depczynski and Bell-

wood 2004; Sale et al. 2005) and substratum rugosity

(Hixon and Beets 1993; Sale et al. 2005). The temporal

patterns in the distribution of juvenile fish may vary with

water temperature (Sponaugle et al. 2006) as well as wind

speed and direction (Findlay and Allen 2002; Sponaugle

et al. 2005). These environmental variables influence

juvenile spatial and temporal distribution for a given

number of studied species, but the way they interact at the

community level and determine the number of species and

individuals that will be observed as juveniles at a given

location remains largely unknown.

The models aimed at predicting the number of species

and individuals within a given spatial domain are by

definition spatially explicit and need to be based on field

data continuously measured over this spatial domain.

Traditionally, descriptive multivariate approaches have

been used for relating environmental variables, sometimes

measured at different scales, to the number of reef fish

species and/or individuals (Ault and Johnson 1998b;

Chittaro 2004). These statistical models, and the underly-

ing ecological knowledge they were based on, usually

came from point-based field data and are not spatially

explicit. In principle, if environmental variables could be

represented over a geographic grid, and if they were well

correlated to some ecological variables, then relevant

ecological predictions could also be spatially represented

over the same grid. This way, the predictive model

becomes spatially explicit, providing continuous field of

biological data that could greatly enhance the power of

decision support tools and multi-scale ecological analyses.

Fortunately, environmental variables are now increas-

ingly measured continuously since remote sensing provides

a cost-effective and time-efficient mean to survey and map

the landscape of virtually any area on Earth, including the

shallow marine and coastal environment (Miller et al. 2005).

It is thus logical to use remotely sensed information to

transform point-based ecological observations into spatially

explicit representation of ecological properties. This is now

a common approach in terrestrial studies, but still in its

infancy for marine coastal studies (Guisan and Thuiller

2005). Since the early 1990s, remote sensing has been pri-

marily used in coral reef studies to investigate bathymetry

(Maritorena 1996), exposure to hydrodynamic energy

(Courboulès and Manière 1992), detailed geomorphology

(Andréfouët and Guzman 2004) and habitat distribution

(Ahmad and Neil 1994). Pilot studies with high-cost sensors

have shown further potential for mapping pigmentation of

cyanobacterial mats (Andréfouët et al. 2003a), coral cover

(Mumby et al. 2004) or bottom rugosity (Brock et al. 2004).

One of the most useful remote sensing products is habitat

maps. Habitat mapping is considered now a standard prac-

tice, with an accuracy that depends on the local habitat

complexity (Andréfouët et al. 2003b). Habitat maps poten-

tially provide great interpretative power in terms of coral

reef ecological functions such as biogeochemistry and reef

production, algal and invertebrate biomass distribution and

coral reef beta-diversity (Ahmad and Neil 1994; Andréfouët

and Payri 2001; Gilbert et al. 2006; Harborne et al. 2006).

In terrestrial ecosystems, spatially explicit species dis-

tribution models are developed by the following two steps

(see review by Guisan and Thuiller 2005). The first step is

to define a point-based, predictive species-environment

relationship using the most appropriate linear or non-linear

modeling techniques (Guisan and Zimmermann 2000). The

second step is to map model predictions over a spatial

domain where environmental predictors are continuously

measured. As a first attempt for juvenile reef fish com-

munities, the ultimate aim of the present study was to

provide quantitative and spatially explicit information on

patterns of juvenile species richness and abundance at

spatial scales relevant to the management process of coral

reef ecosystems. This was done by: (1) assessing the

amount of variability in juvenile fish species richness and

abundance that can be predicted by a combination of

environmental factors recorded across different spatial and

temporal scales and (2) mapping the predicted ecological

information using a remotely sensed, independently cre-

ated, coral reef habitat map.

Materials and methods

Study area and sampling design

The study took place in New Caledonia (southwest Pacific,

166�E, 22�S) where the lagoon covers an area of

*19,000 km2 with numerous patch reefs and islets. The
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lagoon is bound by a 1,600-km long barrier reef that can be as

far as 65 km from the coast, providing a wide shallow shelf.

Fish were sampled in two no-take marine reserves of

the southwest lagoon: Canard Islet and Larégnère Islet,

respectively, 1.2 km and 13.0 km from the main island

(Fig. 1). Both are no-take areas but are routinely visited for

recreational activities. Around each Islet, six stations were

equally and randomly distributed in three biotopes

including seagrass beds, macroalgal beds and coral patch

reefs, and divided between the leeward and windward sides

of the islets. At each station, the sample unit area was a

5-m radius circular area of approximately 80 m2. The 12

stations were surveyed during six sampling periods from

March 2005 to March 2006.

Underwater visual census of fish fauna using stationary

point technique (Bohnsack and Bannerot 1986) was per-

formed by two divers. Stations were divided into four

20 m2 quarters. On two quarters of each station, each diver

visually identified and counted all fishes (except Blennidae

and Gobiidae) and estimated individual total length (TL) to

the nearest centimeter. When fishes were forming a school,

the mean TL and the total number of all individuals were

estimated.

For biotope descriptions, stations were divided into 12

6.5-m2 radial sectors. In each sector, average depth (in

meter) was recorded and the percent cover of seven sub-

stratum categories, four abiotic (sand, rubble, boulders and

dead coral) and three biotic (seagrasses, macroalgae and

live coral), were visually estimated. Heterogeneity was

defined as the total number of abiotic substratum catego-

ries, seagrass and macroalgal genera and coral growth

forms (encrusting, massive, submassive, digitate, branch-

ing, foliose, tabulate or soft) in each sector. Bottom rug-

osity was visually assessed through a qualitative index

ranging from 1 (flat) to 4 (with knobs and cavities).

Predictor variables

For each station, habitat variables at 10 to 100-m scale

including average depth, percent covers of abiotic and biotic

N
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substratum categories, heterogeneity and rugosity were

averaged over the 12 sectors. For each sampling period,

temporal variables including mean monthly water surface

temperature (�C), mean monthly wind speed (m s�1) and

direction (�) were calculated from daily records collected at

Anse Vata for water temperature and at Amédée Island for

wind (Fig. 1). Mean monthly wind direction was subse-

quently transformed into a vector with cosine and sine

components for further analysis. Discrete modalities were

used for each station to describe the habitat variables at 0.1 to

10-km scale, i.e., its cross-shelf location (coastal for stations

around Canard Islet, mid-shelf for those around Larégnère

Islet) and its exposure to trade-wind (windward or leeward).

Principal component analysis and correlation matrix were

used to examine multicolinearity between predictors.

Predicting juvenile species richness and abundance

Only juveniles, defined here as individuals smaller than

one-third of the maximum species length (Dorenbosch et al.

2005), were considered. For each station and for each

sampling period, species richness, defined as the total

number of species present as juveniles (S), and total abun-

dance of juveniles (N) were calculated. Spatial autocorre-

lation in S and N was examined by plotting variograms in

function of distance between stations and with Moran’s

I-test for spatial autocorrelation (Cliff and Ord 1981).

Temporal autocorrelation in S and N was examined with

Box–Pierce and Ljung–Box tests (Ljung and Box 1978).

In order to account for potential non-linear relationships

between faunistic and environmental variables, simple

non-linear (squared, logistic and exponential) regressions

between faunistic and environmental variables were first

compared with linear regressions. Regressions were com-

pared based on the P-value, the coefficient of determina-

tion R2 (proportion of the variance of the response variable

that is explained by the model) and sigma (square root of

the estimated variance of the random error). Environmental

variables that showed a significant non-linear relationship

with the response variables were transformed accordingly

for subsequent analyses.

Generalized Linear Models (GLMs) were used to fit a link

function between the response variable, i.e., S or N, and the

predictors, i.e., the environmental variables. GLMs are

particularly suitable for modeling faunistic data that usually

present a Poisson distribution, and yield predictions within

the limits of observed values (Guisan and Zimmermann

2000; Guisan and Thuiller 2005). The presence of over-

dispersion in the distribution of the response variable was

assessed by computing the ratio between the mean and the

variance of each response variable (Potts and Elith 2006). If

the variance was greater than the mean, data were considered

overdispersed and the hypothesis H0 of quasi-Poisson dis-

tribution of the response variable was tested through Dean’s

test (Dean 1992). When H0 was rejected, the assumption of a

negative binomial distribution was made and tested through

the likelihood ratio test (LRT, Dean 1992).

Three separate models were first built for predicting S

and N, respectively. One model included habitat variables

at a 0.1 to 10-km scale only, one included habitat variables

at a 10 to 100-m scale only and one included temporal

variables only. This exploratory step aimed to identify the

most appropriate and important scale for building the final

models, a central and recurrent problem in species distri-

bution modeling (Guisan and Thuiller 2005). Eventually,

final models considered all spatial and temporal predictors

in order to get the most accurate predictions of S and N

from a selection of predictors. Predictor selection was

performed by a backward stepwise selection procedure,

which consisted of introducing all predictors and progres-

sively removing the less significant ones until Akaike’s

information criteria (AIC, Sakamoto et al. 1986) was

minimal. The coefficient of determination R2 was used to

express the percentage of variability in the response vari-

able that was explained by each model. Predictors were

classified according to their influence on the response

variable (positive or negative) and ranked according to the

increase in AIC produced after being individually removed

from each model. The quality of each GLM was finally

assessed by comparing predicted and observed values for

each response variable with a Student’s t-test for paired

samples, the Pearson correlation coefficient r and the

coefficient of determination R2 of a simple regression

between predicted and observed values. Diagnostic plots of

GLM including the distribution of model residuals and the

normal scores of standardized residual deviance (Breslow

1996) were used to ensure that model residuals were nor-

mally distributed. Statistical validation of each model used

the leave-one-out cross-validation (Davison and Hinkley

1997). This bootstrap resampling procedure estimates a

mean prediction error for observations that are removed,

one-by-one, from the calibration data set. Bootstrap re-

sampling can provide an efficient statistical evaluation of

species distribution models when collecting new data is too

costly (Guisan and Thuiller 2005; Potts and Elith 2006).

Spatial autocorrelation in model residuals was examined

with Moran’s I-test.

Mapping GLM predictions of juvenile species richness

and abundance around Larégnère Islet

Five successive steps were required for predicting and

mapping S and N from an aerial photograph of Larégnère

Islet nearby reefs and lagoon (Fig. 2):
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(1) The initial aerial photograph at 1.5 m spatial resolu-

tion was classified and ground-truthed to assign the

pixels into six biotopes (coral patch reefs, macroalgal

bed, dense seagrass bed, sparse seagrass bed and

sand) resulting in a 1.2-km2 biotope layer around the

islet. Since the scope of this paper is not biotope

mapping, this work is not detailed here. Briefly, the

final map benefited from several optical and acoustic

imagery and more than 50 points of ground-truth were

collected around Larégnère reefs and terraces follow-

ing a method similar to that of Clua et al. (2006).

(2) For each of these six mapped biotopes, between four

and six 1 m · 1 m quadrats were randomly chosen to

measure predictor variables at a 10 to 100-m spatial

scale and to ensure the consistency of biotope

labelling between map categories and fish habitat

categories. In each quadrat, average depth was

recorded; heterogeneity, rugosity and percent cover

of sand and rubble, dead and live coral, macroalgae

and seagrass were visually estimated.

(3) Bathymetric profiles were obtained across the 1.2 km2

area by recording depth along ten 300 m long

transects set perpendicular to the reef flat, approxi-

mately 80 m far from each other. Isobaths were then

interpolated between transects. Given the very gentle

and regular slope of the lagoonal terrace, this was

sufficient spacing. The only significant topographical

relief occurred at the edge of the reef flats.

(4) Biotope characteristics and average depth were grid-

ded and mapped at 35 m resolution from the biotope

map initially at 1.5 m resolution. This resampling

allowed creating cells with heterogeneous biotope

characteristics different than those from the six ‘‘pure’’

biotopes, and also, decreased significantly the amount

of computing time when running the GLMs. The

GLMs were then applied for each cell of the new grid

by considering the biotope characteristics of each cell

as biotope model predictors, and by taking into

account the mean monthly wind speed of the corre-

sponding sampling period. Predictions of S and N were

Aerial photograph

Bathymetry 

depth 

(1.5 m x 1.5 m ) (1.5 m x 1.5 m) (35 m x 35 m )

(35 m x 35 m) 

(35 m x 35 m) 

(1.5 m x 1.5 m )

depth 

Biotopes Biotope characteristics

% macroalgae
% seagrass
% dead coral
% rubble
. . .

predicted S
predicted N

Simulation of high-
resolution model  
predictions

1 2

3

GLMGLM

4

TIN

5

Fig. 2 Methodological steps for spatial modeling of juvenile species

richness (S) and abundance (N). For each step the resolution, or grain

size, is indicated in brackets. (1) Interpretation of aerial photograph

and assignation of pixels into six biotopes, (2) Definition of biotope

characteristics and scaling to model requirements, (3) Scaling of

bathymetric profiles to model requirements, (4) Generalized Linear

Model (GLM) predictions of S and N for each cell grid and (5)

Simulation of outputs for a high-resolution model by triangulated

irregular network (TIN) resampling
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obtained in each cell of the six grids, one for each

sampling period. Mean and standard deviations of the

predicted values of S and N were then calculated.

(5) Simulated predictive maps using the high resolution

biotope maps were obtained by resampling the

35 m · 35 m prediction maps with Triangulated

Irregular Network.

All statistical analyses were performed with R 2.2.1.

software (Ihaka and Gentleman 1996). The mean predicted

values were mapped on the aerial photograph using

MapInfo Professional 7.5 software.

Results

A total of 1,752 juveniles belonging to 98 taxa of 19 families

were observed (Appendix: see Randall (2005) for authori-

ties and Nelson (1984) for family order). On each station,

between 0 and 18 species (median = 6), and between 0 and

175 juveniles (median = 14) were recorded (Fig. 3). The

most frequently observed and most abundant species were

Scarus sp. (Scaridae), Lethrinus genivittatus (Lethrinidae),

Siganus fuscescens (Siganidae), Pomacentrus moluccensis

(Pomacentridae) and Thalassoma lunare (Labridae). Juve-

nile species richness and abundance were significantly

correlated (P < 0.001, R2 = 0.25). Moran’s I-test showed

no significant spatial autocorrelation in S and N (P > 0.05).

Box–Pierce and Ljung–Box tests showed no significant

temporal autocorrelation in S and N at each station

(P > 0.05). The distributions of S and N were overdispersed

compared with a Poisson distribution (ratio variance:mean

3.8 and 16.3, respectively). Dean’s test confirmed the

assumption of quasi-Poisson distribution in observations of

S (P > 0.05) with an estimated dispersion parameter of 0.81.

Conversely, LRT test highlighted an over dispersion in the

distribution of N (P > 0.05). Thus, a negative binomial

distribution was used for the GLM predicting N.

Principal component analysis and correlation matrix

performed on environmental variables showed that habitat

rugosity was the only variable significantly correlated with

other habitat variables, including the percent cover of

rubble, boulders, dead and live coral when all stations were

considered. However this correlation was not significant

when considering stations in biotopes of seagrass or mac-

roalgal beds separately. Habitat rugosity was thus consid-

ered for further analyses.

The preliminary GLM models built independently from

habitat variables at 0.1 to 10-km, at 10 to 100-m scale and

temporal variables, showed that descriptions at 10–100 m

explained 71 and 49% of the variability of S and N,

respectively (Table 1). Habitat variables at 0.1 to 10-km

scale and temporal variables only explained a maximum of

15% in the variability of S or N (Table 1). The best final

models based on all spatial and temporal variables for S

and N both contained a constant (l) and ten environmental

variables. These variables included eight variables at 10 to

100-m spatial scale, and only one at 0.1 to 10-km spatial

scale and one temporal variable. Live coral cover was

additionally required for N only.

Final equations are as follows:

S ¼ l þ cross� shelf location þ heterogeneity

þ ðrugosityÞ2 þ logðdepth þ 1Þ þ sand

þ logðrubble þ 1Þ þ logðdead coral þ 1Þ
þ macroalgae þ logðseagrass þ 1Þ þ wind speed

N ¼ l þ cross� shelf location þ heterogeneity

þ ðrugosityÞ2 þ logðdepth þ 1Þ þ sand

þ logðrubble þ 1Þ þ logðdead coral þ 1Þ
þ macroalgae þ logðseagrass þ 1Þ
þ logðlive coral þ 1Þ þ wind speed

The multiplicative coefficient estimated for each environ-

mental variable (Table 2) discriminated variables with

negative or positive influence on S or N (i.e., negative or

positive coefficients, respectively). Depth was the most

important variable and had a negative influence on the
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response variable in both GLM models (Table 2). Mid-

shelf location had a negative effect on S and N whereas a

null coefficient was associated to coastal location. Mean

monthly wind speed was the only temporal variable

retained and had a positive effect on the response variable

in both GLM models.

The final GLM models explained 75 and 52% of vari-

ability in S and N, respectively (linear regression P < 0.001,

r = 0.99 and 0.93 for S and N, respectively, Fig. 4). There

was no significant difference between mean observed val-

ues and mean predicted values for both response variables

(t-test, P > 0.05). The highest S and N were observed and

predicted for stations in coral patch reefs around Canard

Islet, and the lowest were observed and predicted for

stations in seagrass beds around Larégnère Islet (Fig. 4). In

seagrass beds, juveniles were occasionally abundant, but

Table 1 Results of successive GLMs built with environmental

characteristics of each spatial and temporal scale to predict juvenile

species richness (S) and abundance (N). Spatial characteristics at 0.1–

10 km scale include cross-shelf location and trade-wind exposure;

spatial characteristics at 10–100 m scale include depth, percent

coverages of abiotic and biotic substratum categories, heterogeneity

and rugosity; temporal characteristics include mean monthly water

temperature, mean monthly wind speed and direction

Environmental scale Model Coefficient of

determination R2
Akaike Information

Criteria

Residual

deviance

Degrees of

freedom

Spatial 0.1–10 km S 0.15 281.3 96.2 47

N 0.14 827.8 586.9 47

Spatial 10–100 m S 0.71 236.8 37.7 40

N 0.49 624.7 369.8 40

Temporal S 0.07 290.51 103.4 46

N 0.10 850.6 607.7 46

Table 2 Estimated values for intercept and for coefficient associated

to each predictor, standard (std.) error, t value and associated

probability (P) for GLM models of species richness (S) and total

abundance (N) of juvenile reef fishes. Predictors are ordered

according to the increase in Akaike Information Criteria produced

when they are separately removed from the model (DAIC) and

associated with the scale at which they are described. With mid-shelf:

mid-shelf location

Model DAIC Predictor Scale Estimate Std. error t value P

S (intercept) 7.783 7.742 1.005 0.321

9.80 log(depth+1) spatial 10–100 m �1.391 0.371 �3.745 <0.001

9.12 sand spatial 10–100 m 0.053 0.014 3.631 <0.001

8.40 macroalgae spatial 10–100 m 0.049 0.014 3.469 0.001

7.32 (rugosity)2 spatial 10–100 m 0.071 0.021 3.348 0.002

2.60 log(dead coral+1) spatial 10–100 m 0.454 0.191 2.378 0.023

2.09 wind speed temporal 0.483 0.215 2.245 0.031

1.61 log(seagrass+1) spatial 10–100 m 0.577 0.276 2.089 0.043

1.34 mid-shelf spatial 0.1–10 km �0.597 0.296 �2.013 0.051

1.32 log(rubble+1) spatial 10–100 m 0.788 0.395 1.991 0.054

0.84 heterogeneity spatial 10–100 m �0.192 0.104 �1.838 0.074

N (intercept) 1.241 11.708 0.106 0.915

11.36 log(depth+1) spatial 10–100 m �2.474 0.637 �3.881 <0.001

6.38 (rugosity)2 spatial 10–100 m 0.144 0.045 3.194 0.001

5.87 sand spatial 10–100 m 0.078 0.027 2.854 0.004

3.87 mid-shelf spatial 0.1–10 km �1.110 0.448 �2.477 0.013

2.82 wind speed temporal 0.761 0.315 2.415 0.016

2.34 log(rubble+1) spatial 10–100 m 1.274 0.591 2.155 0.031

1.80 macroalgae spatial 10–100 m 0.060 0.030 1.966 0.049

1.07 log(seagrass+1) spatial 10–100 m 0.976 0.544 1.793 0.073

0.95 log(dead coral+1) spatial 10–100 m 0.618 0.354 1.745 0.081

0.90 heterogeneity spatial 10–100 m �0.273 0.157 �1.731 0.083

0.68 log(live coral+1) spatial 10–100 m �0.398 0.345 �1.153 0.249
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GLM models were not able to accurately predict such

events.

Considering the full data set, the mean error was 1.5

species for S and 9.5 individuals for N. The leave-one-

out cross-validation estimated a mean prediction error of

2.0 species for S and 12.2 individuals for N. For com-

parison, the standard deviations of observed S and N

were 4.2 species and 28.1 individuals, respectively.

Moran’s I-test showed no significant spatial autocorrela-

tion in model residuals for both response variables

(P > 0.05).

Predictive maps around Larégnère Islet showed that the

highest S and N were expected on a narrow margin at the

edge of the reef flat and the shallow lagoon terrace,

covering less than 5% of the total mapped area (Fig. 5).

In this narrow zone, depending on depth, GLM predicted

between 30 and 90 juveniles of 5–15 species per 80 m2.

In shallow seagrass beds adjacent to the reef flat, GLM

models predicted between one and three species and

between five and ten juveniles per 80 m2. Predicted S and

N decreased with increasing distance to the islet and with

depth. For a given range of depths, predicted S and N

increased from sandy biotopes to seagrass beds and to

macroalgal beds, the latter being present in deeper areas

only. Temporal variation in mean monthly wind speed

induced standard deviations of 0.33 and 0.51 in model

predictions of S and N, respectively.

Discussion

The first important result of this study is that a combi-

nation of environmental variables recorded across multi-

ple spatial scales explained up to 75 and 52% of the

variability in juvenile species richness and abundance,

respectively. These levels of predictability compare well

with those obtained by models designed to explain adult

fish species richness and abundance (Ault and Johnson

1998b; Holbrook et al. 2002; Chittaro 2004; Mellin et al.

2006). However, one notable difference between these

models and those designed for adult fish is that a tem-

poral factor (i.e., mean monthly wind speed) had to be

included to account for the seasonal variability in juve-

nile fish assemblages. A comparable temporal variability

has already been observed in assemblages of pre-settle-

ment larvae in New Caledonia (Carassou and Ponton

2006) and in assemblages of juveniles at identical lati-

tudes (Robertson and Kaufmann 1998). By contrast, the

temporal variability of adult fish assemblages recently

reported in New Caledonia was explained by inter-annual

variations of environmental conditions due to hurricanes

(Wantiez et al. 2006). Such catastrophic events have

never been considered in any model designed for pre-

dicting adult fish species richness and abundance. This

finding confirms that the temporal scale at which fish

assemblages must be studied varies with the life stage

considered. It also obviously underlines that the cost for

collecting field data of juveniles over a large area is

much higher than for adult fish, since field surveys of

juveniles must be regularly repeated across seasons. This

makes the development of spatially explicit models of

juvenile fish even more promising and cost-effective than

for adult fish.

The present study also emphasises the importance of

considering environmental variables at different spatial

scales, particularly the finest ones, for predicting the spe-

cies richness and abundance of juvenile reef fish. In a

similar way, Ault and Johnson (1998b) explained up to

82% of the variations in adult fish species richness at Heron

Island (Great Barrier Reef) when adding fine-scale habitat

characteristics to the type of reef in their multiple regres-

sions. If considering environmental variables at different
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are for Canard Islet. The line of slope 1 and intercept 0 is drawn for

reference. R2 is the coefficient of determination of the model

902 Coral Reefs (2007) 26:895–907

123



scales seems mandatory for obtaining robust models,

identifying the most important scales is crucial to avoid

inadequate decisions and management strategies (Guisan

and Thuiller 2005). This study indicates that juvenile

species richness and abundance in coral reef habitats are

explained by spatial factors at 10 to 100-m spatial scale.

This corroborates the conclusion of Chittaro (2004) that the

100 m2 spatial scale was the most appropriate to investi-

gate fish-habitat associations. As a consequence, spatially

explicit models of Indo-Pacific juvenile species richness

and abundance require spatially dense information about

habitat characteristics. Interestingly, although a positive,

but non-linear, relationship existed between juvenile spe-

cies richness and abundance, these two variables were not

influenced by the same biotope characteristics. Live coral

cover was required for predicting the abundance of juve-

niles but not their species richness. This is explained by the

presence of large monospecific schools of juvenile dam-

selfishes such as P. moluccensis or Chromis viridis that

favour coral habitats (Ault and Johnson 1998a; Lecchini

et al. 2006).

Cross-shelf location was the only broad-scale habitat

variable retained in both models, likely because it corre-

lates to the degree of exposure to tradewinds blowing

from the southeast within the lagoon. Larégnère and

Canard Reefs are indeed exposed differently to trade

winds and currents, Canard being much more protected

(Fig. 1). Long term wind speed variability and its rele-

vance in both GLMs can be a sign revealing the role of

broad-scale circulation in the lagoon. Broad-scale circu-

lation is strongly affected by wind speed regimes

(Douillet et al. 2001) and could control juvenile fish

distribution possibly through the dispersal of larvae before

they settle in their first essential habitats. The influence of

this broad-scale, wind-driven circulation process on reef

juvenile patterns warrants further investigation with more

comprehensive surveys. The advective dispersal paths of

pelagic larvae have been widely investigated according to

the hydrodynamic regimes around numerous reefs (Cod-

ling et al. 2004; Brown et al. 2005; Francis et al. 2005).

However, the success of these investigations has been

tempered by difficulties in modeling the behavior of fish

larvae, including active swimming. Evaluating how water

circulation patterns may enhance the predictability of

juvenile species richness and abundance should help

sorting out the relative importance of passive dispersal

along currents vs. active selection of suitable habitat.

Since a 3D numerical circulation model and a biological

model of water column production exist for New Cale-

donia south-west lagoon (Pinazo et al. 2004), it should be

eventually possible to design surveys based on broad-

scale water column and residence time regimes (Jouon

et al. 2006).

In terrestrial ecosystems, species distribution models are

cost-effective complements to surveys for determining

priority habitats for conservation (Guisan and Zimmer-

mann 2000; Binzenhöfer et al. 2005; Latimer et al. 2006).

However, marine resource managers still often lack

relevant ecological information on which to base their
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decisions (Pittman et al. 2007). Spatial predictions of

juvenile fish species richness and abundance may thus

provide useful conservation tools that contribute to a more

informed process in marine protected area (MPA) selection

and, in the present case, MPA management. Mapped model

predictions around Larégnère Islet indicated that high

juvenile species richness and abundance occurred on a

narrow margin overlapping the islet reef flat and including

coral patch reefs and adjacent seagrass beds. This area,

representing less than 5% of total area covered by the

different biotopes, is highly frequented by visitors and thus

potentially exposed to mechanical damage. One possible

way to enhance adult fish species richness and abundance

would be to protect important juvenile habitats as indicated

by model predictions. The number of holes and cavities

(i.e., high rugosity) that characterize coral patch reefs

generally provide shelter from juvenile predation, thus

increasing juvenile species richness and abundance

(Adams et al. 2004; Almany 2004). At the same time,

predation of juvenile fish is particularly intense in coral

patch reefs (Chittaro et al. 2005) and seagrass beds are

generally considered as better nursery habitats (Beck et al.

2001; Cocheret de la Morinière et al. 2002; Nagelkerken

et al. 2006). Moreover, seagrass beds may intercept more

planktonic larvae compared to coral patches (Parrish 1989)

as they generally cover larger areas. At the present stage of

this study, it is difficult to conclude on the respective role

of coral reefs vs. seagrass beds, and juxtaposition of both is

often considered as the most beneficial for fish species

richness and abundance (Pittman et al. 2004; Grober-

Dunsmore et al. 2007).

Several caveats are necessary before using and gener-

alising models like those developed in this study. Here,

juvenile fish were sampled on stations spaced by a >100-m

distance, which probably explains the absence of spatial

autocorrelation. However, spatial autocorrelation is likely

to occur when sampling at higher spatial resolution and

further models should account for this effect. Another

implicit limitation of this study predicting juvenile species

richness and abundance is that species richness or abun-

dance cannot reveal species-specific patterns, which may

sometimes entirely drive ecosystem functioning (Bellwood

et al. 2006). Therefore, designing integrated management

strategies only based on fish species richness and abun-

dance would be simplistic and dangerous (Van Horne

1983; Pittman et al. 2007). In principle though, similar

modeling methodology can be applied to any reef com-

munity, provided that relevant environmental variables and

scales are considered in the analysis. The present model

should be considered as a first step setting the scene for

more specific studies, relating habitat maps to the distri-

bution of functional groups, or species, of juveniles and

their species-specific biological attributes such as growth

and survival.
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Appendix

Tables 3 and 4.

Table 3 Fish species observed as juvenile during underwater visual

census. Smax: maximum species length (in cm). Families are ordered

according to Nelson (1984). For authorities see Randall (2005)

Family Genera Species 1/3 Smax

HOLOCENTRIDAE Neoniphon sammara 8.3

SERRANIDAE Epinephelus merra 9.3

Plectropomus leopardus 26.7

APOGONIDAE Ostorhincus compressus 3.3

LUTJANIDAE Lutjanus gibbus 13.3

LETHRINIDAE Lethrinus atkinsoni 15.0

genivittatus 7.3

harak 12.7

nebulosus 23.3

rubrioperculatus 15.0

sp. 6.6

variegatus 7.3

Monotaxis grandoculis 16.7

NEMIPTERIDAE Scolopsis bilineatus 7.7

MULLIDAE Parupeneus barberinoides 7.3

barberinus 18.3

ciliatus 11.7

cyclostomus 16.7

indicus 15.0

multifasciatus 8.3

spilurus 11.0

Upeneus tragula 10.0

CHAETODONTIDAE Chaetodon auriga 7.7

baronessa 5.0

citrinellus 3.7

flavirostris 5.7

lunulatus 4.7

pelewensis 4.0

plebeius 3.7
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