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Abstract The first step in building predictive models of
larval fish assemblages is to identify the main environmen-
tal parameters which influence their spatial and temporal
structure. In this study, multivariate regression trees (MRT)
were used to classify hierarchically the effects of large-
scale meteorological factors and small-scale water column
factors on pre-settlement larval fish assemblages at two
sites in the lagoon at New Caledonia, southwest Pacific.
The environmental conditions at one site were highly vari-
able spatially and temporally, but varied little at the other.
In spite of these differences, MRT models revealed that
identical forcing factors influenced the structure of larval
fish assemblages at both sites, with a similar hierarchy, but
a different statistical efficiency. At a large spatial scale, the
seasonal variabilities in sun hours and wind (speed and/or
direction) explained 14% and 64% of the structure of larval
fish assemblages at the sites of high and low variability,
respectively. At a small spatial scale, the seasonal variabil-
ity in mean surface water temperature, followed by the con-
centration in Chl a, explained 22% and 62% of the structure
of assemblages at the sites of high and low variability,
respectively. The Dufréne-Legendre index matched char-
acteristic families of larvae to each set of environmental
conditions, and illustrated the role of sheltered, Chla
enriched, coastal waters in producing a families-rich assem-
blage of fish larvae, some species of which are targeted by
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fishing. This study shows that it may be possible to use
environmental data, and predictions computed from MRT
to design spatially explicit models of larval fish distribution
in coral-reef lagoons.
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Introduction

Over recent decades, coral reef ecosystems have undergone
widespread changes largely caused by increasing demo-
graphic pressure and the exploitation of marine resources,
particularly fishes (Hughes et al. 2003). The abundance and
diversity of fish species mainly depend on recruitment
success, which is characterized by important spatio-temporal
variations (Doherty 2002). Understanding these variations in
specific locations and under various environmental condi-
tions is thus a crucial challenge in reef fish conservation strat-
egies. The success of recruitment is known to depend upon
the survival rate of larvae in the water column and of juve-
niles in benthic habitats (Leis and McCormick 2002). More-
over, the abundance of newly settled juveniles in a specific
location partly depends on the environmental conditions
encountered by larvae just before their settlement (Milicich
et al. 1992; Hoey and McCormick 2004). Designing models
which predict the structure of pre-settlement larval fish
assemblages in specific habitats holds much promise, and
may contribute to improve the efficiency and sustainability of
resources management (Fuiman and Werner 2002).

The selection of predictor variables is crucial in
designing an appropriate procedure for model selection
(Guisan and Zimmermann 2000). The variables which
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determine the structure of larval fish assemblages at a spe-
cific location include environmental factors acting at differ-
ent spatial scales, and the behavioural responses of larvae
to these factors (Boehlert 1996; Doherty 2002; Werner
2002). The major environmental factors known to influence
the structure of larval fish assemblages include lunar and
tidal cycles (Sponaugle and Cowen 1996; Kingsford and
Finn 1997), meteorological conditions (Milicich 1994;
Bergenius et al. 2005) such as wind speed and direction
(Wilson and Meekan 2001), local currents (Shenker et al.
1993; Milicich and Doherty 1994), water temperature
(Meekan et al. 2003; Sponaugle et al. 2006) and the con-
centration of chlorophyll a, or the density of zooplanktonic
prey (Meekan et al. 2003, 2006). However, the relative con-
tributions of each of these factors at various spatial scales
remain unknown, since in most of the studies mentioned
above, only a few environmental variables were examined
simultaneously, and the hierarchy of their relative influ-
ences on larval fish assemblages was not investigated.

The lagoon at New Caledonia is characterized by a sub-
tropical to temperate climate with a warm and wet period
from mid-November to mid-April, and a cool and dry
period from mid-May to mid-September (ORSTOM 1981).
The lagoon extends over ~19,000 km?, with the barrier reef
being up to 65 km from the coast. The water in embay-
ments is characterized by significant terrigenous inputs
(Tendrio et al. 2005), high chlorophyll a concentration
(Bujan et al. 2000), high phytoplankton biomass (Pinazo
et al. 2004) and high zooplankton densities (Champalbert
1993). In contrast, the lagoonal water is mainly under the
oligotrophic oceanic water influence (Pinazo et al. 2004).

This wide variation in environmental conditions in the
lagoon at New Caledonia provides an ideal opportunity to
examine the spatial hierarchy of meteorological and water
column factors and their role in the structure of larval
assemblages. The ultimate use of these hierarchical classifi-
cations is to parameterize spatially explicit predictive mod-
els of the structure of larval fish assemblages in different
water masses in the lagoon, which will help to identify, and
predict, the conditions in which a high abundance of
specific larval fish families may be found.

The aim of this study was to assess how different envi-
ronmental factors contribute to the structure of larval fish
assemblages along an inshore-offshore and water quality
gradient in the lagoon. The specific objectives were to: (1)
hierarchically classify the meteorological and water column
factors which contribute to structure pre-settlement larval
fish assemblages, at different spatial scales; (2) identify the
families of fish larvae which are characteristic of specific
meteorological and/or water column conditions; (3) present
and discuss the potential application of these results for
designing spatially explicit models of the structure of larval
fish assemblages.
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Material and methods
Study sites and time period

In order to sample a range of the environmental conditions,
fish larvae were collected from two sites in the South-West
lagoon of New Caledonia that differed in geomorphology
and distance from the barrier reef (Fig. 1). The first site,
hereafter named “Ouano”, extended from the coast to the
barrier reef (Fig. 1a). The second site, hereafter named
“Dumbéa”, was the Bay of Dumbéa, ~20 km from the bar-
rier reef. Four stations were sampled at Ouano: station Ol
in the sheltered muddy Bay of Chambeyron; station O2 in
the sheltered Bay of Ouarai influenced by the La Foa River;
station O3 near a lagoonal islet and station O4 on the inner-
reef slope, the latter two sites being more exposed to the
prevailing South-East trade-winds. Four stations were also
sampled at Dumbéa: stations D1 and D4 in the sheltered
part of the bay; stations D2 and D3 more exposed to the
prevailing South-East trade-winds (Fig. 1b), all four stations
being under the influence of the Dumbéa River.

Since the range and variability of environmental conditions
were expected to be greater at Ouano than at Dumbéa, the sta-
tions at Ouano were sampled four nights per month whereas
the stations at Dumbéa were only sampled two nights per
month. Sampling occurred between September 2005 and
February 2006, during the warm season when fish larvae are
most abundant in the lagoon (Carassou and Ponton 2007).

Sampling design

Fish larvae were collected using light-traps (Ecocean Com-
pany, Saint-Clément-de-Riviere, France). It is well-known
that light-traps selectively attract some taxa (Doherty 1987;
Lindquist and Shaw 2005); nonetheless, light-traps have
been used extensively to sample fishes at late larval stages
in coral reef habitats, since they can be used synoptically to
evaluate the spatial patterns in larval fish abundance (Wilson
2001; Sponaugle et al. 2005). Each light-trap consisted of a
buoyant water-tight block containing a 6 V battery and a
7 W neon lamp under which a 2 mm mesh size conical net
hung vertically. When this net was pulled out of the water,
fish were retrieved using a gauze collector (330 um). The
light-traps were placed at the surface just after dusk, and
illuminated for 7h (22:00-05:00h) each night. All
sampling periods were centred on the new moon in order to
optimize the efficiency of the light-traps (Wilson 2001).
Ouano was always sampled first, followed by Dumbéa on
the next two nights. After collection, the fish were anaes-
thetized in 0.75 g1~ benzocaine and immediately pre-
served in 95% alcohol.

Potential prey of fish larvae, represented by micro- and
meso-zooplankton (Sampey et al. 2007), were collected at
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Fig. 1 Position of the sampling X ol
stations (stars) at Ouano and
Dumbéa, southwestern New
Caledonia. Dark grey zones on RN
the maps indicate the )
mangroves; dotted lines
represent the location
of coral reefs
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each sampling station when the light-traps were set just
after dusk. A plankton-net (60-um mesh, 1.60-m long and
20 cm diameter) was towed ~0.5 m below the water sur-
face by a boat that followed a circular trajectory for 2 min
at approximately two knots. A General Oceanic flowmeter
provided an estimate of the distance travelled and thus of
the filtered volume of water (in m®) by assuming 100%
filtering efficiency. The plankton-net samples were immedi-
ately preserved in 10% formaldehyde.

Three water samples were collected at each sampling
station with a Niskin bottle, in order to assess the level of
trophic enrichment (or eutrophication) by measuring: (1)
the concentration of chlorophyll a (Chl a, pg 1’1); (2) the
relative abundance of pheopigments (pheo, %); (3) the con-
centration of particulate organic nitrogen (PON, pM 171);
(4) the concentration of particulate organic carbon (POC,
puM 171 and (5) the carbon/nitrogen ratio (C/N). The water
samples were collected at the surface, at mid-depth, and
one meter above the bottom. The three samples were then
mixed in order to provide a mean value for the water
column. Sampling took place at the time the light-traps
were recovered at dawn, and the measurements were
assumed to correspond to the water in which the larval
fish and zooplankton were sampled. The samples were

immediately put in a cooler in which they were kept for a
maximum of 2 h at 0°C. Once back on shore, sub-samples
varying between 250 and 700 ml were filtered on 25 pum
GF/F Whatman filters. The filters were in turn immediately
put in a cooler where they were kept at —18°C, and later
analyzed following Aminot and Kérouel (2004). At each
sampling station, the temperature (°C), salinity (psu) and
turbidity (FTU) were also recorded from the surface to the
bottom using a SBE19 Seabird CTD before and after fish
sampling.

Laboratory work

As in the majority of studies focusing on larval fish assem-
blages ecology (e.g. Sponaugle et al. 2003; Fisher 2004;
Sampey et al. 2004; Muhling and Beckley 2007), the fish
larvae were sorted by family, since this was the lowest tax-
onomic level at which all specimens could be identified.
Morphological, meristic and pigmentation criteria from
Leis and Trnski (1989) and Leis and Carson-Ewart (2000)
were used for this purpose. Zooplanktonic organisms were
counted under a microscope (x125) in three sub-samples
poured into a 101.8 mm® counting cell (ref. n° 9948
Thomas Company, Philadelphia, USA). The density of
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zooplankton (N m_3) was then calculated from the esti-
mated volume of water filtered by the plankton-net. Photo-
graphs of the first 30 organisms observed in each sub-
sample (90 organisms per sample) were digitalized using a
Scion Corporation digital camera (model CFW-1308 M).
For each sample, the mean maximum width with append-
ages of the zooplanktonic organisms (mm), considered as
the critical dimension for the ingestion of prey by fish lar-
vae (Hunter 1984), was then measured using the Imagel
software.

Environmental data

There were two sets of environmental data: one contained
meteorological variables that were presumed to influence
all the sampling stations at each site, and the other formed
the characteristics of the water column at each station. The
meteorological data were obtained from the closest Météo-
France meteorological stations: La Tontouta for Ouano, and
Nouméa for Dumbéa. These data included: daily rainfall
(mm d ™), daily sun hours (hd™!), corresponding to the
number of hours within a day when the sunshine was strong
enough to produce a shadow (irradiance > 120 watts m_z),
the daily mean wind speed (km h™!) and direction (°) of
the maximum wind observed over periods of 10 min. Data
for wind direction were converted into the proportion, in
number of hours per day, when the wind blew from
different sectors (East—North-East, South—South-East,
West—-South-West and North-North-West) (the sum of the
four directions being 24 h). As each sampling period was
centred on the new moon, the tide amplitude was low
(typically < 1.5 m) and therefore had a minor effect on sur-
face currents compared to the effect of wind (Douillet et al.
2001). As a consequence, the tidal amplitude, or its state at
the time of sampling, was not included in the environmen-
tal variables. The characteristics of the water column at
each station included the mean temperature, salinity and
turbidity in the 0—5 m layer obtained from CTD profiles,
the five variables used as proxy of trophic enrichment
(Chl a, pheo, PON, POC, and C/N), and the densities and
mean sizes of potential prey.

Data analyses

In order to determine whether there was any temporal lag in
the effect of meteorological conditions on the structure of
larval fish assemblages, data were analyzed using the values
observed on the day of sampling and the means for the four
days preceding sampling. This period of 4 days has been
shown to correspond to the time it takes for a particular mete-
orological event, high rainfall or strong wind, to modify
water column properties in the lagoon of New Caledonia
(Jouon et al. 2006).
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The overall structure of the environmental data at each
site was first assessed by normed Principal Component
Analyses (PCA). For each variable, the differences between
sites, sampling periods (months) and sampling stations
(water column data only) were examined using non para-
metric Mann—Whitney and Kruskal-Wallis tests (Scherrer
1984). The differences between days within each sampling
period were also assessed using non parametric Kruskal—
Wallis tests for water column data (several values per day),
or by comparing the within-sampling period and between-
sampling period standard deviations (SD) for meteorologi-
cal data (only one value per day).

Multivariate regression trees (MRT, De’Ath 2002) were
then used to classify separately the meteorological and
water column variables which contributed to structure the
larval fish assemblages. This statistical method has proven
efficient for ordering the effects of environmental character-
istics on the structure of communities in terrestrial ecosys-
tems (Kallimanis etal. 2007) and marine ecosystems
(Claudet et al. 2006), including larval fish assemblages
(Sampey et al. 2004; Meekan et al. 2006). This method
allows complex ecological data that may include imbal-
anced and/or missing data, linear relationships between
variables and/or high order interactions to be analyzed
(De’Ath 2002). MRT rely on very few statistical assump-
tions, and are very robust to the collinearity of explanatory
variables (De’Ath 2002). MRT provide hierarchical clus-
ters of taxa, each cluster, or “leaf”’, corresponding to an
assemblage associated with the environmental conditions
observed at the nodes of the tree (De’ Ath 2002). Each tree
is characterized by its size, i.e. the number of leaves and
nodes, and an overall fit, called the relative error (RE), cor-
responding to the amount of variation among the samples
not described by the tree (De’Ath 2002). The optimal size
of a tree is obtained when the cross-validated relative error
term (CVRE) reaches a minimum value, i.e. when the vari-
ability between leaves is maximized and the variability
within leaves is minimized (Breiman et al. 1984). From a
statistical point of view, the best tree for a given data set
will show the lowest CVRE and RE. However, as in other
clustering methods, the level of contribution of a result to
the explanation of a given problem does not necessarily
reflect its level of statistical performance (Questier et al.
2005). Thus, practically, a compromise has to be found
between the statistical performance and the usability of the
resulting models (Guisan and Zimmermann 2000). The pro-
cedure that was followed to select the best tree was based
on three main criteria: (1) statistical scores; (2) parsimony
and (3) relevance. The first step was the observation of the
RE and CVRE associated with the analysis. The tree pro-
viding the minimal RE and CVRE was examined first. Its
parsimony was assessed by the number of explanatory
variables appearing on the nodes, so that the trees which
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were based on a single variable, or in which the same split-
ting variables appeared several times on different nodes,
were excluded (Questier etal. 2005). Relevance was
assessed by observing the position of the samples from
each leaf on the first factorial plane of a PCA. If the sam-
ples from the different leaves were poorly distinguished on
this plane, the model was considered as non relevant. The
trees associated with increasing RE and CVRE were exam-
ined in turn, until the three criteria cited above were satis-
fied.

As the precision of estimates of larval fish abundances
increases with the number of individuals (Pepin and Ander-
son 1997), only the families that gathered at least 10 fish,
i.e. approximately 0.1% of the total number of non-Clupei-
formes larvae caught, were included in the analyses. Since
a small number of abundant families co-occurred with a
high number of rare ones, the abundances were log (x + 1)
transformed prior to any analysis (Legendre and Legendre
1998).

Finally, the Dufréne-Legendre index (Dufréne and
Legendre 1997) was used to identify the families that
were characteristic of each leaf, i.e. cluster, of each tree.
This index is based on the product of the relative abun-
dance and the relative frequency of occurrence of a family
within a cluster. If a family does not occur in a cluster,
then its index value is zero, whereas the index is close to
one if the family occurs in all the samples of the cluster
and does not occur in any other sample (De’Ath 2002).
The statistical significance of the index was assessed by
using a randomized permutation procedure (Dufréne and
Legendre 1997).

Mann—Whitney and Kruskal-Wallis tests were per-
formed using Systat version 10.2. PCA, MRT analyses and
the calculations of the Dufréne and Legendre index were
performed using R version 2.2.1 (Ihaka and Gentleman
1996).

Results
Larval fish assemblages

The 88 samples from Ouano and 48 samples from
Dumbéa resulted in the collection of 21,557 individuals,
including 4,326 Engraulididae, 2,965 Clupeidae and 49
unidentified individuals that were all excluded from
subsequent analyses. The remaining 14,217 fish larvae
belonged to 13 orders and 51 families, among which 23
were represented by at least 10 fish (Table 1). Apogoni-
dae, Pomacentridae, Atherinidae and Lethrinidae were the
most abundant at Ouano, whereas Pomacentridae, Lutjan-
idae, Lethrinidae and Blenniidae were the most abundant
at Dumbéa.

Table 1 Families of fish larvae (i.e. Clupeiformes excluded) for
which at least 10 individuals were caught in the two studied sites
(Ouano, N = 88 samples, and Dumbéa, N = 48)

Families Ouano Dumbéa Total

Pomacentridae 479 10,732 11,211
Apogonidae 592 162 754
Lethrinidae 215 286 501
Lutjanidae 17 297 314
Blenniidae 54 248 302
Atherinidae 231 10 241
Carangidae 131 45 176
Siganidae 15 103 118
Syngnathidae 40 25 65
Tripterygiidae 19 40 59
Gobiidae 48 10 58
Plesiopidae 35 0 35
Scorpaenidae 34 0 34
Mullidae 29 5 34
Scaridae 30 0 30
Muraenidae 22 0 22
Nettastomatidae 21 0 21
Haemulidae 8 12 20
Serranidae 19 0 19
Congridae 18 0 18
Labridae 18 0 18
Bothidae 17 0 17
Pseudochromidae 4 6 10

Families are ranked in decreasing order of their total abundance

Temporal and spatial variability in environmental
conditions

For each meteorological variable, the within-sampling
period standard deviation (SD) was much smaller than the
between-sampling period SD. For all the water column
variables, except for Chl a, POC, PON and prey width at
QOuano, and PON and C/N at Dumbéa, the differences
between sampling periods were significant (Kruskal-Wallis
tests, P < 0.05). Conversely, within each sampling period,
the differences between days were non-significant for 96%
of the tests performed. The temporal variability of the
meteorological and water column variables was thus driven
by monthly variations at each site.

For all the meteorological variables, the values
observed on the day of sampling and the values averaged
over 4 days before sampling were close (Table 2a), and
highly correlated (Fig. 2a). The general meteorological
conditions recorded during the study differed between
sites, as indicated by the disconnected convex hulls on
the first PCA plane (Fig. 2b). More specifically, the mean

@ Springer



872

Coral Reefs (2008) 27:867-880

Fig. 2 Principal component
analyses (PCA) performed on
the meteorological (a and b) and
water column (¢ and d) vari-
ables. Convex hulls on the 1-2
plane of the PCA indicate the
observations for Ouano (dotted
lines) and for Dumbéa (black
lines). See Table 2 for variables
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sun hours, rainfall, wind speed and number of hours the
wind blew from a given direction differed significantly
between sites (Mann-Whitney test, P < 0.05). Generally,
wind speed was higher at Dumbéa, where the wind blew
from the North-East and East more often, while at Ouano
the wind was lower and blew more frequently from the
South-West and West and the North-West and West
(Fig. 2b).

Although all the mean values of the water column char-
acteristics observed at each site were close (Table 2b),
their variability was higher at Ouano than at Dumbéa, as
indicated by the relative sizes of the convex hulls on the
first PCA plane (Fig. 2d). This difference in variability of
the water column characteristics was due to the fact that
sampling took place in coastal waters alone at Dumbéa,
and in both lagoonal and coastal waters at Ouano. As a
consequence, except for the C/N ratio and mean width of
zooplankton, all the variables differed significantly
between sampling stations for each month at Ouano
(Kruskall-Wallis tests, P < 0.05). In contrast, no signifi-
cant difference between stations for each month was
observed at Dumbéa for any variable (Kruskall-Wallis
tests, P > 0.05).

@ Springer

MRT with meteorological variables

The MRT performed with the meteorological variables
showed better statistical scores for Dumbéa than for
Ouano (61-64% as against 13-22% of variation
explained, respectively, Table 3). Statistically speaking,
the data based on the 4-day averaged values explained the
structure of larval fish assemblages better at Ouano, i.e.
both RE and CVRE were lower (Table 3). However, the
resulting tree was neither parsimonious nor relevant, as
only two groups of fish larvae were discriminated by a
single splitting variable, i.e. sun hours. At Dumbéa, the
measures recorded on the day of sampling appeared to
explain the structure of larval fish assemblages a little
better (Table 3). As a result, only the MRT based on the
measures recorded on the day of sampling were kept for
interpretation (Table 3, Fig. 3a, b).

At Ouano, the MRT discriminated four larval fish
assemblages based on sun hours and wind direction
(Fig. 3a). Sun hours <8.0 h d~! and wind blowing from the
South-West to West discriminated larval assemblages
characterized by Apogonidae, Lutjanidae and Pomacentri-
dae. Sun hours >8.0hd~!, and wind blowing from the
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Table 2 Means (£SD) of (a) meteorological and (b) water column variables during the sampling periods at Ouano and Dumbéa with correspond-

ing units and codes

Environmental variables Unit Code Ouano Dumbéa
(a) Meterological variables
Sun hours
day of sampling hd™! SH 7.1£35 78+44
4-day average hd™! SH_4 7.1£23 87+£20
Rainfall
day of sampling mm d~! Rain 1.1 £33 1.9+£3.0
4-day average mm d~! Rain_4 1.3£33 1.1£1.6
Mean wind speed
day of sampling kmh~! WindS 11.0 £ 3.0 20.8 £5.5
4-day average km h~! WindS_4 114 +2.7 209 £3.9
Number of hours on the day of sampling when wind blew from:
North-East to East h NEE 55+34 12.8 £ 8.0
North-West to North h NWN 32422 0.3+ 0.6
South-East to South h SES 11.5 £ 4.7 83+£54
South-West to West h SWW 3.8+38 28+£55
Number of hours averaged on four days when wind blew from:
North-East to East h NEE_4 59+1.6 11.7+£49
North-West to North h NWN_4 32+£13 03£03
South-East to South h SES_4 11.9+29 103 £ 3.9
South-West to West h SWW_4 30£19 1.7£3.0
(b) Water column variables
Mean surface temperature (0-5 m) °C Temp 248 £23 253+2.0
Mean surface salinity (0-5 m) Sal 35.7£0.6 35.6 £ 0.6
Mean surface turbidity (0-5 m) FTU Turb 1.5+£13 22+14
Chlorophyll a concentration pg 17! Chla 05+03 0.6 £0.2
Proportion of Pheophytine % J%pheo 316 £7.6 28.0+43
Particulate Organic Carbon concentration pM 17! POC 179 £ 11.8 11.3+£3.2
Particulate Organic Nitrogen concentration pM 1! PON 23+21 1.3+04
Carbon/Nitrogen ratio C/N 87+22 90+£1.8
Total density of potential prey x 10* nbm™3 D_prey 17.6 £ 17.0 142 +£9.7
Mean width of potential prey mm W_prey 0.2+£0.1 02+0.0

Values of sun hours, rainfall and mean wind speed are those observed on the day of sampling or values averaged over the 4 days before sampling

South-East discriminated larval assemblages characterized
by Blenniidae, Lethrinidae and Syngnathidae. Two other
assemblages, for which no characteristic families were
identified, corresponded to all the other meteorological con-
ditions.

At Dumbéa, the MRT discriminated eight larval fish
assemblages based on wind speed, sun hours and wind
direction (Fig. 3b). Pomacentridae were characteristic of
the assemblages collected when wind speed exceeded
27.1 km h™'. Lutjanidae and Syngnathidae on the one hand,
and Siganidae on the other hand, were characteristic of the
assemblages sampled when sun hours exceeded 12.8 h d™!
and the wind blew from the South to South-East or from
the East to North-East, respectively. Blenniidae were

characteristic of the assemblages collected when sun hours
varied between 10.0 and 12.8 h d~! and wind speed varied
between and 16.9 and 21.1 kmh™'. Finally, Haemulidae
were characteristic of the assemblages collected when wind
speed was between 16.9 and 21.1 km h™!, when sun hours
was <10.0 h d~', and when the wind blew from the South to
the South-East. Three other assemblages, for which no
characteristic families were identified, corresponded to all
the other meteorological conditions.

MRT with water column variables

The MRT performed with the water column variables
showed better statistical scores for Dumbéa than for Ouano
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Fig. 3 Graphic representations

of multivariate regression trees (a) Ouano
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(62% as against 22% of variation explained by the tree,
respectively, Table 3). At Ouano, surface water tempera-
ture >24.1°C and Chl a concentration <0.5 pg 1-! discrimi-
nated assemblages that gathered a total of 11 indicator
families among which Apogonidae, Atherinidae, Pomacen-
tridae and Syngnathidae presented the highest Dufréne—
Legendre index (Fig.4a). When Chla concentration
reached or exceeded 0.5 ugl1~!, the larval assemblages
were characterized by Carangidae, Lethrinidae, Siganidae
and Scorpaenidae. When surface water temperature was
lower than 24.1°C, no indicator family was identified.

At Dumbéa, the MRT discriminated five larval fish
assemblages based on surface water temperature, salinity,
and Chl a concentration (Fig. 4b). When surface water tem-
perature was <26.9°C, salinity >35.6 and Chl a <0.5 pg -,
the larval fish assemblages were characterized by Blennii-
dae, Haemulidae, Lethrinidae, Pomacentridae and Pseudo-
chromidae. When surface water temperature was between
25.1 and 26.9°C, and salinity was <35.6, the assemblages
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n=4

were characterized by Apogonidae, Atherinidae, Lutjani-
dae, Siganidae and Syngnathidae. The Dufréne-Legendre
index for Lutjanidae reached 0.83, indicating that Lutjani-
dae larvae were abundant in all the samples corresponding
to these environmental conditions and nearly absent when
the conditions differed. Three other assemblages, for which
no characteristic families were identified, corresponded to
all the other water column conditions.

Synthesis of MRT analyses

The values of sun hours and surface water temperature vary
seasonally in New Caledonia (data not presented here, but
see Carassou and Ponton (2007) for an example). Thus, the
threshold values detected by MRT analyses with meteorolog-
ical variables can easily be related to specific months.
Similarly, the threshold values detected by MRT analyses
with water column variables can be related to sampling
stations, i.e. given locations at each site. A tentative synthesis



Coral Reefs (2008) 27:867-880

875

Table 3 Results of multivariate regression trees (MRT) analyses performed on the meteorological variables (daily value and 4-day average) or

the water column and log (x + 1) larval abundance for each site

Site Environmental data set RE CVRE SE Number Number Explaining
of nodes of leaves variables
Ouano Meteorological daily 0.87 1.12 0.12 3 4 SH
WindD
Meteorological 4-day average 0.78 0.99 0.12 4 5 SH_4
Water column 0.78 0.89 0.10 3 4 Temp
Chl a
Dumbéa Meteorological daily 0.36 0.55 0.07 7 8 WindS
SH
WindD
Meteorological 4-day average 0.39 0.54 0.08 5 6 WindS_4
Rain_4
WindD_4
SH_4
Water column 0.38 0.66 0.14 5 6 Temp
Sal
Chl a

The relative error (RE), cross-validated relative error (CVRE), standard error (SE), numbers of nodes and leaves and the environmental variables
explaining the structure of larval fish assemblages are provided. RE represents the part of the variation among samples not described by the tree.
The variables are presented from the first to the last node. See Table 2 for variables abbreviations and Figs. 3 and 4 for graphic representation

of the months, wind regime and location for which different
fish families can be observed at the pre-settlement stage in
two sites of the lagoon of New Caledonia can be made
(Table 4).

The periods of high abundance of Blenniidae, Lethrini-
dae, Pomacentridae and Syngnathidae determined by sun
hours data or by water temperature data largely overlap
(Table 4). Blenniidae, Lethrinidae and Syngnathidae appear
related to the wind blowing from the South and South-East
at both sites, whereas Pomacentridae are associated with
the more episodic West wind events (Table 4, Fig. 3).
Apogonidae, Atherinidae and Syngnathidae appear associ-
ated with lagoon water masses at Ouano and sheltered loca-
tions at Dumbéa, indicating that these families can be found
in a wide range of Chl a concentration and/or salinity. Sim-
ilarly, Lutjanidae larvae can be observed when the wind is
blowing from different directions. Conversely, Siganidae
larvae show a consistent affinity for Chla enriched and
sheltered coastal water masses at both sites.

Discussion

This study identified the environmental factors that best
explained the structure of larval fish assemblages at two
lagoonal sites of New Caledonia by: (1) taking into account
the spatial scale at which each of these factors acts on assem-
blages; (2) providing a hierarchy of their respective influence
at each scale and (3) defining, for each factor, a range of

values associated with the occurrence of characteristic larval
fish families. Among the 14 variables tested, the meteorolog-
ical which best explained the structure of assemblages were
found to be sun hours, followed by wind conditions (speed
and/or direction), and for the water column, water tempera-
ture followed by Chl a concentration. The hierarchy of these
factors was similar at the two sites, although the sites were
different in terms of geomorphology and area, and presented
different ranges of environmental variability.

Although both the meteorological and water column fac-
tors may be considered as good predictors of the structure
of larval assemblages in the lagoon of New Caledonia, their
predictive power was variable between the two sites. At the
embayment site (Dumbéa), both the meteorological and
water column variables accounted for over 60% of the vari-
ation in the structure of larval fish assemblages. At the
coast-to-barrier site (Ouano), the meteorological variables
performed less efficiently. This lower performance was
probably because the nearest meteorological station was
40 km to the south and therefore, the available data did not
reflect the environmental heterogeneity at this site, and only
gave an indication of conditions on a broad scale, although
wind speed and direction are known to vary locally between
the coast and the barrier reef (Jouon etal. 2006) and
between different habitats (Milicich 1994). The water
column characteristics performed slightly better at Ouano,
but the relationship with the larval fish assemblages was
still difficult to establish because of a higher spatial and
temporal variation in assemblage composition at this site.
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Fig. 4 Graphic representations
of multivariate regression trees
(MRT) coupling water column

data (see Table 2 for abbrevia-

tions) and log (x + 1) abun-

(a) Ouano

dances of fish larvae families at Chla=0.5
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Ouano and Dumbéa. Bars, Chla<0.5 Apogonidae

names and n values as in Fig. 3

Temp =24.1

Temp <24.1

Atherinidae
Blenniidae
I I Congridae
Gobiidae
n=24 Mullidae
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n=34

(b) Dumbéa

n=17

Temp = 26.9

Temp <26.9

Sal235.6

=7
Chlaz05| " )
a Blenniidae

Sal <35.6

This study corroborates the affinities between some fam-
ilies of fish larvae and some environmental factors that
have been revealed in previous studies. For example, it is
known that in the South-West lagoon of New Caledonia,
Siganidae larvae are preferentially found in coastal waters,
and Apogonidae larvae are associated with a wide range of
water column conditions (Carassou and Ponton 2007). Sim-
ilarly, wind speed and/or direction has been shown to be an
important structuring factor of larval fish assemblages on
the Great Barrier Reef (Milicich 1994; Kingsford and Finn
1997), in the Caribbean (Thorrold et al. 1994; Wilson and
Meekan 2001) and in the Indian Ocean (Munk et al. 2004).

This study also, however, demonstrates that the influ-
ence of some environmental factors (e.g. wind speed and
direction) differ depending on the locality and habitat. In
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this study, Blenniidae larvae were found to be characteristic
of moderate wind speed, but in the Caribbean were found to
be positively related to wind speed (Wilson and Meekan
2001), whilst at different sites on the Australian Great Bar-
rier Reef there was considerable variability (Milicich 1994;
Kingsford and Finn 1997). This suggests that the effect of
the wind on larval assemblages requires a prior understand-
ing of the interaction between wind direction and site
geomorphology at different localities.

Sun hours has rarely been mentioned in the literature as a
factor that influences the structure of larval fish assemblages.
In the present study, larvae of Lutjanidae, Siganidae and
Lethrinidae were notably present when sun hours exceeded
12 h per day. In New Caledonia, this value is reached in
December, at a time when surface water temperature in the
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Table 4 Month, wind regime and location for which fish families can be observed at the pre-settlement stage in the lagoon of New Caledonia

Families Month Wind regime Location
S 0} N D J F SWw NEE SES Ouano Dumbéa
Apogonidae s s s X lagoon sheltered areas
t t t t
Atherinidae t t t t lagoon sheltered areas
Blenniidae S S S S X lagoon -
t t t t t
Carangidae t t t t bays -
Congridae t t t t lagoon -
Gobiidae t t t t lagoon
Haemulidae s s X
t t
Lethrinidae s s s s X bays -
t t t t t
Lutjanidae S S S X X - sheltered areas
t
Mullidae t t t t lagoon -
Plesiopidae t t t t lagoon -
Pomacentridae s s S s X
t t t t lagoon -
Pseudochromidae t t - -
Scorpaenidae t t t t bays -
Serranidae t t t t lagoon -
Siganidae S S S X bays sheltered areas
t t t t
Syngnathidae S S S S X lagoon sheltered areas
t t t t
Tripterygiidae t t t t lagoon -

Months of occurrence are defined from sun hours (s) or water temperature (t) threshold values determined by MRT. Stations O1 and O2 from
Ouano correspond to “bays”; stations O3 and O4 to “lagoon”; stations D1 and D4 from Dumbéa to “sheltered areas”, see Fig. 1 for the location of
the sampling stations. With S = September, O = October, N = November, D = December, J = January, and F = February

lagoon reaches the annual maximum (Carassou and Ponton
2007). It is thus difficult to differentiate the influence of sun
hours from that of temperature, the latter having been shown
to be important for structuring larval fish assemblages in
tropical areas (Harris et al. 1999; Wilson and Meekan 2001;
Minagawa et al. 2007; this study). As both day length and
water temperature are known to affect the reproduction of
several coral reef fish species (Robertson 1991), further
experimental studies are needed to distinguish the relative
importance of water temperature and sun hours. However,
for predicting the structure of larval fish assemblages at a
given location, water temperature is likely to be a better tool,
since remotely sensed and spatially explicit continuous repre-
sentations of water temperature are now readily available
(Ouillon et al. 2005).

In this study, the larval fish assemblages differed
depending on the Chl a concentration in the water in which
they were found. Apogonidae, Atherinidae, Pomacentridae

and Syngnathidae were particularly abundant when Chl a
concentration was <0.5 pg -t Carangidae, Lethrinidae,
Siganidae and Scorpaenidae were abundant when Chla
concentration reached or exceeded this value. Chl a con-
centrations <1 pg 1! are considered as typical of oligo-
trophic waters, whereas waters with Chla >1 ug1™! are
usually considered as eutrophic (Partensky et al. 1996). The
intermediate value of 0.5 pg 17! might thus be considered
as the dividing line between water masses of different ori-
gin along the gradient from oligotrophic oceanic waters and
mesotrophic coastal waters (Fichez et al. 2005; Faure et al.
2006). Although Chl a has been shown to play a minor role
in the northwestern shelf of Australia (Meekan et al. 2006),
it seemed to constitute a good predictor of the spatial distri-
bution of larval fish in the lagoon at New Caledonia.
Surprisingly, although the degree of eutrophication in
the water column appeared to influence the abundances of
some families in this study, the density of their potential

@ Springer



878

Coral Reefs (2008) 27:867-880

MODEL CALIBRATION
MODEL APPLICATION
& VALIDATION
WIEX T X[ X X, Families
N (%)
Selecti f | Definiti f
predicto?\?acri:;:s trselr::tlgre]so Observed
MRT model
Predicted
[F——
Matrix of X |y Families
environmental values | | -
x|y |w|[T|Cc| = | > o —>
HLM_L,,J]M Simulated level of
larval supply (N)

Fig. 5 Methodological steps for spatial modelling of larval fish
assemblages based on: (1) a calibration step involving the use of mul-
tivariate regression trees (MRT) to select the appropriate environmen-
tal predictors (white central panel, this study) and (2) an application
and validation step (in grey). Application and validation would involve
assigning predictor values to spatial coordinates using a geographic

prey was not detected by MRT as a structuring factor. Shel-
tered coastal stations are known to present a low water
flushing time (Jouon et al. 2006), which is favourable to
bacterial and phytoplankton production, and thus to high
zooplankton biomass (Torréton et al. 2007). In the present
study, the densities of potential prey at the coastal stations
(01 and O2 at Ouano, and D1 and D4 at Dumbéa) were two
to three times higher than at the lagoonal stations. The fact
that the density of potential prey was not detected as impor-
tant by MRT may be due to the strong spatial and temporal
variability in zooplankton distribution (Omori and Hammer
1982). Nevertheless, a higher zooplankton biomass was
observed in the coastal sheltered waters, potentially making
these preferential habitats for a large number of fish larvae
families, some of which are targeted by fishing activities
(Cocheret de la Moriniere et al. 2002; Nagelkerken and van
der Velde 2004; Islam et al. 2006).

Following on from this study, the next step would be to
predict larval assemblages from an independent data set
(De’ Ath 2002). The MRT obtained in this study represents a
calibration step of a spatially explicit model to predict the
proportions of different families of larval fish in various
habitats, or water masses, in the South-West lagoon of New
Caledonia (Fig. 5, central white panel). Using such a predic-
tive approach would involve the integration of the values of
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information system (GIS) (left panel). MRT applied on this indepen-
dent data set (central panel) would then provide, for a simulated level
of larval supply (N), predicted proportions of families (% N) for groups
of spatial coordinates (bottom right panel). Finally, predictions of the
structure of larval assemblages in various habitats or water masses in
the lagoon can be compared with observed values (top right panel)

environmental predictors (i.e. wind, water temperature and
chlorophyll concentration) into a geographic information
system (GIS) (Fig. 5, top left panel), allowing an extensive
matrix of environmental values to be built and associated
with spatial coordinates in various habitats (Fig. 5, bottom
left panel). This matrix could then be used as a new input
for the MRT model, to predict the relative abundances of
families at each spatial coordinate for a simulated level of
global larval supply (Fig. 5, bottom right panel). Predictive
maps of the composition of assemblages for various hypo-
thetical levels of larval supply could then be compiled using
GIS. Such a procedure would be useful in identifying the
abundant families in each type of habitat or water mass.
Thus, the next step will be to validate the distribution mod-
els obtained in this study at different locations (Fig. 5, top
right panel), and for different years (Guisan and Zimmer-
mann 2000), and once the associations between larval fish
assemblages and environmental factors have been verified,
this technique might then be used more widely to conduct
further investigations into the replenishment of fish popula-
tions in coral reef lagoons.

Acknowledgements This study was funded by IRD and the Pro-
gramme d’Evaluation des Ressources Marines de la Zone Economique
Exclusive de Nouvelle-Calédonie (Zonéco). We are most grateful to
J. Baly for the adaptation of the light-traps, most of the field sampling



Coral Reefs (2008) 27:867-880

879

and laboratory work, G. Mou-Tham for help in field sampling, to N.
Favéro, S. Henin, A. Bertaud and M. Imirizaldu for counting, identify-
ing and measuring zooplankton. N. Deschamps (MétéoFrance
Nouvelle-Calédonie) provided meteorological data and P. Gerard
(IRD) performed chemical measurements. We also thank the different
captains of the research vessels Coris and Aldric: M. Clarque, N.
Colombani and S. Tereua. A-M Lassallette (University of the French
West Indies) helped editing the English text. We also thank O. Pringa-
ult (IRD Nouméa) for his advice on Chl a data interpretation.

References

Aminot A, Kérouel R (2004) Hydrologie des écosystemes marins.
Parametres et analyses. Ed. Ifremer, Brest

Bergenius MAJ, McCormick MI, Meekan MG, Robertson DR (2005)
Environmental influences on larval duration, growth and magni-
tude of settlement of a coral reef fish. Mar Biol 147:291-300

Boehlert GW (1996) Larval dispersal and survival in tropical reef fishes.
In: Polunin VC, Roberts CM (eds) Reef fisheries. Chapman & Hall,
London, pp 62-83

Breiman L, Friedman JH, Olshen RA, Stone CG (1984) Classification
and regression trees. Wadsworth International Group, Chapman
and Hall, Belmont

Bujan S, Grenz C, Fichez R, Douillet P (2000) Evolution saisonniere
du cycle biogéochimique dans le lagon sud-ouest de Nouvelle-
Calédonie. Application d’un modele compartimental. Compt
Rendus Acad Sci III Sci Vie 323:225-233

Carassou L, Ponton D (2007) Spatio-temporal structure of pelagic
larval and juvenile fish assemblages in coastal areas of New
Caledonia, southwest Pacific. Mar Biol 150:697-711

Champalbert G (1993) Plankton inhabiting the surface layer of the
southern and southwest lagoon of New Caledonia. Mar Biol
115:223-228

Claudet J, Pelletier D, Jouvenel JY, Bachet F, Galzin R (2006) Assess-
ing the effects of marine protected area (MPA) on a reef fish
assemblage in a northwestern Mediterranean marine reserve:
Identifying community-based indicators. Biol Conserv 130:
349-369

Cocheret de la Moriniere E, Pollux BJA, Nagelkerken I, van der Velde
G (2002) Post-settlement life cycle migration patterns and habitat
preferences of coral-reef fish that use seagrass and mangrove
habitats as nurseries. Estuar Coast Shelf Sci 55:309-321

De’Ath G (2002) Multivariate regression trees: a new technique
for modeling species-environment relationships. Ecology 83:
1105-1117

Doherty PJ (1987) Light-traps: selective but useful devices for quanti-
fying the distributions and abundances of larval fishes. Bull Mar
Sci 41:423-431

Doherty PJ (2002) Variable replenishment and the dynamics of reef
fish populations. In: Sale PF (ed) Coral reef fishes. dynamics and
diversity in a complex ecosystem. Academic Press, San Diego, pp
327-355

Douillet P, Ouillon S, Cordier E (2001) A numerical model for fine
suspended sediment transport in the southwest lagoon of New
Caledonia. Coral Reefs 20:361-372

Dufréne M, Legendre P (1997) Species assemblages and indicator spe-
cies: the need for a flexible asymmetrical approach. Ecol Monogr
67:345-366

Faure V, Pinazo C, Torréton JP, Douillet P (2006) Relevance of vari-
ous formulations of phytoplankton Chlorophyll a: Carbon ratio in
a 3D marine ecosystem model. Comptes Rendus Biologies
329:813-822

Fichez R, Adjeroud M, Bozec YM, Breau L, Chancerelle Y, Chevillon
C, Douillet P, Fernandez JM, Frouin P, Kulbicki M, Moreton B,

Ouillon S, Payri C, Perez T, Sasal P, Thébault J (2005) A review
of selected indicators of particle, nutrient and metals input in coral
reef lagoon systems. Aquat Living Resour 18:125-147

Fisher R (2004) Nocturnal vertical distribution of late-stage coral reef
fishes off the leeward side of Lizard Island, Great Barrier Reef,
Australia. Bull Mar Sci 75:439-451

Fuiman LA, Werner RG (eds) (2002) Fishery science: the unique con-
tribution of early life stages. Blackwell Publishing, Oxford

Guisan A, Zimmermann NE (2000) Predictive habitat distribution
models in ecology. Ecol Model 135:147-186

Harris SA, Cyrus DP, Beckley LE (1999) The larval fish assemblage in
nearshore coastal waters off the St Lucia Estuary, South Africa.
Estuar Coast Shelf Sci 49:789-811

Hoey AS, McCormick MI (2004) Selective predation on low body con-
dition at the larval-juvenile transition of a coral reef fish. Oecologia
139:23-29

Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C,
Grosberg R, Heogh-Guldberg O, Jackson JBC, Kleypas J, Mar-
shall P, Nystrom M, Palumbi SR, Pandolfi JM, Rosen B, Rough-
garden J (2003) Climate change, human impacts and the
resilience of coral reefs. Science 301:929-933

Hunter JR (1984) Feeding ecology and predation of marine fish larvae.
In: Lasker R (ed) Marine fish larvae: morphology, ecology and
relation to fisheries. Washington Sea Grant Programme, Wash-
ington, pp 33-77

Thaka R, Gentleman R (1996) R: A language for data analysis and
graphics. J] Comput Graph Stat 5:299-314

Islam MS, Hibino M, Tanaka M (2006) Distribution and dietary rela-
tionships of the Japanese temperate bass Lateolabrax japonicus
juveniles with two contrasting copepod assemblages in estuarine
nursery grounds in the Ariake Bay, Japan. J Fish Biol 68:569-593

Jouon A, Douillet P, Ouillon S, Fraunié P (2006) Calculations of
hydrodynamic time parameters in a semi-opened coastal zone
using a 3D hydrodynamic model. Cont Shelf Res 26:1395-1415

Kallimanis AS, Ragia V, Sgardelis SP, Pantis JD (2007) Using regres-
sion trees to predict alpha diversity based upon geographical and
habitat characteristics. Biodivers Conserv 16:3863-3876

Kingsford M, Finn M (1997) The influence of phase of the moon and
physical processes on the input of presettlement fishes to coral
reefs. J Fish Biol 51:176-205

Legendre P, Legendre L (1998) Numerical ecology. Elsevier Science,
Amsterdam

Leis JM, Trnski T (1989) The larvae of Indo-Pacific shorefishes. New
South Wales University Press, Kensington

Leis JM, Carson-Ewart BM (eds) (2000) The larvae of Indo-Pacific
coastal fishes, an identification guide to marine fish larvae. Fauna
Melanesia handbooks, vol 2. Australian Museum, Sydney

Leis JM, McCormick MI (2002) The biology, behavior and ecology of
the pelagic, larval stage of coral reef fishes. In: Sale PF (ed) Coral
reef fishes, dynamics and diversity in a complex ecosystem. Aca-
demic Press, San Diego, pp 171-199

Lindquist DC, Shaw RF (2005) Effects of current speed and turbidity
on stationary light-trap catches of larval and juvenile fishes. Fish
Bull 103:438-444

Meekan MG, Carleton JH, McKinnon AD, Flynn K, Furnas M (2003)
What determines the growth of tropical reef fish larvae in the
plankton: food or temperature? Mar Ecol Prog Ser 256:193-204

Meekan MG, Carleton JH, Steinberg CR, McKinnon AD, Brinkman R,
Doherty PJ, Halford A, Duggan S, Mason L (2006) Turbulent
mixing and mesoscale distributions of late-stage fish larvae on the
NW Shelf of Western Australia. Fish Oceanogr 15:44-59

Milicich MJ (1994) Dynamic coupling of reef fish replenishment and
oceanographic processes. Mar Ecol Prog Ser 110:135-144

Milicich MJ, Doherty PJ (1994) Larval supply of coral reef fish popu-
lations: magnitude and synchrony of replenishment to Lizard Is-
land, Great Barrier Reef. Mar Ecol Prog Ser 110:121-134

@ Springer



880

Coral Reefs (2008) 27:867-880

Milicich MJ, Meekan MG, Doherty PJ (1992) Larval supply: a good
predictor of recruitment of three species of reef fish (Pomacentri-
dae). Mar Ecol Prog Ser 86:153-166

Minagawa G, Miller MJ, Kimura Y, Watanabe S, Shinoda A, Aoyama
J, Tsukamoto K (2007) Seasonal differences in catches of lepto-
cephali in the East China Sea and Suruga Bay, Japan. Estuar Coast
Shelf Sci 71:730-740

Muhling BA, Beckley LE (2007) Seasonal variation in horizontal and
vertical structure of larval fish assemblages off south-western
Australia, with implications for larval transport. J Plankton Res
29:967-983

Munk P, Bjgrnsen PK, Boonruang P, Fryd M, Hansen PJ, Janekarn V,
Limtrakulvong V, Nielsen TG, Hansen OS, Satapoomin S,
Sawangarreruks S, Thomsen HA, @stergaard JB (2004) Assem-
blages of fish larvae and mesozooplankton across the continental
shelf and shelf slope of the Andaman Sea (NE Indian Ocean). Mar
Ecol Prog Ser 274:87-97

Nagelkerken I, van der Velde G (2004) Relative importance of inter-
linked mangroves and seagrass beds as feeding habitats for juve-
nile reef fish on a Caribbean island. Mar Ecol Prog Ser 274:
153-159

Omori M, Hammer WM (1982) The patchy distribution of zooplank-
ton: behavior, population assessment and sampling problems.
Mar Biol 72:193-200

ORSTOM (1981) Atlas de la Nouvelle-Calédonie et dépendances,
éditions ORSTOM, Paris

Ouillon S, Douillet P, Fichez R, Panché JY (2005) Enhancement of
regional variations in salinity and temperature in a coral reef
lagoon, New Caledonia. Compt Rendus Geosci 337:1509-1517

Partensky F, Blanchot J, Lantoine F, Neveux J, Marie D (1996) Verti-
cal structure of picophytoplankton at different trophic sites of the
tropical northeastern Atlantic Ocean. Deep-Sea Res Part I
43:1191-1213

Pepin P, Anderson JT (1997) Scale-dependant variations in the preci-
sion of larval fish abundance estimates: a study of Sebastes sp. on
Flemish Cap. Can J Fish Aquat Sci 54:1111-1120

Pinazo C, Bujan S, Douillet P, Fichez R, Grenz C, Maurin A (2004)
Impact of wind and freshwater inputs on phytoplankton biomass
in the coral reef lagoon of New Caledonia during the summer
cyclonic period: a coupled three-dimensional biogeochemical
modelling approach. Coral Reefs 23:281-296

Questier F, Put R, Coomans D, Walczak B, Vander Heyden Y (2005)
The use of CART and multivariate regression trees for supervised
and unsupervised feature selection. Chemometr Intell Lab Syst
76:45-54

Robertson DR (1991) The role of adult biology in the timing of spawn-
ing of tropical reef fishes. In: Sale PF (ed) The ecology of fishes
on coral reefs. Academic Press, San Diego, pp 356-370

@ Springer

Sampey A, McKinnon AD, Meekan MG, McCormick MI (2007)
Glimpse into guts: overview of the feeding of larvae of tropical
shorefishes. Mar Ecol Prog Ser 339:243-257

Sampey A, Meekan MG, Carleton JH, McKinnon AD, McCormick MI
(2004) Temporal patterns in distributions of tropical fish larvae in
the North-West shelf of Australia. Mar Freshw Res 55:473-487

Scherrer B (1984) Biostatistique. Gaétan Morin Edition, Boucherville

Shenker JM, Maddox ED, Wishinski E, Pearl S, Thorrold SR, Smith N
(1993) Onshore transport of settlement-stage Nassau grouper
(Epinephelus striatus) and other fishes in Exuma Sound, Bahamas.
Mar Ecol Prog Ser 98:31-43

Sponaugle S, Cowen RK (1996) Nearshore patterns of coral reef fish
larval supply to Barbados, West Indies. Mar Ecol Prog Ser
133:13-28

Sponaugle S, Fortuna J, Grorud K, Lee T (2003) Dynamics of larval
fish assemblages over a shallow coral reef in the Florida Keys.
Mar Biol 143:175-189

Sponaugle S, Lee T, Kourafalou V, Pinkard D (2005) Florida Current
frontal eddies and the settlement of coral reef fishes. Limnol
Oceanogr 50:1033-1048

Sponaugle S, Grorud-Colvert K, Pinkard D (2006) Temperature-med-
iated variation in early life history traits and recruitment success
of the coral reef fish Thalassoma bifasciatum in the Florida Keys.
Mar Ecol Prog Ser 308:1-15

Tenério MMB, Le Borgne R, Rodier M, Neveux J (2005) The impact
of terrigeneous inputs on the Bay of Ouinné (New Caledonia)
phytoplankton communities: a spectrofluorometric and micro-
scopic approach. Estuar Coast Shelf Sci 64:531-545

Thorrold SR, Shenker JM, Maddox ED, Mojica R, Wishinski E (1994)
Larval supply of shorefishes to nursery habitats around Lee Stock-
ing Island, Bahamas. II. Lunar and oceanographic influences. Mar
Biol 118:567-578

Torréton JP, Rochelle-Newall E, Jouon A, Faure V, Jacquet S, Douillet
P (2007) Correspondence between the distribution of hydrody-
namic time parameters and the distribution of biological and
chemical variables in a semi-enclosed coral reef lagoon. Estuar
Coast Shelf Sci 74:766-776

Werner RG (2002) Habitat requirements. In: Fuiman LA, Werner RG
(eds) Fishery Science: the unique contribution of early life stages.
Blackwell Publishing, Oxford, pp 161-182

Wilson DT (2001) Patterns of replenishment of coral-reef fishes in the
nearshore waters of the San Blas Archipelago, Caribbean Pan-
ama. Mar Biol 139:735-753

Wilson DT, Meekan MG (2001) Environmental influences on patterns
of larval replenishment in coral reef fishes. Mar Ecol Prog Ser
222:197-208



	Predicting the structure of larval Wsh assemblages by a hierarchical classiWcation of meteorological and water column forcing factors
	Abstract
	Introduction
	Material and methods
	Study sites and time period
	Sampling design
	Laboratory work
	Environmental data
	Data analyses

	Results
	Larval Wsh assemblages
	Temporal and spatial variability in environmental conditions
	MRT with meteorological variables
	MRT with water column variables
	Synthesis of MRT analyses

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


