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Abstract — A mass-balanced trophic model was developed for the coral reef lagoon of Uvea atoll (New Caledonia)
using the Ecopath software. The model accounts for both pelagic and soft-bottom communities to describe the whole
trophic structure and biomass flows in the shallowest part of the atoll lagoon. Phytoplankton production approximately
equals the benthic primary production. Benthic biomass accounts for more than 80% of the total living biomass in
the shallow lagoon. The benthic domain requires input of food from the pelagic system (mainly zooplankton) and from
adjacent areas to sustain the biomass of predatory fishes. Predation pressure was found to be a major force structuring the
food web, but it is also suggested that water circulation within the lagoon influences the amount of primary resources,
such as plankton, benthic microphytes and detritus.
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Résumé — Modele trophique des communautés lagonaires dans un atoll ouvert de grande taille (Ouvéa, iles
Loyautés, Nouvelle-Calédonie). Un modele trophique utilisant le logiciel Ecopath a été développé sur les commu-
nautés biologiques du lagon de I’atoll d’Ouvéa (Nouvelle-Calédonie). Le modele integre les communautés benthiques
et pélagiques pour la description de la structure trophique de la zone lagonaire peu profonde de 1’atoll. La production
phytoplanctonique est du méme ordre de grandeur que la production primaire benthique. La biomasse du domaine ben-
thique représente 80 % de la biomasse totale de cette partie du lagon, et nécessite des apports provenant du systeme
pélagique (principalement du zooplancton) et des habitats adjacents pour soutenir la consommation des poissons pré-
dateurs. La prédation exerce une pression majeure sur la structure trophique, mais la circulation des eaux lagonaires est
également supposée contrdler la quantité des ressources primaires, telles que le plancton, le microphytobenthos et les

détritus.

1 Introduction

Coral reef ecosystems are very productive and support a
high concentration of life (Odum and Odum 1955). As shown
in other marine ecosystems, fishing activities may strongly af-
fect the biological interactions between reef organisms (e.g.,
Hughes 1994; Roberts 1995). This challenges the understand-
ing of the structure and dynamics of those complex ecosys-
tems, in order to develop an ecosystem-based approach for the
management of coral reef resources.

Several comprehensive studies on the trophic interactions
between reef organisms have been conducted using an ecosys-
tem modelling approach (e.g., Polovina 1984; Opitz 1993;
Johnson et al. 1995; Arias-Gonzéalez 1997; Tudman 2001).

* Appendix C is only available in electronic form at
http://www.edpsciences.org/alr
* Corresponding author: bozec@roazhon. inra. fr

Such studies have focused on the most productive zones,
i.e., the hard substrate of coral reefs, whereas sandy bot-
toms of the reef-protected lagoons have received far less
attention (Johnstone 1990; Niquil et al. 1999). In some
atoll lagoons, the planktonic food web was intensively stud-
ied (Niquil et al. 1999), but comprehensive studies coupling
the benthic and the pelagic systems are scarce (but see Charpy
and Charpy-Roubaud 1990, 1991). Above all, fish communi-
ties are seldom included, leading to an incomplete description
of the whole trophic structure of lagoonal systems.

One limitation of ecosystem-based research on coral reefs
is that information is often missing for some ecological com-
partments. An extensive ecological survey was conducted
by IRD on the reef and lagoon areas of Uvea atoll (New
Caledonia) in the early 90s. This provided information for
most ecological compartments of this ecosystem. The present
study applies a mass-balanced trophic model to the biological
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communities of the shallowest part of Uvea lagoon, using the
Ecopath software (Christensen and Pauly 1992). As a first step,
we focused our model on the shallow lagoon where the sam-
pling effort was optimal. By doing so, some parameters can
be calibrated and used in a future work for studying the whole
ecosystem. Our model of trophic interactions aimed at (1) in-
tegrating scientific data on functional groups (both benthic and
pelagic) into a cohesive framework (2) complementing current
knowledge on atoll lagoons by quantifying biomass, produc-
tion and consumption rates, and (3) stating hypotheses on the
trophic links between the shallow lagoon and the surrounding
habitats of the atoll.

2 Material and methods
2.1 Study site

Uvea is a large open atoll (872 km?, Kulbicki 1995) lo-
cated in the northern part of the Loyalty Archipelago (north
east of New Caledonia). The lagoon is triangular in shape
(Fig. 1) and encircled by a barrier reef topped by a set of
low coral islets (the Northern and Southern Pleiades). The
lagoon bottom is formed by an homogeneous fine sediment
layer (Chevillon 1994) covering a fairly smooth limestone tab
(Garrigue et al. 1998). Sediment thickness is generally low
(averaging 5.4 cm depth) and hard substrates (limestone tab
with scattered small coral patches) cover 30% of the lagoon
bottom (Garrigue et al. 1998). The main island closes the la-
goon in the eastern part, whereas the barrier is intersected by
reef-flat spillways and passes which promote water exchanges
with the surrounding ocean. A previous study of hydrological
parameters (Le Borgne et al. 1993, 1997) has underlined that
Uvea lagoon is highly oligotrophic with fairly homogeneous
waters. The close values of temperature, salinity and nutrient
inside and outside the lagoon, and the low values of biomass of
phytoplankton and zooplankton indicate that water exchanges
between the two environments are important (Le Borgne et al.
1997). The atoll has a well marked east-to-west slope which
results in an increasing depth from the main island to Anemata
pass, a wide deep pass in the western part. A fault line divides
the lagoon in two parts, one on each side of the 20-m isobath:
(1) a shallow lagoon on the east, protected from trade winds by
the main island; (2) a deeper zone on the west, largely opened
towards the ocean. The present study concerns the shallow
lagoon only, which accounts for 3/4 of the whole lagoonal
surface.

2.2 Basic modelling

The Ecopath modelling approach (Christensen and Pauly
1992; Christensen and Walters 2004) is based on the assump-
tion of mass-balance, i.e. flows to and from each group of the
model are balanced as follows:

P,' = Y,'+B,'M2,'+E,'+BA,'+B,'M0,' (1)

where P; is the production rate for the group i, Y; the total
fishery catch of i, B; the total biomass of i, M2; the mortality
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Fig. 1. Map of Uvea atoll showing the distribution of benthic sam-
pling stations in the shallow lagoon (solid black circles, n = 43),
delimited for the needs of the present study by the 20-m isobath.
Grey circles refer to deep lagoon sampling stations, whereas doubled
circles indicate stations where pelagic sampling was also conducted
(n = 6).

rate of i by predation, E; the net migration rate of i (emigra-
tion less immigration), BA; the biomass accumulation rate for
i, and MO; the “other mortality” rate for i. The predation mor-
tality rate expresses the trophic link between the group i and
its predators j as follows:

M2; = XB{(Q/B);DC

where B; is the biomass for a predator j, (Q/B); the consump-
tion/biomass ratio for the given predator j and DCj; the con-
tribution of i to the diet of the predator j. The “other mortal-
ity” includes all mortality not elsewhere included (e.g., natural
mortality, mortality by starvation, etc.) and is internally com-
puted from:

MO; = (1 - EE)(P/B);

where (P/B); is the production/biomass ratio of i and EE; the
trophic efficiency defined as the proportion of the production
of i that is utilized in the system (i.e., through predation by j,
fishing or migration).

The Ecopath software solves the set of Eq. (1) (one for
each group i) for one of the following parameters: B, P/B, Q/B
and EE. Hence, at least three of these four parameters are re-
quired as input. A second assumption is that energy balance of
a group is ensured as follows:

Q,’ =P, +R;+GS; (2)
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Table 1. Source of input data values for the Uvea shallow lagoon model. Calculations are detailed in Appendix A.

Trophic group

Biomass

P/B

0/B

PF Large piscivores

in situ estimation (Kulbicki et al. 1994)

Empirical relationships (Pauly 1980)

Empirical relationships (Palomares and

Pauly 1999; Froese and Pauly 2000)

PF Large planktivores

PF Small pelagics Model estimation Polovina (1984) Polovina (1984)

DF Sharks Gribble 2000 Gribble (2000) Gribble (2000)

DF Demersal fishes in situ estimation (Kulbicki et al. 1994) Empirical relationships (Pauly 1980) Empirical relationships (Palomares and
(8 groups) Pauly 1999; Froese and Pauly 2000)
Cephalopods Model estimation Opitz (1993) Opitz (1993)

Macrobenthic
invertebrates
(5 groups)
Meiofauna

Zooplankton

Corals-zooxanthellae

in situ estimation (Clavier et al. 1992)

in situ estimation (Boucher, unpubl. data)

in situ measurements (Le Borgne et al. 1993)

in situ estimation of coral cover (Kulbicki et al. 1993)

and empirical relationship (Odum and Odum 1955)

Allometric relationships (Banse and

Mosher 1980)

Buat (1996)

Estimated from excretion (Le Borgne et al.

1993; Le Borgne 1978)
Sorokin (1993)

Empirical relationships (Appendix A)

Model estimation

Estimated from excretion (Le Borgne et al.
1993; Le Borgne 1978)

Sorokin (1993)

Phytoplankton

Benthic macrophytes

Benthic microphytes

Detritus (column)

Detritus (sediment)

in situ Chl a concentrations (Le Borgne et al. 1993)

in situ estimation (Clavier et al. 1992)

in situ Chl a concentrations (Clavier and Boucher,
unpubl. data)

In situ estimation (Le Borgne et al. 1993)

In situ estimation (Boucher, unpubl. data)

in situ experimentations (Le Borgne et al.
1993)

Model estimation

in situ measurement (Clavier, unpubl.

data)

PF: pelagio fish; DF: demersal fish.

where R; is the respiration of group i and GS; is the part of
consumption that is not assimilated defined as:

GS;, = 0;(1 - AE)

where AE; is the assimilation efficiency of group i.

2.3 Input data and model structure

The data were collected during cruises conducted from
1991 to 1992, except for meiofauna (Boucher, unpubl. data)
and benthic primary production (Clavier, unpubl. data) as-
sessed in 1994. The parametrization is based on an assumption
of mass-balance over the 1991-92 period. Instead we mainly
used as input parameters averaged values over a one-year pe-
riod which is usually applied in Ecopath models.

We decided to describe the trophic structure of Uvea
shallow lagoon through 25 trophic groups (Fig. 4), based
on taxonomic criteria, trophic role, size and quality of field
data. We thus defined two detrital compartments (in the
sediment and water column), and the following 23 liv-
ing groups (Table 1): pelagic fishes (3 groups), demersal
fishes (8 groups), cephalopods (mainly squids), macroben-
thic invertebrates (5 groups), meiofauna, zooplankton, corals,

phytoplankton, benthic macrophytes and benthic microphytes.
Values of group biomass were estimated from in situ observa-
tions, except for two groups (cephalopods and small pelagics).
Production and consumption were derived from empirical re-
lationships or from various sources (Table 1). All calculations
for the estimation of input values are listed and detailed in
Appendix A.

2.4 Strategy for model balancing

The first Ecopath Eq. (1) states that each group
must be mass-balanced, i.e., catches, consumption, biomass
accumulation and export do not exceed production for a group.
Therefore, balancing the model requires to adjust the input pa-
rameters in a manner that EE do not exceed 1. This manual
procedure relies on knowledge to decide which adjustments
have to be done (Kavanagh et al. 2004), and must be rigor-
ously applied according to realistic hypotheses. If EE is less
than 1 for a group, this indicates an excess of biomass at the
end of the considered period (one year in our case), that may
accumulate in the system, migrate out the system, or be lost
by other mortality. For the present model, we stated that no
accumulation of biomass may occur during one year for any
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groups: although fluxes of water coming into the lagoon are
unknown, the water circulation is expected to export living or
detrital matter out of the lagoon. Therefore, a group with a
low EE was expected to lose biomass through the water fluxes
passing over the lagoon.

We apply the following strategy to achieve mass-balance
for all groups. First, adjustments of diets were privileged since
feeding habits of some organisms are highly labile and mainly
depend on food sources that are available in the ecosystem. In
a second step, we gave preference to the adjustments of param-
eters that were not estimated in the field. Finally, if necessary,
we included a term of imported food in the diet of a given
group, indicating that this group consumes preys that are not
part of the defined system.

3 Results
3.1 Balancing the model

The first attempt in balancing the Uvea shallow lagoon
model revealed that demand from fish predators exceeded the
production of most prey groups (small demersal fish and mac-
robenthic invertebrates). Therefore, a general bottom-up ap-
proach was applied to adjust diets in order to relieve preda-
tion pressure on these groups. As a result, predation by large
pelagic piscivorous fishes was displaced towards cephalopods
and small pelagics. During the balancing process, there was
a danger of placing an overly predator demand on these two
pelagic groups for which biomass is poorly known. There-
fore, biomass estimates for these two pelagic groups were
cautiously examined during each iteration of the balancing
process.

Since the demand remained too strong on benthic inver-
tebrates, we assumed that P/B for these groups were too
low, and therefore values were enhanced (approximately 70%)
to be equivalent to those of other models (Arias-Gonzalez
1997; Tudman 2001). This also allowed to relieve predation
on cephalopods and consecutively small pelagics (since small
pelagics account for 35% of cephalopods diet), and therefore
to estimate realistic biomass values, in comparison with other
models of coral reef ecosystems (Table 2).

Finally, it was necessary to force predator fish to feed on
imported food in order to relieve the demand on their preys.
This operation was justified since these fish are highly mobile
species with large home ranges. In our case, the import term
indicates that a proportion of fishes censused in the shallow la-
goon did not necessarily feed on autochthonous food sources,
but may have obtained part of their food from the surrounding
areas. Moreover, the spatial distribution of fish biomass over
the shallow lagoon clearly shows that some groups are more
abundant at the boundaries of the modelled area (Figs. 2a,c,d).
This coincides with the proximity of richer areas in terms of
biomass, i.e., the inner reefs and the deep lagoon (see also
Kulbicki et al. 1994).

Ecotrophic efficiency of benthic microphytes was very low.
We decided to increase P/B of meiofauna (+30%) for bal-
ancing the benthic microphytes group, considering that a non
negligible part of meiofauna was constituted of ciliates which
P/B is largely higher than those from nematods and benthic

Table 2. Comparison between estimated parameters of the Uvea shal-
low lagoon model and other Ecopath models of coral reef ecosystems.

Group Parameter Value Reference
Small pelagic fish B 11.0  Present study
(tkm™) 30.0 Opitz (1993)
3.1  Gribble (2000)
Cephalopods B 2.2 Present study
(tkm2) 8.0  Opitz (1993)

0.7  Alifio et al. (1993)
0.3 Gribble (2000)
1.9 Tudman (2001)

Benthic macrophytes P/B 30.6  Present study
(y™hH 13.3  Opitz (1993)
25  Tudman (2001)

Fig. 2. Spatial distribution of fish biomass on the sampling stations
(closed circles). The size of closed circles is proportional to the
biomass of the following fish groups: (a) large pelagic piscivores,
(b) demersal piscivores, (c) large demersal carnivores, (d) small dem-
ersal carnivores. The circled star indicates the sampling station which
was removed from the calculation of the mean biomass (excessive
biomass for most fish groups, see Appendix A).

copepods (Buat 1996). P/B estimate for benthic macrophytes
was in the range of other models (Table 2).

Table 3 summarizes the input values and the output esti-
mates for the final balanced iteration, and the final diet matrix
is presented in Appendix B. All adjustments of input values
had limited impact on the global distribution of biomass along
the fractional trophic levels estimated by Ecopath (Fig. 3).
Since the estimation of trophic levels do not account for
the import terms, they had no impact on the whole trophic
structure.

3.2 The trophic structure of Uvea shallow lagoon

Considering the low mean depth of the defined system
(14 m), pelagic and benthic domains are very closely inter-
related in the shallow lagoon. Although they can not be
clearly separated, several insights on their trophic structure and
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Fig. 3. Trophic spectra of the living biomass in Uvea shallow lagoon.
The present trophic spectra are plots of the total living biomass along
a continuous scale of trophic levels (see also Gascuel 2004; Bozec
et al., in press). Such distributions reflect the diets adjustments from
the first unbalanced run (dotted line) to the final balanced run (con-
tinuous line).

functioning can be summarized from the modelled trophic net-
work (Fig. 4).

Benthic trophic groups account for more than 80% of the
total living biomass in our model (Table 4). Total produc-
tion is of a similar order of magnitude in the two domains,
primary production accounting for 77% and 86% of total pro-
duction of the pelagic and the benthic systems respectively.

Inversely, total consumption is higher in the benthic do-
main. Meiofauna has the greatest food intake (73% of the to-
tal benthic consumption), whereas zooplankton accounts for
86% of food intake in the pelagic system. The total benthic
consumption exceeds benthic production and needs input food
sources. Hence, 11% of the total benthic consumption is based
upon food intake of zooplankton and water column detritus
(for consumption by small demersal planktivorous fish and
corals), while 4% of the consumption of demersal fishes con-
cerns food imported from adjacent systems. Imported food
accounts for 20% of total food intake of pelagic fishes and
cephalopods.

As a result, the value of 3.1 calculated for the total net pri-
mary production/respiration ratio is very high. The very low
assimilation efficiency (AE = 0.2) we imposed to meiofauna
may explain this value. Since meiofauna respiration accounts
for 40% of the total system respiration, the total NPP/R is
very sensitive to variations in the assimilation efficiency of the
meiofauna (Fig. 5).

Biomass of demersal and pelagic fishes accounts for 25%
and 77% of the total biomass in their respective domain.
Planktivorous fish dominate the total fish stock, estimated
as 22800 tons of fresh weight for the shallow lagoon area.
Catches are low, representing less than 1% of the total fish
biomass, and 2.7% of the targeted fish groups. Fish were
dominated by zooplankton feeders, even when the estimated
biomass of small pelagics is excluded.

The ecotrophic efficiency for some groups remains fairly
low (Table 3). These groups are phytoplankton and zooplank-
ton, benthic microphytes and corals. This may be explained
by other mortality (e.g., by starvation) or export rates since
we assumed that no biomass accumulation should occur in the
lagoon.

4 Discussion
4.1 Model assumptions

The present study of the shallow lagoon of Uvea benefited
from a large amount of data on its biological communities.
The identification of the main unknown parameters arises from
the mass-balanced modelling process. Balancing an Ecopath
model relies on an iterative process involving manual imple-
mentations that need to be rigorously conducted. Each step of
this process must be based on ecological hypotheses that are
realistic. For this reason, the balancing process can be viewed
as a fertile explanatory phase where ecological hypotheses are
formulated in the confrontation of local knowledge and model
constraints.

The model of Uvea shallow lagoon was built following an
empirical but logical process. This lead to a coherent descrip-
tion of the food web that might be considered as the most ac-
ceptable according to our intimate knowledge in this field. The
most critical point was the optimisation of realistic biomass
estimates and predation demand for the two unknown stocks
(i.e., cephalopods and small pelagics). The resulting food web
is a possible picture of the trophic structure of Uvea shallow
lagoon assuming the adjustments listed above. The solution
presented here involves food imports as a minimum, since ex-
changes of transient species can not be formally estimated.

One limitation of the model is the probable underesti-
mation of the microphytobenthic production, which was es-
timated from short-term measures whereas seasonal variations
are supposed to be very high (Clavier, comm. pers.). In ad-
dition, microbial loops were neglected, as the model mainly
intended to describe trophic interactions between the lagoonal
fishes and their preys. However, we can reasonably assume that
adding such detailed information will not modify the whole
picture of this fish-oriented food web.

Concerning the high the total NPP/R ratio, it must be no-
ticed that if the default value of 0.2 proposed by Ecopath for
(1-AE) is applied for all groups (which is unrealistic), NPP/R
reaches a value of 1.2 thus approaching more usual values ob-
served in the field (Kinsey 1985). Since information on in-
put value for (1-AE) is often missing in the published models,
we decided to keep our value of 0.8 for meiofauna as recom-
mended in the literature (Buat 1996).

4.2 Trophic functioning of Uvea shallow lagoon

The model provided valuable insights on the trophic struc-
ture in biomass, and allowed to state some hypotheses for the
main structuring forces of the lagoonal food web.
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Table 4. Summary statistics for the Uvea shallow lagoon model.
Parameter Total Pelagic Benthic Units
Total living biomass 13.3 24 10.9 gCm™
Total net primary production (NPP) 265.3 126.7 138.6 gCm72y!
Sum of all production (P) 325.4 164.2 161.3 gCm2y!
Sum of all consumption (Q) 292.1 115.3 176.8 gCm72y!
Sum of all respiratory flows (R) 85.9 44.9 41.0 gCm72y!
Sum of all flows into detritus 346.1 101.1 245.0 gCm72y!
Sum of all exports 185.0 gCm72y!
Total primary production / 3.1 2.8 34
total respiration (NPP/R)
Trophic level Benthic domain I Pelagic domain
Sharks |
| Large pelagic piscivores
L4 %ﬁ I Imports
| (L
Demersal piscivores I 4070
e | Cephalopods Imoort
= mports
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Fig. 4. Food web diagram of the Uvea shallow lagoon model. The following trophic groups were aggregated to facilitate readability: macroin-
vertebrates (5 groups), herbivorous fish (2 groups) planktivorous fish (3 groups) and carnivorous fish (2 groups). Box size is proportional to
biomass for a given group. Main consumption flows (99% of the total food intake) from primary producer (grey arrows) and consumers (black

arrows) are indicated in gCm=2y~!.

Firstly, there is apparently a strong predation pressure on
all benthic compartments, since balancing preys of fish preda-
tors was difficult to achieve unless a fine food partitioning,
independently of primary producers and detritus that were
not limited. Hence, predation exerts a major structuring force
on the subjacent compartments, independently from a bottom
control of primary resources. The model also showed that mi-
gration due to water circulation can be integrated in the mass-
balance process. Uvea lagoon is largely opened to oceanic

waters, and the water flow passing over the lagoon may export
phytoplankton and zooplankton biomass. Same reasoning may
apply for benthic microphytes and detritus in the sediment, as-
suming that the high hydrodynamical conditions may induce
resuspension for both living and detrital particles, and exporta-
tion towards the open ocean. The fact that part of the biomass
may be exported from the system without transgressing the
assumption of mass balance suggests that the model is quite
realistic. Moreover, this may explain why primary resources
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Fig. 5. Influence of variations in meiofauna assimilation efficiency
(AE) on the estimation of the net primary production/biomass ratio
(NPP/R) for the shallow lagoon.

were viewed as non limiting for consumers. Finally, the model
provided a first estimation of the trophic fluxes between the
shallow lagoon and its surrounding habitats. These preliminary
estimates call for further investigations in adjacent areas in or-
der to substantiate trophic interactions at a larger scale.
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Appendix A. Source and calculations
for the original input parameters

A.1. Fish

Fish were surveyed by underwater visual census (UVC)
from April 1991 to March 1992 by Kulbicki et al. (1994) on
the 43 sampling stations of the shallow lagoon (Fig. 1). Two
experienced SCUBA divers swam each on one side of a 100 m
transect line, and counted simultaneously all fish species. Fish
were individually recorded, along with body size and perpen-
dicular distance between the fish and the transect line. Species
abundance was therefore estimated from distance data follow-
ing the distance sampling theory (Buckland et al. 1993). Esti-
mates of fish size were converted into biomass using species
length-weight relationships available from earlier studies in
Caledonian lagoons (Kulbicki et al. 1993; Letourneur et al.
1998).

As a result, 217 fish species were identified on soft-
bottoms by underwater visual census (Kulbicki et al. 1994).
Fish were classified into 11 trophic groups according to feed-
ing habits, size, and vertical position in the water column
(presently defined as pelagic or demersal). Hence pelagic fish
groups consist in: “large pelagic piscivores” (mainly Aprion
virescens), “large pelagic planktivores” (body size >20 cm,
mainly Pterocaesio tile and Naso annulatus), and “small
pelagics” including small surface pelagic species not sur-
veyed by underwater visual census. Demersal fish groups in-
clude: “sharks”, “demersal piscivores” (26 species, includ-
ing large Serranidae such as Epinephelus cyanopodus, large
Lutjanidae and Synodontidae), “large demersal carnivores”
(32 species with body size >20 cm), “small demersal carni-
vores” (63 species), “small planktivores” (30 species), “large
herbivores” (body size >20 cm, mainly Scaridae and large
Acanthuridae), “small herbivores” (16 species) and “omni-
vores” (17 species). Biomass of the small pelagic fish was
estimated by the model, assuming an ecotrophic efficiency of
0.950. We assumed the biomass of sharks to be 0.071 gC m~2
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(Gribble 2000) since they are probably underestimated by the
visual censuses. For all other fish groups, the biomass was
estimated as a mean on 42 sampling stations, excluding one
station close to the inner reefs (Fig. 2) where the total biomass
was so high to be considered as realistic for lagoonal areas.
Biomass values were converted to carbon assuming that dry
weight is 32% of fresh weight and carbon is 40% of dry weight
(Klumpp and Polunin 1989).

Annual productivity (P/B) and consumption rate (Q/B)
were estimated for each species using the user interface of the
FishBase (Froese and Pauly 2000) database from the following
empirical relationships:

P/B = K% 0¥ 7045 (Pauly 1980)

where K is the growth coefficient of the von Bertalanffy growth
function, Lj,r the asymptotic length and 7' the water temper-
ature (°C), assuming that fishing mortality is null (P/B =
natural mortality for unfished populations). When no estimates
of K were available, instantaneous rate of natural mortality was
calculated using an unpublished empirical relationship (Froese
and Pauly 2000):

P/B — 10(0.56670.71810g Ling) +0.027.

The user interface of FishBase allowed to re-estimate P/B for
each species by entering regional values when available. P/B
were therefore recalculated using the mean annual temperature
of the south-west lagoon of New Caledonia (24.3 °C, Clavier
and Garrigue 1999).

The annual consumption (Q/B) is estimated for each
species from the empirical relationship of Palomares and Pauly
(1999):

log Q/B =7.964 — 0.204 log Wiy — 1.965T"
+0.083A + 0.532h + 0.3984

where Wiy is the asymptotic weight calculated from Lj,s and
length-weight relationships, 7’ is the water temperature (ex-
pressed as 1000 / (T +273.15)), A the ratio of the square of the
height of the caudal fin and its surface area (aspect ratio of the
caudal fin is expected to be indicative of metabolic activity),
and where /1 and d are dummy variables indicating the feeding
category of the fish species, i.e. herbivore (h = 1, d = 0), detri-
tivore (h = 0, d = 1) or carnivore (h = 0, d = 0). Similarly to
P/B, each Q/B was recalculated using the appropriate temper-
ature. P/B and Q/B for sharks were assumed to be 0.24 and
4.9 respectively (Gribble 2000) and for the small pelagics 1.1
and 7.5 (Polovina 1984).

Diet composition was completed using dietary data from
New Caledonia (Kulbicki, unpubl. data) or stomach content
analysis found in the literature (e.g., Hiatt and Strasburg 1960;
Hobson 1974; Sano et al. 1984). Small pelagics were as-
sumed to be mainly zooplankton feeders. A rough annual catch
(2Cm~2y~") was indirectly estimated from local consumption
of food fishes assessed ten years after fish surveys (Léopold
2000). The following values were estimated for the shallow la-
goon: 0.006 for large pelagic fishes, 0.026 for demersal pisci-
vores, 0.006 for large demersal carnivores and 0.001 for small
demersal carnivores.

A.2. Cephalopods

Biomass of cephalopods (assumed to be mainly
squids) was estimated by Ecopath under the constraint
of mass-balance, assuming an ecotrophic efficiency of 0.950.
Input values for P/B (3.10y™') and Q/B (11.7 y~!) were taken
from Opitz (1993).

A.3. Benthic macrofauna

In 1991 soft-bottom macrofauna (2 to 20 mm) was inves-
tigated using 10 grab samples per sampling station, whereas
epibenthic megafauna (> 20 mm) was collected by SCUBA
divers along a 50 x 2-m belt transect (Clavier et al. 1992;
Clavier and Garrigue 1993). Density (number of individ-
uals per m?) and ash free dry weight were measured for
319 taxons on the 43 sampling stations of the shallow lagoon
(Fig. 1). Species were classified into five trophic groups fol-
lowing Clavier and Garrigue (1993). For each group, the mean
biomass (n = 43) was converted to carbon assuming that car-
bon is 40% of ash free dry weight (Steele 1974).

Input values for P/B and Q/B were calculated using a se-
ries of allometric relationships (see also Riddle et al. 1990). In
a first step, a P/ B value was estimated for each species using a
direct allometric relationship between P/B and the individual
body weight (Banse and Mosher 1980):

P/B = 0.6457W; %%

where W, is the individual body weight expressed in kcal, as-
suming that 1 g ash-free dry weight = 5 kcal (Crisp 1971). In
a second step, we estimated the respiration rate for each indi-
vidual from:

R=7.0Wg"

where R is the respiration rate in nL. O, (individual h)~!, and
W, the individual body weight in ug dry weight, assuming
that ash-free dry weight is 90% of dry weight (Waters 1977).
Therefore, R was normalized to a yearly rate per sampling
unit (m?> y ~!) on the basis of 365 days per year, and con-
verted in kcal using the following conversion factor: 1 litre
0, = 4.83 kcal (Crisp 1971). Finally, consumption rate (Q)
was calculated from the previous estimates of respiration and
production as:
Q=R+ P)/AE

where AE = assimilation efficiency, and Q, R, P are expressed
in kcal (m”>y~'). As assimilation efficiency is highly vari-
able (Valiela 1984), we decided to assign each species a value
of 80% for carnivorous (as well as predator or necropha-
geous species), 70% for microphages (suspension and deposit-
feeders) and 60% for herbivores (Jorgensen et al. 1991).

A.4. Meiofauna

Meiofaunal biomass was estimated from a mean density
of 208.5 ind.cm™ (n = 15) measured in the sediment of
Uvea atoll in 1994 (Boucher, unpubl. data). Assuming that
760 animals account for 1 mg dry weight (Alongi, pers. comm.
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in Johnson et al. 1995) and that carbon is 40% of dry weight
(Klumpp and Polunin 1989), biomass of meiofauna was esti-
mated at 1.097 g C m~2. Assuming that hard substrate cover is
23.4% in the shallow lagoon, biomass of meiofauna becomes
0.841 gCm2 in the sediment. As annual P/B varies a lot
depending on faunistic composition (Boucher, pers. comm..),
we decided to affect a first value of 15 y~! (Johnson et al.
1995). Q/B was one of the few parameters that were esti-
mated by Ecopath, assuming an ecotrophic efficiency of 0.950.
Assimilation efficiency was 0.2 as a preliminary value (see
discussion).

A.5. Zooplankton

Plankton parameters were measured in 1992 (Le Borgne
et al. 1993). Zooplankton was collected by vertical hauls from
the bottom to the surface in 10 sampling stations (Fig. 1).
For the shallow lagoon, we estimated a mean biomass of
0.084 ¢Cm~2 (n = 6) integrated to the depth of each sampling
station and by excluding detritus. Zooplankton production has
been calculated using excretion rate (measured from in situ in-
cubations) and the net growth efficiency (details in Le Borgne
1978; Le Borgne et al. 1997). This resulted in a daily P/B of
1.14 d7! that we converted to a yearly rate (416.1 y=!). Con-
sumption has been deduced from excretion, production, and
an assimilation efficiency of 0.7 (Le Borgne et al. 1993) that
was also used for the present model. The resulting value of
Q/B was 3.23 d”! (Table 10 in Le Borgne et al. 1997) that we
converted to the yearly rate 1178.9 y~!.

A.6. Corals

Since corals contribute to the primary production through
the photosynthesis of the symbiotic zooxanthellae found in the
polyp tissues (Odum and Odum 1955), coral might be consid-
ered as partly autotroph. As the Ecopath model allows to spec-
ify a degree of heterotrophy for such facultative consumers
(Christensen and Walters 2004), we assumed that 70% of the
energy requirements of coral are provided by zooxanthellae by
translocation to the animal host, 20% from zooplankton and
10% from water column detritus (Sorokin 1981).

The living coral cover was assessed visually by SCUBA
divers along 5 x 100-m belt transects (Kulbicki et al. 1993),
and estimated to be 1.5% for the shallow lagoon (n = 43,
s.e. = 2.5). Considering estimations of Odum and Odum
(1955) from Lobophyllia sp., biomass of heterotrophic tissue
(polyps) and zooxanthellae in polyps are assumed to be
0.021 and 0.0038 gdry weight percm™2 of coral skeletons.
Therefore, we can estimate the total biomass of organic tissue

in corals (polyp + zooxanthellae) to be 3.67 g dry weight.m~2.
Assuming that carbon is 40% of dry weight (Klumpp and
Polunin 1989), B = 1.468 gCm™.

We decided to use the same values of P/B (1.10 year‘l)
and Q/B (7.3 year™') than those in the model of Tudman
(2001) which were taken from Sorokin (1993).

A.7. Phytoplankton

Phytoplankton biomass was estimated from chlorophyll
a concentrations measured by fluorimetry at various depths
(Le Borgne et al. 1993) in 10 sampling stations (Fig. 1). For the
shallow lagoon, we estimated a depth-integrated mean biomass
of 0.248 g¢Cm™2 (n = 6) using a C/Chl a ratio of 84 (Charpy
and Blanchot 1998). Primary production was estimated from
in situ incubations (Le Borgne et al. 1993). This resulted in a
daily P/B of 1.40 d™! (Table 5 in Le Borgne et al. 1997) that
we converted into a yearly rate (511 y™).

A.8. Benthic macroflora

We group together all epilithic macroalgae species col-
lected and identified by Clavier et al. (1992). This includes
small filamentous algae (turf algae), fleshy macroalgae and
coralline algae. In the shallow lagoon, the mean biomass of
benthic macrophytes was estimated to be 0.874 g m~2 ash-free
dry weight (n = 42, s.e. = 93.52) converted to 0.350 g C m~2
(carbon is 40% of ash-free dry weight, Steele 1974). P/B was
estimated by the Ecopath parametrization routine.

A.9. Benthic microphytes

The mean chlorophyll a concentration in the sediment was
estimated to be 0.11 gm™2, and microphytobenthic produc-
tion to be 0.45 gCm~2d"! (Clavier, pers. comm.). Assuming
a C/Chl a ratio of 50 (Charpy and Charpy-Roubaud 1990),
biomass is 5.54 gCm~2 and P/B is 29.87 y~1. Considering
that hard substrate cover is 23.4% in the shallow lagoon, the
adjusted value of 4.24 gCm~2 was used for the biomass of
benthic microphytes in the sediment.

A.10. Detritus

The bulk of detritus was estimated from organic matter
content of the sediment (Boucher, unpubl. data). The stock of
water column detritus was assessed in the different planktonic
size fractions which were sampled by Le Borgne et al. (1997).
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