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Abstract: The relationships between shore fish assemblages from habitats neighboring coral reefs
have received little attention in the Indo-Pacific. The present study is based on the extensive sampling
(539,000 fish; 898 taxa) of three fish assemblages: reefs, mangroves, and soft-bottoms in a large bay
of New Caledonia. Species area curves indicate that sampling was nearly exhaustive in all three
habitats (262 species in mangroves, 342 on soft-bottoms, 594 on reefs). Combinations of life-history
traits were used as proxies of ecological functions. The species and functional overlaps were highest
between soft-bottoms and mangroves and lowest between mangroves and reefs. These overlaps
were lower than most recent studies in the Indo-Pacific, a result probably linked to the extent of the
sampling in the present study. The life-history traits of species found exclusively in one habitat as
opposed to several habitats were not a random selection within the species pool. Overlapping species
were mostly large species that fed on nekton, large invertebrates, or plankton; exclusive species were
mostly sedentary, solitary, and of small size, except for plankton-feeding species, which mostly had
large home ranges and formed large schools. Herbivores were seldom found in several habitats.
Functional redundancy was correlated to species richness, and was highest in reef fish assemblages.
Functions common to several habitats had very seldom the same relative redundancy, implying that
these functions had not the same importance for each assemblage. Functions exclusive to one habitat
generally had low redundancy. These functional attributes and species overlap suggest that these
three assemblages have a low level of interaction, despite the fact that they share extensive boundaries.
These findings may have important applications in the management of shore fish assemblages.

Keywords: connectivity; adjacent habitats; species overlap; functional overlap; fish; assemblages;
reefs; mangroves; soft-bottoms

1. Introduction

Connectivity between habitats within a lagoon seascape can be essential to the func-
tioning of communities. Over most of their range, coral reefs are surrounded by many other
habitats, in particular soft-bottoms and mangroves. However, the relationships between
coral reef fish assemblages and the fish assemblages from habitats adjacent to reefs are
still poorly documented in the Indo-Pacific. More attention has been directed on this issue
in the Caribbean compared to the Indo-Pacific (see reviews by [1-8]). It has often been
assumed that patterns described in the Caribbean may apply to the Indo-Pacific [6], but
recent works suggest major differences, and these authors also indicate that more data are
needed for the Indo-Pacific [8,9]. In particular, most families use a larger number of habitats
in the tropical Atlantic compared to the Indo-Pacific. However, nearly 20% of known reef
species in the central Pacific would use habitats other than reefs, according to [8]. These
peri-reefal habitats are used by juveniles as well as adults [10], with a much higher use by
juveniles in the tropical Atlantic compared to the Indo-Pacific.
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The number of species sampled in the Indo-Pacific in this context until now has been
relatively low (a maximum of 282 reef species in a study by [8] in Papua New Guinea)
compared to the known species diversity of over 3000 reef fish species in this realm [11]. It
could therefore be that important interactions across habitats have not been detected or
have received less attention than they deserve.

With over 1800 coastal species [12], of which more than 1450 species can be consid-
ered as reef associated [13], New Caledonia can be considered as representative of this
biogeographical region (Central Pacific). New Caledonia is an ideal region to analyze the
importance of habitat on the functioning of fish assemblages within complex seascapes. In
particular, its southwest lagoon is located in an area with a high habitat diversity which
can be easily accessed (Figure 1; Supplementary Materials Table S1). This region of New
Caledonia is also characterized by a high diversity of coastal fishes [12,13] and most other
marine organisms [14].
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Figure 1. Map of the sampling area. Reef: zones with 100% hard bottom, mainly constructed coral
reef. Mangroves comprise several types of mangroves (see Supplementary Materials Table S1).
Soft-bottoms include seagrass and macroalgal beds.

Our main objective is to quantify the convergences and divergences in both taxo-
nomical and functional structures between fish assemblages within a seascape in order
to better understand how these assemblages may either interact or be independent. We
propose to combine a taxonomic analysis with a functional analysis over the widest array of
species sampled [15-18] for this purpose to date in the Central Pacific (sensu [11]). Indeed,
most studies looked at the taxonomic composition e.g., [6,8,19-21] but seldom considered
life-history traits, besides diet [8]. The latter is usually studied with respect to the potential
energy transfers between habitats as well as their potential role as functional reservoir for
herbivory (see [8] for a review).
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Besides broad ecological functions such as the just cited herbivory, it is difficult to
define functions within assemblages [22]. Life-history traits combinations, often labeled
“functional entities” (FE) [23,24], are therefore used as proxies for the functional diversity
within assemblages. We will combine the analysis of these FEs with taxonomic analyses.

We will investigate two other parameters, species redundancy, i.e., the number of
species within a FE, and “functional vulnerability”, as defined by [24], which is the pro-
portion of FEs containing a single species. Species redundancy within FEs is thought to
be indicative of the resilience capacity of an assemblage [25,26]; a large overlap within the
same FE across habitats could potentially favor resilience against perturbations. On the
other hand, a high proportion of vulnerable FEs would suggest potentially more fragile
assemblages [27].

Numerous habitats have been explored to understand how reef fish assemblages
depend on neighboring habitats. Seagrass, macroalgal beds, soft-bottoms, and mangroves
have been the most studied (see [8] for a review). In the present study, samples from sea-
grass, macroalgal beds and soft-bottoms could not be separated and therefore were grouped
as “soft-bottoms”. The combination of these soft-bottoms with mangroves and reefs covers
most of the seascape of our study zone (Figure 1; Supplementary Materials Table S1) and
therefore should be representative of the functioning of their fish assemblages.

2. Materials and Methods
2.1. Sampling

All the sampling took place during one year, 1988, (to avoid seasonal effect) in St. Vin-
cent Bay in the southwest lagoon of New Caledonia, where coral reefs cover 93.4 km? [28],
soft-bottoms 230.7 km? [29], and mangroves 30.6 km? [30] (Figure 1; Supplementary Materi-
als Table S1). None of the area sampled belonged to a protected area. Experimental fishing
permits were obtained from the “Direction de I’"Environnement” of the South Province of
New Caledonia in Nouméa. No endangered or protected species at that time were interfere
with, harmed, or captured during this experiment. Species were determined in the field,
if possible; otherwise, they were later identified in the lab or sent to specialists. Large
numbers of specimens were sent to museums, in particular the Museum of Natural History
in Paris (MNHN), the Bishop Museum in Hawaii (the curator was then J. Randall), and
the Smithsonian Institute (Washington). Minor samples were sent to other museums (e.g.,
Australian Museum in Sydney for gobies; Western Australia Museum—G@G. Allen; Royal
Ontario Museum—R. Winterbottom; California Natural History Museum, British Museum
in London). A local collection was also created in Nouméa which now gathers more than
a thousand species and over 5000 specimens. Fricke et al. [12] indicate where specimens
can be found. Besides collections for museums, numerous fish were dissected for their
gut content and gonads (over 30,000 fish) [31], length frequencies were performed for the
most abundant species (over 50,000 fish measured), and otoliths were also collected for
numerous species (see [32]).

In order to obtain an exhaustive inventory, at least two methods were used in each
habitat (Supplementary Materials Table S2). All samples were taken during daytime, with
the exception of fyke nets, which catch fish all day long. However, it was not possible to
use the same methods in all habitats. Visual censuses could not be performed in mangroves
because the water was too murky; rotenone could not be performed on soft-bottoms
because the fish densities were too low. The sampling effort was yet considerable in all
habitats and most abundant or frequent species were recorded, as SAR curves will attest
(Species Area Relationship).

Underwater-visual census was used on coral reefs and soft-bottoms (see [33] for
details). Two divers, one on each side of a 50 m (reef) or 250 m (soft-bottom) transect line,
recorded all the fish species they could detect. For each record, the observers noted species,
size (cm) and number. Transects were usually laid perpendicular to the depth contours in
order to cover as many reef habitats as possible.
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Rotenone collecting was used on coral reefs and in mangroves: a surrounding net 60 m
long, 4 m high with a 2 cm stretched mesh, was first set. Setting the net was performed as
rapidly as possible, in order to minimize the number of fish escaping the net. The net had
a heavy weight line in order to enable the best contact with the bottom. Once the net set,
7 L of rotenone mix were poured into the net by three divers. The mix was prepared from
rotenone powder (8% active substance), sea water, and liquid soap. Fish were collected by
a team of six people, two divers on the bottom, two snorkelers for mid water and surface,
and two small boats with dip nets to collect fish drifting on the surface. In mangroves, the
rotenone stations were set at ebbing tide in areas where the bottom was covered with less
than 50 cm of water at low tide, so that fish which dropped on the bottom could be easily
collected despite the lack of visibility.

Rotenone is quickly dispersed in the marine environment and is rapidly destroyed
(less than a day—see Supplementary Materials Table S3) by sunlight and is mainly active on
fish, with very little side mortality on invertebrates; in particular, coral is not affected [34].

Sampling with rotenone is nowadays a controversial issue, see [34] for a debate
and Supplemental Materials Table S3 for a bibliography on its use. At the time of our
sampling (1988), this method was, however, commonly used (see Supplementary Materials
Table S3), but nowadays we certainly recommend against its use for sampling in highly
diversified and/or fragile environments. Indeed, large collections of reef fish species for
museums are no longer needed, as the number of species needing to be described is rapidly
decreasing [35], samples to analyze the biology or ecology of fish are quickly evolving and
require less and less tissues, and, in many cases, fish are no longer killed (e.g., genetics,
gut contents, stable isotopes). In addition, a number of new non-lethal techniques are
emerging which could contribute differently to our vision of reef fish assemblages, such as
for instance video recordings (see [36] for a review), probably hydro-acoustics (e.g., [37])
and environmental DNA (e.g., [38,39]).

A fyke net was used in mangroves [40]. Each fyke net set comprised a barrier net 50 m
long, 1.2 m high with a 2 cm stretch mesh, and a cod end with a 15 mm stretched mesh.
Soaking time was 12 h, with the net set at high tide and fish retrieved from the cod end
every 6 h.

Gill nets were used in mangroves. Each gill net sampling station was a combination
of three nets, each net being 3 m high and 70 m long, with 40, 60, and 80 mm stretched
meshes, respectively. Soaking time was 6 h, the net being set at high tide.

A shrimp trawl was used on soft-bottoms. The shrimp trawl net (14 m headrope,
2 cm-mesh codend, tickler chain) was towed at a mean speed of 2.3 knots for 30 min,
covering an area of 14,900 m?. A fish trawl was also used on soft-bottoms (16.4 m headrope,
2.5 cm-mesh codend, rubber rollers) being towed at a mean speed of 3 knots for 23 min,
covering 25,600 m?.

For all methods the fish were sorted to the species [12] and the number of fish and
weight per species was recorded.

2.2. Life History Traits and Biological Parameters

Four life-history traits were considered to describe the functional role of the species:
diet, species size, home range, and schooling behavior. Each species’ traits can be found
in [41] and FISHBASE.

Diet (D): as diet is by far the most studied trait in coastal tropical assemblages (see [8]
for a review), we detailed this trait with three levels of analysis. The first level was a
simple classification that divided species into four groups: piscivores (P), carnivores (C),
herbivores (H), and plankton feeder (Z). Detritus feeders were included with herbivores,
as very few species use detritus as a dominant food item. This classification was retained
to build FEs (see further). As most fish species eat several food items, we built a second
classification based on the first two major food items known for each species, unless the
first food item comprises more than 50% of the diet, and then only this food item is noted.
The food items were classified in seven categories: n: nekton (fish and large swimming
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invertebrates), m1: macrobenthos (>5 mm), m2: microbenthos (<5 mm), al: large fleshy
algae or seagrass, a2: turf and microalgae, co: coral and sponges, d: detritus or unidentified
organic material from the bottom layer. For instance, the class “nm1” indicates a species
eating mainly nekton and using macrobenthos as a secondary food source. Last, for each of
the previous diet classes, an average trophic level (TL) was estimated from values given by
FishBase (see https:/ /www.fishbase.de/fishonline/english/fol_fishaspart.htm, accessed
on 30 January 2022, for algorithms and TL values) for the species found in this class.

Species size (S): based on the maximum known size of each species, fish were allocated
to six size groups: <8 cm; 8-16 cm; >16-30 cm; >30-50 cm; >50-80 cm; >80 cm.

Home range (H): species were grouped into four classes: territorial (very restricted
home range, usually less than 10 m?), sedentary (small home ranges usually less than
500 m?), mobile (species which are not bound to a specific area, but do not necessarily
change constantly of area), and very mobile (species which are constantly on the move and
are not bound to a specific area).

Adult (non-spawning) schooling behavior (B): species were grouped into five classes:
solitary species (nearly always alone), paired species (form pairs), species making small
schools or groups (on average 3-20 fish per school), species making medium size schools
(20-50 fish per school), and species making large schools (>50 fish per school).

Two biological parameters were also investigated:

Geographical range: an index of the extent of the geographical distribution of each
species was estimated following [42] and based upon checklists. For each species, the
number of 5° x 5° geographical cells (in the Indo-Pacific) where the species has been
recorded was counted.

Pelagic larval duration: the average number of days at sea before settlement of fish
larvae was extracted from [43,44]. The data were updated until 2021.

2.3. Functional Entities

Functional entities (FE) were defined as the combination of the four life-history traits
(DSHB) in the order of diet (D) (first level), size (S), home-range (H), schooling behavior
(B). These functional entities will be considered as a proxy of functional groups, knowing
that true ecological functions within reef fishes are still poorly understood [22]. Functional
entities can be characterized by their number of species, which will be defined here as
“redundancy”. In order to compare the redundancy amongst habitats, a relative redundancy
was estimated by taking into account the species richness of each habitat.

2.4. Relative Richness and Species Accumulation Curves

It is not possible to compare directly the species richness amongst habitats because
the methods and the sampling efforts were different for each habitat. The comparison
of species richness was therefore based on species accumulation curves. The latter were
obtained within each habitat by assigning to each station a number at random, whichever
the sampling method. Then, the cumulative number of species was obtained by ranking
the stations according to this random number. The procedure was repeated 100 times for
each habitat and the medium value retained.

There are many ways to estimate species diversity from species accumulation curves [45].
A two-parameter model [46] was fitted using the following equation:

Number of Species = a x Number of Stations/(1 + b x Number of Stations) @)
(a and b are coefficients).

3. Results

A total of 539,000 fish were either caught or observed during this survey. The highest
numbers were caught or observed on soft-bottoms (402,000), followed by coral reefs (90,000)
and mangroves (47,000). The cumulated species curves for each habitat (Figure 2) showed
that, despite the sampling effort, the asymptote was not reached for either reefs or soft-
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bottoms. However, fitting these curves with equation [1] indicated that for a sampling
increase by 30%, the proportion of new species for each habitat would be less than 4%
(Figure 2). Doubling the sampling effort would only add 5.7% more species for reefs, 9%
for mangroves, and 6.3% for soft-bottoms (Figure 2).
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Figure 2. Modelled cumulated number of species with sampling effort (in the equations X = number
of stations) for reefs (174 stations), soft-bottoms (342 stations), and mangroves (249 stations). 100%
(A—C) corresponds to the total sampling effort of the study. 200% (D-F) indicates a doubling of the
sampling effort. All 3 relationships have r? = 0.98.

3.1. Taxonomy
3.1.1. Species

A total of 895 taxa were observed or caught (Supplementary Materials Table S4). The
highest number of species was found on reefs (R) (594) followed by soft-bottoms (SB) (342)
and mangroves (M) (262) (Chi? test: M < SB <R (p <0.001; a posteriori p < 0.01). There were
47 species (4.6%) common to all three habitats (Figure 3; Supplementary Materials Table S4).
The largest overlap was between reefs and soft-bottoms with 151 species, followed by the
overlap between soft-bottoms and mangroves (105 species), the lowest overlap being
between mangroves and reefs with 90 species (Figure 3; Supplementary Materials Table S4;
Global p < 0.001; a posteriori 151 > (105-90) p < 0.01; p > 0.05 for SB_M and R_M). Reefs
had the highest proportion of exclusive species (67%) (found only in that habitat), soft-
bottoms and mangroves having similar proportions of exclusive species (38.9% and 43.5%,
respectively) (Global difference % exclusives p < 0.001; a posteriori R < (SB-M), p < 0.001).

3.1.2. Genera

A total of 343 genera were observed, the maximum (208) being observed on reefs
followed by soft-bottoms (172) and mangroves (143) (Figure 3; Supplementary Materials
Table 54 Global p < 0.001; M < (SB-R) p < 0.001). For all three habitats, 42 genera (12.3%)
were common. There was a major difference in the overlaps between habitats at the genus
level compared to the species level. More genera were common (p < 0.05) to mangroves
and reefs (106 genera) than to mangroves and soft-bottoms (74). Of the total, 102 genera
(49% of the genera found on reefs) were exclusive to reefs. For mangroves and soft-
bottoms, the proportions were similar, with 32.6% and 32.9% exclusive genera, respectively.
These exclusive genera were significantly less diverse (1.8 species/genus on reefs, 1.3 for
mangroves, and 1.2 for soft-bottoms) than average (2.9 species/genus for reefs, 1.8 for
mangroves, 2.0 for soft-bottoms). The most speciose of these exclusive genera were found
on reefs and grouped small species (Trimma, Eviota, Norfolkia, Ecsenius) as well as Labridae
(Bodianus, Coris) and Holocentridae (Myripristis), which are all strongly linked to hard
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substrates. Only three genera were exclusively found in mangroves, with three species
each (Liza, Eleotris, and Strongylura). No genus exclusive to soft-bottom had three species
or more.

SPECIES GENERA

- REEFS
- MANGROVES
SOFT BOTTOMS

FUNCTIONAL ENTITIES

Figure 3. Venn diagrams indicating the overlap between the three assemblages (reefs, soft-bottoms,
and mangroves) at four organization levels (species, genera, families, and functional entities). Propor-
tions, totals, and statistical tests are given in Supplementary Materials Table S4. Colored underlined
numbers correspond to exclusivity.

3.1.3. Families

A total of 101 families were observed. The number of families was similar in all 3 habitats
(66 on reefs, 70 on soft-bottoms, 63 in mangroves) (Supplementary Materials Table S4; Figure 4).
Thirty-five families (34%) were common to all three habitats. Three families were common
only to reefs and mangroves, whereas thirteen families were common to mangroves and
soft-bottoms. Sixteen families were exclusive to reefs, twelve to mangroves, and ten to
soft-bottoms. Most of these exclusive families had only one species, the most speciose being
the Pseudochromidae (reefs) and the Eleotridae (mangroves), with five species each.

100 Cumulated frequencies All Families

80
60

40

/ ———REEF-% = = SB-% ——MANGROVE-%

20

Cumulated frequencies

1 5 9 1317 21 2529 33374145 49 5357 6165 69
Rank of Families

Figure 4. Cumulated frequencies of species per families according to habitat. Families were ranked
according to their number of species, from the most to the least speciose. SB: soft-bottoms.
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The profiles of species frequencies amongst families were different for the three habi-
tats (Supplementary Materials Table S5; Figure 4). On reefs, a large proportion of species
were concentrated in few families (Figure 4), whereas the profiles for mangroves and
soft-bottoms were similar, with a lower contribution of the most speciose families. The
proportion of families represented by a single species was the highest on reefs (61% of
families) followed by soft-bottoms (57%) and mangroves (49%).

The species exclusive to each habitat had a specific distribution across families
(Supplementary Materials Table S5). Four families (Blenniidae, Gobiidae, Apogonidae,
and Syngnathidae) had species composition with more than 50% exclusive species in each
habitat. In other words, it is possible to determine the habitat of each assemblage with
only these four families alone. Other families had specifically high proportion of exclu-
sive species in each habitat (Supplementary Materials Table S5), in particular: Labridae,
Pomacentridae, Chaetodontidae, Scaridae, Muraenidae, Holocentridae, and Acanthuri-
dae on reefs; Clupeidae and Sphyraenidae on soft-bottoms; Mugilidae and Eleotridae
in mangroves.

3.2. Diet and Trophic Level

A comparison of the trophic level spectra across habitats (Figure 5) indicates a high
similarity. However, two peaks exist for reef fish, one at trophic level 2.0 and another at
2.8, which respectively correspond to herbivores and mixed diets of plankton and algae,
whereas one peak exists for both mangrove and soft-bottoms at trophic level 4.4, which
corresponds to piscivores (Supplementary Materials Table S6). The most important trophic
group (TL 3.1 to 3.8; Figure 5; Supplementary Materials Table S6) in all habitats was carni-
vores, with 56.4% for coral reef species, 51.5% for soft-bottom, and 54.2% for mangroves.
Within this group, there were differences across habitats for the subgroups. Thus, reef
fish were characterized by sessile invertebrate feeders and invertebrate/detritus feeders
(class m2d), whereas soft-bottom fish had higher frequencies of micro-invertebrate feeders
(class m1) and mangroves had higher frequencies of macroinvertebrates feeders, with a sec-
ondary contribution of plankton in their diet (class m2-z). The highest trophic levels (adding
nekton feeding species: n, n-m1, n-z) represented a larger proportion of the species on soft-
bottoms (22.6%) and mangroves (22.7%) compared to coral reefs (12.5%) (SB-M > R, p < 0.01).
Plankton feeders represented a larger proportion of species on soft-bottoms (22.3%) than
reefs (16.5%) or mangroves (14.1%). Detritus feeders were mainly found in mangroves,
but accounted for only 3.8% of the species (Supplementary Materials Figure S1C). Herbi-
vores represented an important group only for reefs (14.2% of species, versus 4.7% for
soft-bottoms, and 7.3% for mangroves).

Trophic Level

14 e REEF
12 "\ - == SB
]
10 MANGROVE
(%)
QL
O 8
a
v 6
X
R
2
0
N AN <N OO0 0O M cd AN N < 1N OO T NN < W
NN I I O T R R I B B 4 < < S

Trophic Level

Figure 5. Trophic level spectra for the three habitats based on averages per diet class (see Section 2.2).
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Within a habitat, the diets of exclusive species had different trophic spectra compared
to overlapping species (Supplementary Materials Figure S1; Supplementary Materials
Table S6). In particular, species exclusive to reefs displayed a peak at the trophic level
(TL) 2.7, which corresponds to species feeding primarily on plankton but with a strong
complement in microalgae, most of these species belonging to Pomacentridae. In contrast,
these exclusive reef fish species had a lower proportion of species with a TL higher than 3.6,
which corresponds to macro-carnivores and piscivores. There were no differences in the TL
spectra for soft-bottom fish between exclusive and overlapping species. For mangroves,
the exclusive species had a higher frequency of species, between TL 2.5 and 3.1, which
corresponds to species for which detritus is an important food item as well as specific
plankton feeders such as Ambassidae and Apogonidae.

3.3. Other Traits

Reef fish were markedly different from soft-bottoms and mangroves (Chi? p <0.001) as
they had a larger proportion of species characterized by small sizes (38% <16 cm; p < 0.001),
narrow home ranges (67% territorial or sedentary), and low gregarity (65% solitary or
paired species) (Supplementary Materials Table S7). These differences were even more
pronounced for the species exclusive to reefs, as 56% of them were <16 cm, 78% were
territorial or sedentary, and 71% were solitary or paired. Species from soft-bottoms and
mangroves had more similar traits, the major difference being larger sizes for mangrove
species (30.9% of species >50 cm compared to 20.5% for soft-bottom fish) (Supplementary
Materials Table S7). More exclusive species were mobile and very mobile on soft-bottoms
and mangroves (81% versus 64%) than on reefs, and there were less very small species on
soft-bottoms (25.6% versus 3.6% species <7 cm) (Supplementary Materials Table S7).

Species common to all habitats were characterized by large sizes (32% >50 cm) and
large home ranges (74% mobile or very mobile) and tended to form medium size schools
(41%) (Supplementary Materials Table S7). The species common to mangroves and soft-
bottoms were characterized by very large species (>50 cm, 24%), forming large schools
(26%), and being very mobile (65%) (Supplementary Materials Table S7). The other overlap-
ping species had less prominent traits. Thus, the species common to mangroves and reefs
were characterized by a large proportion (46%) of species between 30 and 80 cm and by
species forming small to medium size schools (41%), whereas the species common to reefs
and soft-bottoms were characterized mainly by medium size species (71% between 8 and
30 cm) (Supplementary Materials Table S7).

There was no difference in average PLD, nor in PLD distribution (Supplementary
Materials Figure S2) across biotopes (reefs: 33.4 & 1.6 days; mangroves: 38.9 + 8.4 days;
soft-bottoms: 33.1 & 4.5 days). The distribution of geographical ranges according to habitat
(Figure 6) indicates a larger proportion of species with wide geographical ranges for reefs
compared to mangroves or soft-bottoms and, consequently, very little endemism (species
with a geographical index less than 5). No difference in PLD nor in geographical range
index could be detected between overlapping and exclusive species within a habitat.

3.4. Functional Entities

The number of functional entities (FE) was larger for reefs than soft-bottoms and
mangroves (Figure 3; Supplementary Materials Table S4). The overlap in FE amongst
habitats was large and the proportion of overlap (ratio of the number of overlapping FE
in a habitat to the total number of FE) was higher than for the taxonomic levels (Figure 3;
Supplementary Materials Table S4).

There was no significant difference in the distribution (Kolmogorov-Smirnov test) of
the relative redundancy across habitats (Figure 7). However, 34% of the species on coral
reefs were found in 5% of the FE, whereas this proportion dropped to 19% for soft-bottoms
and 16% for mangroves.
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Figure 7. Redundancy within functional groups according to habitat and functional group type.

The most redundant FEs were different from one habitat to the next and very few FEs
had a similar redundancy ranking in two or more habitats (Table 1). Only the FE “C221”
(small sedentary and solitary carnivores) was ranked first for mangroves and second for
the two other habitats. Herbivores were never in the most redundant groups (Table 1).
Sedentary fish dominated the most diverse groups (six out of the nine most diverse groups)
but were found only once in the other groups (Table 1). Territorial species were found only
in one diverse group (Table 1), while solitary species dominated these redundant FEs as
they were found in twelve of them (and were present in the first six groups of each habitat).

The overlap in FEs showed some convergence across habitat combinations (Table 2).
In particular, the redundancy of overlapping species within FEs was low for all combi-
nations (between 1.3 and 1.6 species/FE), with only six overlapping FEs having more
than three species.
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Table 1. Ranks of the 10 most diverse functional groups within each habitat. The functional groups
are ordered according to the total number of species they represent. Each functional group is coded

as follows.
Functional
Entities C121 C221C321 C111C231 C4317Z223 Z7224C421 Z245P331 P643 (C333C343 P321 P631C641 Z345 (C433C443 P64l
REEF 1 2 3 4 20 6 5 7 8 80 11 81 9 60 10 39 82 31 24 42 83
SOFT-BOTTOM 37 2 3 156 1 4 17 18 22 5 6 7 12 8 24 38 9 10 14 16 27
MANGROVE 4 1 15 7 16 33 34 35 84 2 36 5 12 6 49 3 22 52 8 9 10

C: carnivore, P: piscivore, Z: plankton feeder; 1st number: size; 1: <8cm; 2: 8-15 cm; 3: 16-30 cm; 4: 31-50 cm;
5: 50-80 cm 6: >80 cm; 2nd number: home range; 1: territorial; 2; sedentary; 3: mobile; 4: very mobile; Last
number: schooling; 1: solitary; 3: small schools; 4: medium size schools; 5: large schools.

Table 2. Distribution of the diversity of overlapping species amongst functional entities (FE).
*: the numbers in the cells represent the number of FE with, respectively, 1 species up to 5 species in
common among the habitats. e.g., there are 5 Functional Groups with 3 species in common to both
reefs and soft-bottoms. R: Reef; SB: Soft-bottom; M: mangrove—RxSBxM indicates species found in
all 3 habitats. It should be noted that here only taxa identified to the species level are considered.

R xSBxM R x SB RxM SB x M
1 Species * 26 35 20 23
2 Species * 4 7 6 8
3 Species * 3 5 3 2
4 Species * 2 1
5 Species * 2 1
[1] Nb overlappmg Spemes (in habitat 43 82 41 54
combination)
[2] Nb Species (in habitat combination) 781 742 556 352
[3] Nb overlapping FE 33 51 29 35
[4] Nb FE 156 149 146 128
Redundancy (species/FE) ([2]/[4]) 5.0 5.0 3.8 2.8
Redundancy of overlapping species
1.3 1.6 14 1.5
([11/13D
% of overlapping FE (100 x [3]/[[4]) 21 (High) 11 (Low) 7 (Low) 15 (High)
o ¢ .
% of overlapping Species (100 x 6 (Low) 11 (High) 7 (Low) 15 (High)

[11/12])

4. Discussion
4.1. Extent of the Survey

Despite some limitations (see further), this experiment is still by far the largest of
its kind that we are aware of, with half a million fish analyzed, representing 895 taxa.
It is, however, difficult to compare with other works, as species accumulation curves or
species area relationships are not available in the literature at these scales for any of the
three habitats studied here. Faunce and Serafy [1] state for mangroves that “sampling
efficiency evaluations are extremely rare in the literature”. Blaber [3] indicated in a review
on mangroves and fish that the largest number of species recorded for mangrove fish in the
Indo-Pacific was in the region of Embley (Australia) with 197 species [47], closely followed
by a survey in India with 195 taxa [48], and in the Kakadu Park (North Australia) with
161 species over 93 stations [49]. In the present study, we reached 262 species on a much
smaller area, which would be nearly 40% of mangrove fish species in the Indo-Pacific
according to Blaber [3]. Besides using several methods, of which rotenone and fyke nets
are seldom used in this environment, the present survey was conducted on a variety of
mangrove types, which contributed to the high diversity observed. Similarly, Pitman
et al. [50] demonstrated that heterogeneous mangroves had higher densities and diversities
in Moreton Bay (Australia). In contrast to Barnes et al. [6], who used underwater visual
censuses in mangroves at Orpheus island (Great Barrier Reef), or Sambrook [8], who used
video cameras in Papua New Guinea, it was not possible to use visual methods nor video
cameras in St. Vincent Bay’s mangroves because of the high turbidity. Surveys on soft-
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bottoms are usually conducted either with a shrimp trawl or a fish trawl, both being seldom
combined as in the present study. The addition of visual or video surveys has been rarely
performed on soft-bottoms, but see recent work with stationary video cameras by Malet
et al. [51] or the review on the uses of videos to assess fish assemblages by Harvey et al. [52].
As a result, very few studies in the Indo-Pacific regions reach such species diversities. A
very extensive survey of North Australia’s soft-bottoms [53] reported 237 species from
890,000 fish, which is less than the 362 species (for 402,000 fish) in the present survey
conducted on a far smaller area, the trawlable area being less than 120 km? in St. Vincent Bay
versus several thousand km? in the Gulf of Carpentaria. Reef fish inventories often reach
high species numbers in New Caledonia. Allen [54] found 507 species of reef associated
fish on a much wider bay (Diahot Bay, 1600 km?) and predicted the presence of 759 species.
Kulbicki and Williams [55] found 658 species on Ouvea Atoll, which is also a much larger
area (950 km?), thus suggesting that the present study (594 species for a reef area of 93 km?
in a 350 km? bay) is probably a very representative sample of the reef fish assemblage in St.
Vincent Bay.

A major problem when analyzing assemblages from adjacent habitats is the use of
different sampling methods and strategies. It was impossible to use a similar method across
all three habitats because of their very nature. The combination of at least two methods for
each habitat and an extensive sampling enabled satisfactory species accumulation curves,
as doubling the sampling would have theoretically brought, at most, a 9% increase in
diversity for mangroves. The area sampled represents less than 2% of the coastal areas
of New Caledonia. The 895 species collected represent 64% of the coastal species known
for the Grande Terre (approx. 1400 species) and 52% of all coastal species known for
the entire archipelago (1730 species [12]). Despite this sampling effort, some questions
remain for several compartments within each habitat. On reefs, pelagic species were
probably underestimated, as neither rotenone nor visual censuses enable a good account
of species swimming fast and high in the water column [17]. On soft-bottoms, a number
of burrowing species, such as Gobiidae, Opistognathidae, Muraenidae, and Ophichthidae
are probably missing. Similarly, very small species such as Tripterigiidae or Syngnathidae
were probably under-sampled [17]. Only the use of rotenone or another ichthyocide would
enable the catch of such species, but this was technically not possible (depth, current,
low densities, high silt levels). Mangroves were the most challenging habitat to sample,
as indicated by numerous studies, e.g., [15,16]. Fyke nets allowed the catch of many
small transient species. The use of multiple mesh sizes on the gill nets allowed a good
coverage of the bottom and water column, but some large species, such as rays and sharks,
escaped these nets. Similarly, some of the large moray eels specific to mangroves were
caught neither by nets nor by rotenone. Rotenone is very difficult to use in mangroves
because currents wash the rotenone away and the silt tends to flocculate the rotenone. In
addition, the mud on the bottom of most mangroves makes it very difficult to recover
bottom dwelling species. Therefore, it is likely that families such as Gobiidae, Eleotridae,
Microdesmidae, Muraenidae, and Ophichthidae were under-sampled in mangroves. A
number of nocturnal species are probably not accounted for. However, trawl nets catch
rather similar assemblages in New Caledonia [17], and rotenone as well as fyke nets catch
of both daytime and nocturnal species.

4.2. Overlap

The fish assemblages in St. Vincent Bay are not independent from one another, with
a number of species, genera, families, and life-history trait combinations (FEs) which are
common to two or three of the habitats we studied. The level of overlap depends on the
organization level considered, increasing as the taxonomical level increases from species
to families, which is logical as the number of entities decreases. The interesting point is
that FEs, despite a higher number (156) of entities than families (101), show a higher degree
of overlap across habitats. Similarly, PLD distributions were not different across habitats,
which is opposite to expectations [44], whereas for reefs there is a significant gradient for
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this parameter according to oceanic influence. This suggests a stronger functional than
taxonomical convergence amongst assemblages from different habitats. This has already
been described for reef fish species at a global level [56], life-history trait combinations
being less variable across space than taxonomical structures [25].

There are few studies in the Indo-Pacific comparable to the present work, the most
extensive being by [8] in PNG and by [57] in Zanzibar. Sambrook et al. [58] indicate that,
on a global scale, nearly 20% of reef fish use different habitats, and in her study in PNG
she [8] found this overlap to reach 35%. Berkstrom et al. [57] found in Zanzibar over 40%,
which are both higher than our findings (20-24%). On the opposite end, [59] also found
close to 20% of reef species using various habitats during a study in the Philippines. Due
to varying methods across surveys, the families and life-history traits involved can be
notably different. Thus, our study points to the importance of small species belonging to
families such as Apogonidae, Gobiidae, Blenniidae, and Pomacentridae, whereas these
families are less diverse in other studies comparing mangroves, soft-bottoms, and reefs in
the Indo-Pacific [8,21]. The difference is likely linked to the methods used, most previous
studies employing methods which are not well adapted to the detection of these small, often
cryptic, species. This importance of small species is analogous to the findings of [60,61]
on reefs which show that these species make a major contribution to the functioning of
reef fish assemblages (see also [62]). It could therefore be that much of the functioning at a
multi-habitat scale is linked to small species, which so far have been understudied.

There are several ways to estimate overlaps, either looking at all species present in
the lagoon (“global overlap”) or restricting the estimate to the species common to the
habitats considered (“habitat combination overlap”). The difference between methods
can be significant (e.g., for soft-bottom—mangrove combination) and, unfortunately, it is
often difficult to have both estimates in most publications. Our results show, however,
that the overlap for the various habitat combinations varies between 4 and 15%, whereas
the global overlap reaches 20-24%. In other words, our species overlap is much lower
than in most of the literature (see reviews by [1-8]). This lower level of overlap could be
due to the higher species coverage of our study, most other studies getting potentially an
over-estimate of overlap because they looked only at a restricted number of species. This
raises questions regarding our understanding of the functioning of these fish assemblages
and potentially also their management. Previous studies (see review by [8]) show that
a high proportion of the overlapping species may present a commercial or patrimonial
importance and, therefore, this justifies a multi-habitat management. Presence/absence,
as in our study, does not indicate how important a species may be in terms of abundance,
biomass, production, or energy transfers. In addition, our study did not investigate other
important habitats such as seagrass [63] or macroalgae beds ([64] for a review). Therefore,
one should remain cautious on the true consequences of the low species overlap we found.
In particular, in contrast to this low species overlap, we found a high overlap for functional
entities (FEs). This opposition between species and functions converges with the findings
of [56], who indicated that functional overlap was prevalent over species overlap in both
the Caribbean and the Great Barrier Reef.

At one end, reefs and mangroves show low species and functional overlaps, which
suggests that exchanges between these two habitats are the lowest within the lagoon, which
is not the usual message. Indeed, much of the literature suggests that mangroves are
important habitats for the functioning of reef fish assemblages (see review by [5], but there
is seldom a comparative approach with other habitats to evaluate if this role is more or
less important than other habitats (see, however, [8])). At the other end, soft-bottoms and
mangroves have both higher species and functional overlaps, suggesting that there are
relatively more exchanges between these habitats than between reefs and mangroves. This
does not come as a surprise as these two habitats share the presence of soft sediments,
a high turbidity, a low spatial variability (in comparison to reefs), and a high temporal
variability. These differences should, however, not hide the high functional relative overlap
for the three habitats together (21%), despite a low species overlap (6%). This suggests a
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commonality in the functioning of these three assemblages; in particular, they share a large
proportion of solitary carnivores of small to medium size, most of them being territorial
or sedentary, but few of these species are common to the three habitats. In our opinion,
this calls for a co-management of the various habitats, as it is likely that the species within
the overlapping FEs will either suffer or resist in a similar manner to disturbances and are
probably important in the overall functioning of the lagoon system.

4.3. Exclusiveness

Opposite to overlaps, many species, genera, families, and life-history trait combina-
tions were found exclusively in one of the three habitats, the proportion of exclusiveness
being far greater on reefs, whereas mangroves and soft-bottoms displayed similar propor-
tions of exclusive species but two to three times lower than reefs. Exclusive and overlapping
species had an extremely similar life-history trait structure, with the exception of a higher
proportion of carnivores for the mangroves exclusive species. This convergence suggests
that most exclusive species do not fill specific niches compared to overlapping species.
However, two families, Apogonidae and Blenniidae, display a very high proportion of ex-
clusive species in all three habitats, and two other families (Gobiidae and Syngnathidae) do
similarly in two habitats, which suggests that there is a high degree of adaptation in these
families. Two of them (Apogonidae and Blenniidae) are characterized by much shorter
PLDs than average (respectively 23.7 days, 25.9 days vs. 34.6 days for all species), narrower
geographical ranges, small size, and restricted home ranges. High levels of specialization
in closely related reef fish species are common (e.g., [65,66]) and this is expected in highly
diverse assemblages (e.g., [67]).

4.3.1. Reefs

Reef fish assemblages differ from those from mangroves or soft-bottoms at both the
taxonomical and the life-history levels. Several important families characterize reef fish
assemblages and are nearly absent from mangroves or soft-bottoms, such as Holocentridae,
Scaridae, Tripetrygiidae, or Chaetodontidae. This has already been described in numerous
studies (see [8] for a review). Several diet classes are important in reef fish assemblages
but far less developed in the other habitats, such as the various types of algae feeders
and the sessile invertebrate feeders. Sessile invertebrates are rare in both mangroves and
soft-bottoms, however, in St. Vincent Bay, large sponges (genus Ircinia) shelter specific
fish species [17]. Algae may be at times abundant on soft-bottoms (seagrass beds and
macroalgae reefs—see [64] for a review) and they may gather large schools of herbivores,
in particular Siganidae, but these habitats usually lack the small herbivores (e.g., Poma-
centridae, Pomacanthidae, some Blenniidae) as found on a larger scale in New Caledonia
by Wantiez [68]. Exclusive reef species can also be characterized by the high proportion
of small (<8 cm) species and the dominance of species with narrow home ranges, either
solitary or paired, whereas on soft-bottoms and mangroves there is a higher proportion
of very large species (>80 cm), most of them characterized by wide home ranges and
medium to large schools. These life-history traits can be related to the environment of these
habitats, reefs offering a much higher habitat diversity, more shelters, a higher diversity of
prey, and, probably, a lower temporal variability in their resource levels. Small reef fish
species usually have a high metabolism (see [61]). This means a need for a high level of
food availability and, probably, wide diet spectra, which can only be offered by reefs. In
contrast, the presence of large mobile carnivores and piscivores amongst the soft-bottoms
and mangrove habitats is indicative of the necessity to roam over large territories in order
to access sufficient food levels within these two habitats.

4.3.2. Mangroves

There are few specific families or life-history traits in these fish assemblages. This
habitat is characterized by large schooling detritus feeders, belonging to several families
(Scatophagidae, Ephipididae, Mugilidae, Platacidae). As mentioned in the previous para-
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graph, large carnivores and piscivores display a larger relative diversity in mangroves than
on reefs. Small species feeding on small invertebrates are relatively more diverse than in
the other habitats. All these specific species can be related to the type of resources available
in mangroves. Detritivores feed upon a thin layer of micro-organisms on top of the sedi-
ment. We do not know why this film is targeted in mangroves, as it exists elsewhere in the
lagoon [69]; perhaps the mangrove forest harbor calmer waters which allow for a better
development of these organisms. Large piscivores are found in the mangrove channels
where they target small schooling plankton feeders such as Ambassidae, Clupeidae, or
Leiognathidae, which take refuge in the mangrove root system at high tide but are flushed
out at high tide.

4.3.3. Soft-Bottoms

Only Carangidae and Clupeidae have a high proportion of species found exclusively
over soft-bottoms. Leiognathidae are also characteristic of sheltered soft-bottoms. These
three families consist of pelagic species, feeding on nekton or plankton and forming medium
to very large schools [70]. They make up a high proportion of soft-bottom fish assemblages,
probably because of the lack of shelter and the importance of primary production in St. Vin-
cent Bay [71]. Tetraodontidae and Ostraciidae constitute another unexpected group. They
can be relatively abundant [17], probably taking advantage of their physical (armored skin,
spines and spikes, ability to increase body volume by swallowing water) as well as chemical
(poisonous skin and flesh) defenses to compensate for the lack of refuges and their slow
swimming speed. These fish are also able to feed upon sessile invertebrates such as sponges,
tunicates, or cnidarians [31], which are avoided by most other invertebrate feeders.

5. Conclusions

Despite the fact that the present work is based upon the presence/absence of informa-
tion, thanks to the number of species involved and the use of several sampling methods for
each habitat, it provides useful information on some of the characteristics of the overlaps
and differences between three related lagoon fish assemblages. Most of the species studied
in this work have a very wide geographical range, and therefore it is likely that a number of
these findings are applicable to many situations in the Indo-Pacific. However, one should
also keep in mind that the environmental characteristics of St. Vincent Bay may generate
some specific situations. In particular, most of the lagoon is shallow (27 m maximum), very
turbid in most parts, and has a large range of habitats. This work shows that there is more
functional group overlap than species overlap between mangroves, soft-bottoms, and reefs.
This suggests different histories in the building of functions within each habitat. This work
is an initial step in analyzing the global functioning of a lagoon system. New methods such
as eDNA or high-resolution video may contribute greatly to a better knowledge of fish
diversity in such seascapes. Information on the density, biomass, and size frequencies has
to be analyzed to better understand the specificities of the overlapping or exclusive species.
Moreover, investigation on the movements of major species (microchemistry of otoliths,
tagging) and their use of resources (C and N isotope analysis, diet analysis) would be very
useful in understanding the global functioning of this system.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/d14050310/s1, Figure S1: A—comparison of the trophic
level spectra between exclusive and all species according to habitat. B—comparison of the trophic
level between overlapping species and all species. Figure S2: distribution of Pelagic Larval Duration
across habitats. Table S1: geomorphology of St Vincent Bay [26,28,30]. Table S2: sampling effort.
Table S3: major references rotenone for reef fish sampling. Table S4. Number and proportion (%) of
taxa (i.e., including sp. and spp.), genera, families, and functional groups per habitat. Table S5: the 20
most speciose families per habitat. Table S6. frequency (% species) within diet categories. Table S7:
frequency (% species) within size, home-range and schooling categories (per habitat). Data: list of
species per habitat, with life-history traits per species, PLD and Geographical range index. All the
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raw data (species list per habitat, life-history traits, PLD, and geographical range index) are available
as Supplementary Materials Table “Data”.
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