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‘Homemade’: the phenotypic diversity of coral
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Documenting phenotypic variation among populations is crucial for our understanding of micro-evolutionary
processes. To date, the quantification of trophic and morphological variation among populations of coral reef fish at
multiple geographical scales remains limited. This study aimed to quantify diet and body shape variation among four
populations of the damselfish Dascyllus abudafur living in different environmental conditions from the central Red
Sea and from Madagascar. Stomach content analyses showed that one adaptive response of D. abudafur inhabiting
turbid waters is a trophic shift from almost exclusive zooplanktivory to a diet consisting of planktonic and benthic
prey. Our morphometric data reveal differences in cephalic profile and body shape among populations, in agreement
with this variation in trophic strategy. Isotopic diversity and body shape disparity vary among populations and we
thus demonstrate that coral reef fish populations are not equal in terms of phenotypic diversity among sites and
regions. Finally, our comparative analysis reveals that the main axes of body shape variation among populations are
shared at both small (Red Sea sites) and large (Madagascar and Red Sea sites) spatial scales. This study raises new
questions about the factors governing the direction of response to selection in this fish species.

ADDITIONAL KEYWORDS: body shape — ecomorphology — geometric morphometrics — geographical variation —
microevolution — Pomacentridae — Red Sea — stable isotopes — stomach contents — Western Indian Ocean.

INTRODUCTION 2014). In fishes, several ecomorphological studies have
demonstrated that morphological traits, such as body
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phenotypes and species (Shulman, 1984; Whitney
et al., 2018). The structural complexity and high
productivity of coral reefs provide numerous resources
and microhabitats, and therefore various axes of niche
differentiation (Monismith et al., 2006; Reidenbach
et al., 2006). In coral reef fishes, intraspecific
phenotypic variation is frequently associated with
sexual dimorphism (e.g. Robertson, 1985) and/or with
ontogenetic shifts (e.g. Frédérich et al., 2008, 2012a).
Recent studies have also documented variation of
trophic traits among populations of coral reef fishes
(Frédérich et al., 2012b; Pineros et al., 2015). For
example, Pineros et al. (2015) showed that individuals
from the damselfish Abudefduf saxatilis, living in an
environment with high planktonic biomass, have a
more upward-oriented mouth compared with other
individuals living with low planktonic biomass. Such
morphological variation related to diet or habitat
is even detected at spatial scales below 100 m and
across coastal gradients (Fulton et al., 2013; Binning
et al., 2014; Binning & Roche, 2015). To the best of our
knowledge, no previous study has compared trophic
and morphological traits among populations of coral
reef fishes at both small and large spatial scales.
Such a comparative framework will help improve our
understanding of the magnitude and repeatability of
adaptive responses in reef fishes.

Dascyllus abudafur (Borsa et al., 2014) is a small
(5—10 cm total length), coral-dwelling damselfish,
which forms hierarchical size-structured social groups
in branching corals (e.g. genera Acropora or Pocillopora)
seeking protection from predators (Sale, 1971). This
species is geographically widely distributed, abundant
and lives at depths of 2-20 m within Indian Ocean
reefs. Initially described as a zooplanktivorous species
(Fricke & Holzberg, 1974; Randall & Allen, 1977,
Coates, 1982), D. abudafur as well as its sister species
Dascyllus aruanus (Borsa et al., 2014) supplement
their diet by feeding on small benthic crustaceans and/
or filamentous algae (Frédérich et al., 2010; Gajdzik
et al., 2016), broadening their fundamental trophic
niche and thus allowing for some degree of intraspecific
variability and/or trophic specialization of individuals.

The present study aims to quantify phenotypic
variation among populations of D. abudafur at small
(central Red Sea, along a cross-shelf gradient) and
large spatial scales (between the Red Sea sites and
the site of Toliara, Madagascar,). The reef sites studied
differ in their environmental conditions (i.e. water
turbidity, wave exposure and current speed), and
thus we expected to find trophic and morphological
divergences among fish populations. Turbid waters
may negatively impact the ability of zooplanktivorous
species to capture elusive prey (Johansen & Jones,
2013). Thus, we first examined stomach contents with
the expectation that populations of D. abudafur living

in turbid waters (e.g. Toliara lagoon) would capture
proportionally more benthic prey than in clearer areas
(e.g. Red Sea sites). Isotopic niche (variance of isotopic
values) is generally used as a proxy for trophic niche
(Newsome et al., 2007). Stable isotope analyses can be
used to characterize trophic heterogeneity based on
the isotopic variability within communities, species
or populations (Layman et al., 2007; Newsome et al.,
2007). Here, we hypothesize that populations from
different sites may show different trophic strategies
that would be reflected in their isotopic variance. In
parallel, we explored body shape variation and expected
to find morphological divergence among populations of
D. abudafur, which would be associated with variation
in feeding strategies. Finally, we compared the main
axes of morphological variation at large and small
spatial scales to assess the level of conservatism in
phenotypic divergence.

MATERIAL AND METHODS
SAMPLING AND STUDY SITES

Dascyllus abudafur specimens were collected at reef
sites from the central Red Sea in February and March
2015 selected along a cross-shelf gradient off the Saudi
Arabian coast (Fig. 1;Table 1, from shore to offshore from
the shelf edge): Abu Shosha (ASU, inshore), Al Fahal
(AFA, on the edge of the shelf) and Shib Nazar (SNA,
offshore from the shelf-edge); and from Madagascar, in
October 2006, at the lagoon of the Great Reef of Toliara
(TL, inner reef slope of the barrier reef).

In the central Red Sea, 101 D. abudafur specimens
were collected at these three sites from six similar-
sized (20—30 cm) Pocillopora verrucosa coral colonies
per site. At each site, 28-37 specimens of D. abudajfur
were collected using hand nets, forceps, plastic bags
and clove-oil (Table 1). Fish samples were taken from
the northern sheltered, leeward side of the reef (patchy
and sandy lagoons) at similar depths (10-12 m for
ASU and AFA, and 14 m for SNA). Only coral colonies
exclusively inhabited by D. abudafur as pomacentrid
coral-dwellers were sampled. In Madagascar, the same
collection techniques (except that quinaldine was
used instead of clove-oil) and requisites were chosen
to sample three inshore, sheltered Acropora coral
colonies from the same site at 8 m depth. Sampling
took place only in the afternoon, prior to sunset, to
increase the likelihood of finding undigested prey. All
fishes were euthanized via an overdose of MS-222
(tricaine-methanosulfonate), as per article 14 of the
European Union Directive (2010/63/EU) covering the
protection of animals used for scientific purposes, and
stored in 70% ethanol. The standard length (SL) of
each individual was measured to the nearest 1 mm
using a Vernier calliper (Table 2).
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Figure 1. Sampling sites of Dascyllus abudafur from the central Red Sea (white diamonds) and Madagascar (white
triangle). The zoomed section indicates the reef sites sampled in the central Red Sea, each on the leeward side of the reef,
along a cross-shelf gradient (ASU, AFA and SNA, from shore to shelf-edge, respectively; see Table 1 for abbreviations and

coordinates).

Table 1. Environmental characterization of Dascyllus abudafur sampling sites in the Red Sea and in Madagascar

Site Geographical Depth (m) Distance from Water visibility, Current velocity,
coordinates the coast (km) mean = SD (m) mean + SD
(m/s)

Abu Shosha  22°18717.74"N, 10 3, inshore 0.05 = 0.02
(ASU) 39°02'57.39"E

Al Fahal 22°1824.54"N, 10 10, midshore 0.05 £ 0.01
(AFA) 38°57'47.25"K

Shi’b Nazar  22°20'51.96”N, 14 25, offshore 0.04 £ 0.01
(SNA) 38°51709.42"E

Toliara (TL)  23°22'34.80”S, 8 1, inshore 0.05 + 0.03

43°38715.00"E

Sampling sites were ASU, AFA and SNA (from shore to shelf-edge) in the central Red Sea and TL in the lagoon of Toliara (Madagascar), Indian Ocean.

Information for environmental characterization of Toliara was obtained from Arfi et al. (2007).

For the three Red Sea sites, water turbidity and
current velocity were measured over a 12-month
period (2015) by respectively using a Secchi disc (five
consecutive days during each new moon period of
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each month) and three Nortek AS Aquadopp Doppler
current meters (Vangkronken, one per site) over
0.5-m bins at 10-min sampling intervals over that
period. Averaged values were calculated for each site
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Table 2. Dascyllus abudafur caught in the Red Sea (ASU, AFA and SNA) and in Madagascar (TL) with data for standard
length range (minimal and maximal values) and the number of individuals used for stomach content, stable isotope and

shape data analyses

Site Standard length (mm) Stomach contents Stable isotopes Shape data

ALL 8.8-57.8 N =138 N =138 137
N,=6 N, =12

Abu Shosha (ASU) 11.8-49.4 N =28 N =28 27
N,=1 N,=4

Al Fahal (AFA) 13.3-45.8 N =37 N =37 37
N, =4 N,=5

Shi’b Nazar (SNA) 8.8-57.8 N =36 N =36 36
N,=1 N,=3

Toliara Lagoon (TL) 10.3-52.1 N =37 N =37 37
N,=0 N,=0

‘N’ refers to the number of individuals, while ‘N’ is the number of individuals with an empty stomach or the number of individuals with too little

muscle matter for accurate measurements of its isotopic composition.

(Table 1). Similar data were retrieved from literature
for the Toliara site in Madagascar (Arfi et al., 2007;
Bruggemann et al., 2012; Chevalier et al., 2015).
Environmental conditions at each site are reported
in Table 1. The Great Reef of Toliara site has been
heavily impacted as a result of overfishing (Andréfouét
et al., 2013). Additionally, the runoff of terrigenous
sediments due to massive deforestation and high
levels of eutrophication (Andréfouét et al., 2013) have
made the waters of Toliara lagoon turbid (visibility of
6.4-14.3 m; Arfi et al., 2007). Conversely, all Red Sea
sites have mostly clear, oligotrophic waters (mean
visibility of 27.6 m, range 14-37 m, Table 1) and the
variation in water visibility correlates directly with
variations in the concentration of chlorophyll-a (Roik
et al., 2016). At Toliara, the tidal range is up to 2.9 m
(Chevalier et al., 2015) whereas the tides are relatively
small (~15-20 cm) in the central Red Sea, especially
between Jeddah and Port Sudan (Pugh et al., 2019).

TROPHIC VARIATION
Stomach content analysis

All dietary items of the stomachs of 95 individuals
from the Red Sea were identified using a Leica MS5
stereoscopic microscope, and categorized into prey
groups (Barel, 1982): planktonic copepods, other
planktonic crustaceans, ascidian larvae and eggs,
benthic copepods, other benthic crustaceans (isopods,
amphipods, water mites and polychaetes), and algae or
plant detritus. Published data on the stomach contents
of 37 individuals of the D. abudafur population from
Toliara (Frédérich et al., 2010, same methodology as
presented herein) were used for comparative analyses.
We quantified relative numerical abundance (%N:
number of items in each prey category, expressed as

a percentage of the total number of items in all prey
categories) and the frequency of occurrence (%F:
percentage of all non-empty stomachs in which a
component was found) of each food item in the stomachs
(Hyslop, 1980). The %N data were arcsine-square root
transformed before analysis to meet the normality
assumption (Shapiro Wilks’ test, after transformation).
The %N of planktonic prey was regressed on the SL
of fish to test the null hypothesis of no relationship
between foraging tactics and fish size (Frédérich et al.,
2010). Two of the four populations did not show this
linear relationship (see Results). Therefore, the null
hypothesis of no difference in foraging tactics among
different populations was tested using a one-way
ANOVA followed by post hoc multiple comparison tests
(Tukey test).

Stable isotope analysis

A muscle sample (~1 cm?) was taken from each
individual fish (preserved in 70% ethanol) and was
dehydrated at 50 °C for 48 h before being ground to a
homogeneous powder. Although we acknowledge that
some preservation methods may impact the isotopic
composition of muscle tissues (Kaehler & Pakhomov,
2001; Vizza et al., 2013), a thorough literature review
suggested that preservation of fish samples in ethanol
does not influence the original isotopic variance of
epidermal (Barrow et al., 2008) and muscle tissues
(Kelly et al., 2006; Manetta et al., 2011; Fleming
et al., 2011). Stable isotope ratios of carbon and
nitrogen were measured using an isotope ratio mass
spectrometer (IsoPrimel00, Isoprime, UK) coupled
in continuous flow to an elemental analyser (vario
MICRO cube, Elementar, Germany). Stable isotope
ratios were expressed as conventionally 6 values in per

© 2019 The Linnean Society of London, Biological Journal of the Linnean Society, 2019, 127, 361-376

6102 Aey 9z uo Jasn abai 1o Ausiaaun Aq GZ6v/1S/L9E/2/.2 L AoBSqe-ojo1ie/uBauUI0lq/Woo dnoolwepeoe//:sdiy wWoll papeojumod



DIVERSITY OF DAMSELFISH POPULATIONS 365

mil (%0) (Coplen, 2011). Certified reference materials
from the International Atomic Energy Agency
(TIAEA, Vienna, Austria) were ammonium sulphate
(IAEA-N,, 8"N = 0.4 + 0.3%0) and sucrose (IAEA CH-6,
61C = -10.4 = 0.3%0). Both reference materials were
calibrated against the international references Vienna
Pee Dee Belemnite for carbon and atmospheric air for
nitrogen. Routine measurements of internal laboratory
standards indicate precisions (standard deviations) of
0.2%o for 63C and 0.3%o for 6°N.

Beyond the variation in the type of prey selected
by D. abudafur, we were also interested in the
heterogeneity of trophic strategies present in each
population. The study of individuals’ dispersion in
‘isotopic space’, which is defined by the plane formed
with isotopic values of carbon and of nitrogen,
provides relevant information on the partitioning of
trophic resources within populations (Jackson et al.,
2011; Newsome et al., 2012). Here, we first assessed
the trophic diversity of each population by using
two methods to quantify their isotopic richness: (1) a
standard ellipse (SE) and (2) a convex envelope (convex
hull) representing the core isotopic niche and the total
isotopic richness, respectively (Jackson et al., 2011).
Areas of the ellipses associated with each population
(SEA,) were computed using Bayesian modelling (10°
iterations), and direct pairwise comparisons of SEA,
were performed. Isotopic niche parameters were
computed using SIBER (Stable Isotope Bayesian
Ellipses in R; Jackson et al., 2011), a part of the
R-package SIAR [Stable Isotope Analysis in R, v.4.2,
fitted in R 3.1.3 (R Development Core Team, 2013)].
Model solutions were presented using credibility
intervals of probability density function distributions.

Two other metrics of isotopic diversity were then
computed in a standardized multidimensional space:
isotopic divergence (IDiv) and isotopic dispersion
(IDis; Cucherousset & Villéger, 2015). Both indices
vary between 0 and 1. IDiv infers the deviance from
all individuals to the centre of gravity of the convex
hull. IDiv is minimal when most individuals are close
to the centre of gravity of the convex hull (i.e. when
individuals with extreme isotopic values are rare in a
population), but is close to 1 when fish with extreme
isotopic values dominate the population. IDis can be
seen as a multidimensional variance metric. IDis is
close to 0 when all organisms have the same isotopic
values and increases to 1 when most of the points are
far from the centre of gravity of the group of points
(i.e. when organisms tend to have contrasted isotopic
values). The calculation routines for IDis and IDiv are
provided by Cucherousset & Villéger (2015) (freely
available at: http://villeger.sebastien.free.fr/R%20
scripts/si_div.r).

Using these four metrics, we first aimed to compare
the raw isotopic diversity among the four populations

of D. abudafur. However, body size variation within
a population explains some of the isotopic variance
(see Results; Frédérich et al., 2010). Consequently,
we repeated those calculations using size-corrected
isotopic data obtained through residuals of linear
regressions.

MORPHOLOGICAL VARIATION

Procrustes-based geometric morphometric methods
were used to quantify fish body shape variation. Each
specimen was photographed in lateral view using a
Canon EOS 6D camera mounted on a stem. TPSDig2,
a computer program written by F. J. Rohlf (freely
available at: http://life.bio.sunysb.edu/morph/), was
used to digitize 21 homologous landmarks (LMs) to
capture body shape (Fig. 2). All details regarding the
generation of shape data are provided in Frédérich &
Vandewalle (2011). All LMs are described in Aguilar-
Medrano et al. (2011) and Frédérich et al. (2014). The
centroid body size (CS) was computed as the square
root of the sum of the squares of the distances from all
LMs to their centroid (Bookstein, 1991).

Statistical analyses were performed to examine the
patterns of shape divergences among D. abudafur
populations. First, a Procrustes ANOVA followed
by pairwise comparisons of Procrustes distances

Figure 2. Homologous landmarks (LMs) used to define
the overall body shape of Dascyllus abudafur: (1) anterior
extremity of the premaxilla; (2) posterior extremity of the
maxillary; (3) anterior extremity of the eye; (4) centre of the
eye; (5=7) lower, posterior and superior extremity of the eye;
(8) postero-ventral corner of the preoperculum; (9) upper
extremity of the preopercular bone; (10) ventral extremity
of the subopercle; (11) most supero-dorsal margin of the
opercle; (12) base of the isthmus; (13) insertion of the pelvic
fin; (14) lower and (15) upper insertion of the pectoral fin;
(16) anterior and (18) posterior insertion of the dorsal fin;
(17) anterior and (19) posterior insertion of the anal fin;
(20) dorsal and (21) ventral base of the caudal fin.
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were performed to test if body shape differs among
populations (Collyer et al., 2015). Then, a canonical
variate analysis (CVA) was carried out to highlight the
main axes of shape variation differentiating the four
populations. Deformation grids generated by the “Thin-
plate Spline (TPS) algorithm were used to visualize
the shape variation along the CVs axes. The program
Morphod (Klingenberg, 2011) was used for regressions,
and CVA and TPS analyses while a Procrustes ANOVA
(permutation test, 9999 iterations) was performed in
the R-package geomorph (Adams & Otarola-Castillo,
2013).

Similarly to the exploration of isotopic variance, we
compared the level of shape diversity (i.e. disparity)
among populations. We calculated the level of shape
disparity based on Procrustes variance (Zelditch
et al., 2012) and performed pairwise comparisons
(permutation test, 9999 iterations) between
populations using the function morphol.disparity in
the R-package geomorph (Adams & Otarola-Castillo,
2013). Then, the SpaceAngle8 software from the IMP
series (Zelditch et al., 2012) was used to compare the
main axes of shape variation at large spatial scale
(samples from all four populations) and at small spatial
scale (samples from the three Red Sea populations).
Detailed information about this test is provided
in Zelditch et al. (2012). With this test, results are
obtained by bootstrapping procedures (N = 1600) and
the angle between hyperplanes (here defined by the
first three principal components of shape variables) is
considered significant if it exceeds the bootstrapped
within-group variance at 95% confidence. Additionally,
we performed a Mantel test to compare the structure
of the covariance matrices at large and small spatial
scales using the function mantel.test in the R-package
ape (Paradis et al., 2004). These two different methods
allowed us to test our prediction that the main axes of
morphological variation are conserved at both spatial
scales.

The growth of Dascyllus species is allometric
(Frédérich & Sheets, 2010) and thus size may explain
a significant proportion of the shape variation.
During preliminary analyses, we compared the
allometric vectors (i.e. a comparison of slopes of
the multivariate regression models between body
shape and the logarithm of centroid size — logCS)
among populations, which indicated that we could
not reject the null hypothesis of the same pattern
of allometric growth for each of the populations
of D. abudafur. The residuals of regressions were
therefore calculated using an identical linear model
for all populations (Klingenberg, 2016) to obtain
size-corrected shape data. All statistical analyses
were finally repeated by using these new sets of
shape data to investigate size-free shape variation
among populations.
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Table 3. Numerical percentage (%N) and frequency of occurrence (%F) of all dietary categories in the four studied populations of Dascyllus abudafur from the Red

Sea (ASU, AFA and SNA) and Madagascar (TL)

AFA SNA TL

ASU

Prey category

%N  %F %N  %F %N %F

%F

%N

67.6
5.4
100
100

944 199 973 2.0
1.0

16.6

8.4 828

Harpacticoida
Monstrilloida

Cyclopoida

Planktonic/pelagic prey  Copepods

5.4

159 973

18.8 97.3
0.3

5.6
94.4
9

28.0

10.3

6.4 89.7

5.8
0.2
64.6 86.2

13.8

4.4

9.1

79.3
3

Calanoida

2.4 48.7

0.3

32.4

5.6 472
9.7

1.0

Nauplius, Cirriped larvae, Mysid, Cladocera

other crustaceans

94.6 5.4
5.4
100

34.1

50.0

Ascidian larvae + eggs

Copepods

37.9 55 778 2.1 595

0.7

Siphonostomatoida
Harpacticoida

Isopoda, Amphipoda, water mites, polychaetes

Algae + plant detritus

Benthic prey

0.3 310 3.1 694 09 541 446

0.5
13.1

5.0 778 0.7 541 14 243
6.5

35.1

17.2

7.3 94.6 52.8

94.4

62.1

Site abbreviations are given in Table 1.
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RESULTS

From a total of 138 specimens sampled (101 from the
central Red Sea and 37 from Madagascar), 132, 126
and 137 were used for the analyses of stomach content,
stable isotopes and body shape, respectively. Overall,
D. abudafur showed variation in body size, ranging
from 8.8 to 57.8 mm SL (Table 2).

TROPHIC VARIATION
Stomach contents

Only 4% (i.e. N = 6) of all stomachs were empty. The
remaining 132 were mainly filled with small planktonic
and benthic crustaceans (Table 3). Ascidian larvae and
eggs were also abundant, especially in individuals
from ASU (Table 3). For fish specimens from the Red
Sea, algae and plant detritus were regularly grazed
(between 62 and 95% of occurrence) and accounted for
a mean of 18.5 = 14% of the diet in terms of abundance
(%N). At two sites, the percentage of ingested planktonic
prey was positively correlated with fish body size (TL:
r?=0.1, P =0.03; SNA: r2 = 0.3, P < 0.001). However,
because this type of linear relationship was not
observed for the ASU and AFA populations, we did not
use an ANCOVA to compare populations.

Populations differed significantly in their feeding
strategies (Kruskal-Wallis K, ,,. = 65.8, P < 0.001). The
two Red Sea populations of ASU (inshore) and SNA
(offshore from the shelf-edge) fed more on zooplanktonic
prey (mean = 87.4% of the diet) than the populations
of AFA (Red Sea, shelf edge; mean = 54.8% of the diet)
and TL (Madagascar; mean = 51.9% of the diet) (Fig. 3;
Table 3). The AFA and TL populations did not differ in
their proportions of ingested zooplanktonic prey (Tukey
Q =0.07, P = 0.99). At Toliara, D. abudafur ingested
a large proportion of small benthic invertebrates
(copepods, Harpacticoida) (100% of animals examined)
while individuals from AFA supplemented their diet
by filamentous algae and plant detritus (Table 3). The
SNA and ASU populations did not differ significantly
in their feeding habit, mainly consuming zooplanktonic
prey (Tukey @ = 0.2, P = 1).

Stable isotope values

The 8'3C values of D. abudafur ranged from —18.6%o
to —14.3%o; the 6°N values ranged between 5.4%0 and
9.7%o. Populations from TL and AFA showed the largest
variation along the 6'*C axis (Fig.4).Across all populations,
isotopic values varied with fish body size (6'N:r = 0.7,
P <0.001; 6*C: r = -0.3, P < 0.001). Large individuals
had higher 6N values and more negative '3C values
than smaller individuals. However, the co-variation of
O1C and 6N with fish size differed significantly among
populations (ANCOVA: 6*C — F,,, = 101.1, P < 0.01;

,127

ON — Fs,127 = 87.79, P < 0.01). Linear models also
revealed that the proportions of consumed zooplanktonic
prey explained a fraction of the variation in 8N (r = 0.2,
P =0.05) and 8**C values (r = -0.5, P = 0.001).

Populations differed significantly in their isotopic
richness (Fig. 5). The size of the standard ellipse (SEA,)
and convex hull of the TL population were larger
than those of Red Sea populations when using raw
isotopic data (Fig. 5A; Supporting Information, Fig.
Sla). However, the AFA population showed a similar
level of isotopic richness to the TL population when
using size-corrected isotopic data (Fig. 5B; Supporting
Information, Fig. S1b). The SNA population was always
characterized by the lowest level of isotopic richness.
Table 4 provides the indices of isotopic divergence
(IDiv) and dispersion (IDis) for each population. The
Red Sea populations all had similar IDiv values, and
which were lower than those from Toliara (Table 4).
These results suggest that individuals with ‘extreme’
isotopic values were more abundant in the TL
population than in the Red Sea populations. However,
this divergence between the population of TL and the
Red Sea populations is attenuated when using size-
corrected isotopic data. IDis values were in general
rather low for each population (between 0.29 and 0.49).
The AFA population had slightly higher IDis values,
suggesting that this population had more contrasting
isotopic values than the other populations.

MORPHOLOGICAL VARIATION

Morphological analyses performed on raw shape data
and size-corrected shape data were in total agreement.

mBenthos mPlankton
100 A

80 A

60 -

Relative abundance (%)

ASU AFA SNA Red Sea Madagascar
Populations (TL)

Figure 3. Bar chart of the relative abundance (%) of
planktonic (light grey) and benthic (dark grey) prey
present in the stomachs of Dascyllus abudafur from sites
in the central Red Sea (ASU, AFA and SNA, from shore to
shelf-edge, respectively) and from Madagascar (TL). The
column labelled as Red Sea represents mean values from
the central Red Sea sites. Site abbreviations are given in
Table 1.
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Hereafter, we mainly describe results obtained with
raw shape data.

The four populations differed significantly in their
mean body shape (Procrustes ANOVA — raw data:
F, 5 =24.29, P < 0.001; size-corrected shape data:

F, .. =124, P <0.001). Pairwise comparisons based
on Procrustes distances showed significant differences
among the four populations (Table 5). When using raw
shape data, the CV1 and CV2 axes represented 83.8%
and 10.7%, respectively, of the total variation in body
shape. The CV1 axis clearly distinguished between
the population of Madagascar and those of the Red
Sea (Fig. 6A). The main morphological variation
captured by the two first CV axes concerned the size
of the eye (LMs 3-7), the length of the dorsal fin (LMs
16-18), the length of the anal fin (LMs 17-19), the
height of the body (LMs 16 and 13), the height of the
operculum (LM 11), the insertion of the pectoral fin
(LMs 14 and 15) and the size of the caudal peduncle
(LMs 18-21). Red Sea individuals had proportionately
larger eyes, shorter dorsal and anal fins, a higher
operculum, and more vertical and anterior pectoral fin
insertion than individuals from TL (Fig. 6B). The CV2
axis discriminated among the Red Sea populations,
separating individuals of AFA from those of ASU and
SNA. This axis was associated with variation in the
orientation of the mouth (LMs 1 and 2), the size of the
eye (LMs 3-7), the width of the operculum (LMs 10
and 11) and the angle of pectoral fin attachment (LMs
14 and 15) (Fig. 6B). The anterior part of the body
was higher, eye size and the operculum were larger,
and insertion of the pectoral fins was more posterior
in individuals from AFA. The opening of the mouth
was also oriented more ventrally in D. abudafur from

10.01
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9.0 , \ \ xTL
s 7 !
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Figure 4. Isotopic values of 6'°N and 6'*C for populations
of Dascyllus abudafur from central Red Sea sites (ASU,
AFA and SNA, from nearshore to offshore) and Madagascar
(TL). The isotopic values of 8'°N and 6*C are displayed
with convex envelopes (dotted outline) and standard
ellipses of the 40% confidence interval. Sites are indicated
by different symbols and the respective abbreviations are
given in Table 1.

AFA compared to individuals from the two other Red
Sea populations (Fig. 6B). CVA performed on size-
corrected shape data also allowed us to distinguish
the TL population from those of the Red Sea along
CV1, and the associated shape variation was similar
(Supporting Information, Fig. S2).

Concerning the level of body shape disparity, the
population from Toliara showed significantly higher
Procrustes variance than all the Red Sea populations
(Fig.7,P <0.001). The AFA population showed a higher
level of body shape disparity than ASU and SNA
individuals when considering raw shape data (Fig.
7A) but this difference among the Red Sea populations
was no longer present when using size-corrected shape
data (Fig. 7B, P > 0.55).

Whatever the shape dataset used, the structure
of covariance matrices did not differ at either large
or small spatial scales (Mantel tests — raw data:
Z = 1.92E P < 0.001; size-corrected shape data:
Z = 5.27E P < 0.001). Calculation of the angles
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Figure 5. Boxplots of estimated models of standard ellipse
areas (SEA,) for populations of Dascyllus abudafur from
central Red Sea sites (ASU, AFA and SNA, from nearshore
to offshore) and Madagascar (TL). A, SEA; when using raw
isotopic data; B, SEA; when using size-corrected isotopic
data. The dark grey central box and the two lighter grey
coloured boxes represent 50%, 75% and 95% confidence
intervals, respectively, of the probability of the model’s
density distribution function. The black dots indicate the
modes of these distributions.
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Table 4. Divergence (IDiv) and dispersion (IDis) indices of isotopic values for the four populations of Dascyllus abudafur
from sites in the central Red Sea (ASU, AFA, SNA) and from Madagascar (TL)

ASU AFA SNA TL
Raw isotopic data IDiv 0.68 0.70 0.68 0.82
IDis 0.38 0.47 0.31 0.49
Size-corrected isotopic data IDiv 0.66 0.70 0.73 0.69
IDis 0.29 0.45 0.42 0.42

Site abbreviations are given in Table 1.

Table 5. Pairwise comparisons among the four populations of Dascyllus abudafur from sites in the central Red Sea (ASU,
AFA, SNA) and Madagascar (TL) using raw shape data and size-corrected shape data

ASU AFA SNA TL
Raw shape data
ASU <0.0001 0.011 <0.0001
AFA 0.026 <0.0001 <0.0001
SNA 0.016 0.031 <0.0001
TL 0.053 0.069 0.059
Size-corrected shape data
ASU 0.003 0.0001 <0.0001
AFA 0.015 <0.0001 <0.0001
SNA 0.018 0.026 <0.0001
TL 0.046 0.048 0.050

Procrustes distances are below the diagonal and P-values are shown above the diagonal. Results are obtained by permutation tests (N = 10 000). All
differences were significant (bold). Site abbreviations correspond to those given in Table 1.

between sub-spaces defined by the first three principal
components on shape variables corroborates the
results from Mantel tests. Indeed, the angle between
the sub-spaces of the four sites (i.e. Red Sea sites and
Toliara) and the three Red Sea sites was always lower
than the ranges of the within-subspace angles (Table
6). Consequently, we cannot reject the null hypothesis
that the main axes of shape variation observed
between the Red Sea and Toliara populations did not
differ from those observed between the three Red Sea
populations.

DISCUSSION

The present study provides evidence of trophic
and morphological variation among populations of
D. abudafur at a small spatial scale (along a cross-
shelf gradient inside the Red Sea), as well as between
populations along a wider distribution range (Red Sea
vs. Madagascar). We show that the same pattern of
morphological variation repeatedly occurs at both spatial
scales and that the D. abudafur population from Toliara
lagoon is more diverse than the Red Sea populations.

VARIATION IN THE TROPHIC ECOLOGY OF D.
ABUDAFUR

Results from the stomach content analyses are in line
with previous observations (Frédérich et al., 2010) and,
through these studies, we observe that D. abudafur
shows trophic plasticity in response to differing
environmental factors.

Several biotic and abiotic factors could explain the
different trophic strategies of D. abudafur populations.
Variation in competition, predation intensity, prey
availability, turbidity and current speed are all
potential factors influencing fish feeding strategies
(e.g. Hugie & Dill, 1994; Wellington et al., 2010). Our
sites are characterized by different environmental
conditions, which might determine the trophic ecology
of D. abudafur. Individuals living in the clearest
waters (SNA and ASU populations) feed mainly on
zooplanktonic prey and our results suggest that one
adaptive response of D. abudafur facing turbid waters
is a trophic shift from almost exclusive zooplanktivory
to a mixed diet of plankton and benthic prey (AFA
and TL populations). However, we cannot reject the
hypothesis that environmental factors other than
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Figure 6. A, canonical analysis of the variation (CVA) in body shape of the four populations of Dascyllus abudafur (central
Red Sea: ASU, AFA and SNA, from nearshore to offshore; and Madagascar: TL), when using raw shape data. Sites are
indicated by different symbols and illustrated by convex envelopes (dotted outline). Site abbreviations are given in Table 1.
B, configuration points used to illustrate the variation in body shape along the first two CV axes, depicting shape variation
from the lowest (black full line) to consensus (grey dotted line) values.

turbidity may also induce such a diet variation in
D. abudafur. Individuals from AFA and TL fed on a
larger proportion of benthic prey but the targeted
benthic food items differ between sites: at TL lagoon,
D. abudafur supplements its diet by eating small
benthic crustaceans while it grazes plant materials at
AFA.This difference could be explained by opportunism
and/or further factors, which have yet to be studied.
Metrics of isotopic diversity agree with stomach
contents, suggesting differences in trophic strategies
among D. abudafur populations. Variation in isotopic
niches is partially determined by the type of food
source and by the isotopic variability of these food
sources (Flaherty & Ben-David, 2010; Lepoint et al.,
2016). Accordingly, the highest contrasting isotopic
values (IDis) from the AFA and TL populations might
reflect their varied diet consisting of planktonic and

benthic prey. On the other hand, the lowest isotopic
richness of the SNA population suggests that, on this
Red Sea site, D. abudafur feeds mainly on one type
of trophic source: zooplanktonic copepods. Shib Nazar
(SNA) is an offshore reef where the input of water
column-based plankton is probably more constant
than at the other sites (Wyatt et al., 2012) and this
environmental condition could explain the smaller
trophic variance of D. abudafur at this site. The
trophic heterogeneity in the TL and AFA populations
is by far the largest: three non-exclusive hypotheses
can explain this difference compared to the SNA and
ASU populations. First, a larger isotopic niche would
be related to a larger diversity of ingested prey. The
ingested benthic prey includes harpacticoid copepods,
isopods, amphipods, polychaetes, filamentous algae
and plant detritus (Table 3). This taxonomic diversity,
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which is larger than that among planktonic prey
mainly constituted by copepods, may be linked to
greater variability in isotopic values (Bodin et al., 2007;
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Figure 7. Levels of body shape disparity in the four
studied populations and regions. Calculations of Procrustes
variance were performed when using raw shape data (A)
and size-corrected shape data (B). Letters at the top of the
bar charts refer to group assessed on significant pairwise
comparisons (P < 0.01) based on 9999 permutations. Site
abbreviations are given in Table 1.

Frédérich et al., 2009). Secondly, these two populations
could consist of specialized individuals whose trophic
niches are subsets of the population’s niche (Araujo
et al., 2011). Thirdly, the seascape configuration of
reefs could explain the variation in isotopic diversity.
Indeed, the reef systems at Toliara and the central
Red Sea are complex, with mangroves, seagrass beds
and coral reefs interconnecting along the coastal zone.
Differences in the connectedness of these habitats
and in hydrodynamics may also explain the isotopic
variability of food sources among sites.

LINKS BETWEEN TROPHIC AND MORPHOLOGICAL
VARIATION

Our work provides further evidence that, beyond colour
variation (e.g. Bernardi et al., 2002; Schultz et al.,
2007), the morphology of coral reef fishes varies among
sites showing different environmental conditions
(present study; Frédérich et al., 2012b; Fulton et al.,
2013; Binning et al., 2014; Binning & Roche, 2015;
Piferos et al., 2015).

Interestingly, most morphological differences
observed in D. abudafur populations are in agreement
with their trophic divergence. The shape of the
operculum differs between Red Sea and TL populations.
In Red Sea populations, the operculum is narrower and
proportionally higher than in individuals from Toliara.
The wide variety in shape and size of the operculum
in teleosts has been attributed to the important roles
of this structure in food intake (Kimmel et al., 2008)
and some ecomorphological studies have shown that
the shape of the operculum can predict feeding habits
in teleosts (Colombo et al., 2015; Wilson et al., 2015).
Fish that feed through powerful suction usually have
a dorso-ventrally flattened operculum that is antero-
posteriorly wider than in fish feeding through the
movement of their entire body and/or jaws towards
the prey (Wilson et al., 2015). At Toliara, the shape
of the operculum in D. abudafur suggests such an
optimization of aspiration, probably used to dislodge
benthic, vagile prey (Holzman et al., 2007, 2011).

Table 6. Comparisons of the patterns of shape disparity at large (Red Sea sites + Toliara) and small (Red Sea Sites)

spatial scales

Group 1 Group 2

Between groups (95% CI)

Within group 1 Within group 2

Raw shape data

Red Sea sites & TL Red Sea sites 86 (56-103)
Size-corrected shape data
Red Sea sites & TL Red Sea sites 89 (64-111)

88 93

90 94

Results were obtained by bootstrapping procedures (N = 1600) using SpaceAngle8. Angles between the subspaces defined by the first three principal
components on shape variables are in decimal degrees. The angle between subspaces is considered significant if it exceeds the bootstrapped within-

group variance at 95% confidence (CI).
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Similarly, individuals living at the site with the lowest
water visibility among Red Sea sites (i.e. AFA) have
larger opercula, and their mouths are more ventrally
oriented, which optimizes the capture of benthic prey.
The insertion of the pectoral fins is more posterior
in individuals from AFA and TL, also suggesting an
optimization of manoeuvrability to forage close to the
substratum (Webb, 1982; Ehlinger & Wilson, 1988).

Eye size variation was not totally congruent with
the above statement. We expected to observe fish
phenotypes with larger eyes in more turbid waters
(Pankhurst, 1989). However, our comparison at large
spatial scale showed contradictory results, with Red
Sea individuals having the largest eyes compared to
those from the more turbid waters of Toliara (Fig. 6).
On the other hand, at the scale of the central Red Sea,
the eye size of D. abudafur increased with decreasing
water visibility, as also observed in Dascyllus
marginatus from the northern Red Sea (Brokovich
et al., 2010). This leads to the question of why we
find two different adaptive responses when fishes are
living in turbid waters. Large eyes are characteristics
of zooplanktivorous fishes (Pankhurst, 1989) and
this trait might be crucial in oligotrophic waters. The
increase in eye size, optimizing visibility at low light
intensity (Fishelson et al., 2004), could operate as
an adaptive response when variation in visibility is
limited as across sites from central Red Sea. On the
other hand, D. abudafur is also able to shift its foraging
strategy and capture a higher proportion of benthic
prey when the water is turbid (Fig. 3). This diversity
of adaptation is probably driven by a combination
of factors, such as prey availability, competition and
predation pressure, which need further investigations.

Our data illustrate that the high level of isotopic
diversity observed in the population of Toliara lagoon
is related to the highest level of body shape disparity
(Figs 5, 7). This congruence certainly supports the
evidence of a higher level of trophic diversity in
D. abudafur from Toliara and we also demonstrate
that coral reef fish populations are not equal in terms
of phenotypic diversity among sites and regions.

LINKS BETWEEN PHENOTYPES AND GENOTYPES

Our comparative analysis reveals that the main axes
of body shape variation among populations are shared
at both small (along a cross-shelf gradient in the
Red Sea) and large (Madagascar and Red Sea sites)
spatial scales. These results suggest that the factors
underlying phenotypic variation are similar regardless
of geographical location and are rather driven by
environmental constraints. Two non-exclusive
explanations can be considered: (1) the axes of variation
which lead to the extrinsic selection of populations
(i.e. the variation of environmental parameters)

are limited and shared among populations, here the
benthic—pelagic axis; and (2) some intrinsic constraints
(e.g. genetic, development) control the direction of
response to selection. The morphological evolution of
damselfishes has already shown a limited range of
phenotypic variation along the benthic—pelagic axis,
leading to a tendency to repeat the rise of certain
morphs even between different lineages (Cooper &
Westneat, 2009; Frédérich et al., 2013, 2016). The
morphological variation in D. abudafur may represent
this major common axis of ecological evolution in
damselfishes. A common pattern of morphological
variation may sustain the hypothesis that selection is
acting on the same set of genes during the evolutionary
history of D. abudajfur populations. Phylogeographical
studies have shown a genetic difference between the
populations of the Red Sea and Madagascar (Liu et al.,
2014). The fact that these populations at the large scale
are also genetically distinct makes our study the first
assessment of ecological and morphological features of
these two genetic clades (Red Sea vs. south-western
Indian Ocean).

To explain the significant morphological and trophic
divergence observed at the small spatial scales among
the Red Sea populations, we suggest a plastic response
to different environmental conditions more than
a genetically driven response. These geographical
differences in D. abudafur further provide evidence
of the adaptive advantage of ecological plasticity in
trophic strategies, which may be one key component
in species with wide biogeographical distributions. The
Red Sea also provides an excellent experimental set-up,
and a similar analytical approach could be applied to
the endemic Red Sea species D. marginatus to assess
whether phenotypic plasticity plays a different role
among endemics and thus influences the geographical
range of coral reef fishes (Robitzch et al., 2016).

CONCLUSIONS

The ecological and morphological variation observed
in D. abudafur populations demonstrates that the
reservoir of phenotypic diversity differs among coral
reef sites and geographical regions. To some extent, the
factors driving phenotypic variation in this species are
analogous even over large biogeographical ranges and
are probably given by environmental constraints. The
drivers of phenotypic variation may not necessarily
drive genetically distinct species. Therefore, studies
on the evolution of coral reef fish populations should
emphasize a combined approach using genetics
and eco-morphological analyses to understand and
discriminate between the micro-evolutionary processes
working at different temporal, spatial and ecological
scales.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Figure S1. Histogram illustrating the size of the convex hulls and the standard ellipse areas for populations
of Dascyllus abudafur from sites inside the central Red Sea (ASU, AFA and SNA, from shore to shelf-edge,
respectively) and from Madagascar (TL), when using (a) raw isotopic data and (b) size-corrected isotopic data.
Figure S2. (a) Canonical analysis of the variation (CVA) in body shape of the four populations of Dascyllus
abudafur (central Red Sea: ASU, AFA and SNA, from nearshore to offshore; and Madagascar: TL), when using
size-corrected shape data. Convex envelopes (dotted outline) are used to illustrate the four populations. Reef sites
are indicated by different symbols and the abbreviations are given in Table 1. (b) Configuration points and lines
used to illustrate the variation in body shape along the two CV axes, depicting shape variation from the lowest to
consensus values (represented by black full line and grey dotted line respectively).
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