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Diversification and functional evolution of reef fish feeding
guilds

A core eco-evolutionary aim is to better understand the factors driving the diversification of func-
tions in ecosystems. Using phylogenetic, trophic, and functional information, we tested whether
trophic habits (i.e. feeding guilds) affect lineage and functional diversification in two major radia-
tions of reef fishes. Our results from wrasses (Labridae) and damselfishes (Pomacentridae) do not
fully support the ‘dead-end’ hypothesis that specialisation leads to reduce speciation rates because
the tempo of lineage diversification did not substantially vary among guilds in both fish families.
Our findings also demonstrate a tight relationship between trophic habits and functional roles
held by fish in reef ecosystems, which is not associated with a variation in the tempo of functional
diversification among guilds. By illustrating the pivotal importance of the generalist feeding strat-
egy during the evolutionary history of reef fishes, our study emphasises the role of this feeding
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INTRODUCTION

Evolutionary shifts in ecological attributes within a given lin-
eage have long been thought to impact the pattern of diversifi-
cation across the Tree of Life (Simpson 1944; Schluter 2000).
According to the theory of adaptive radiation, the emergence
of a novel trait — which allows the exploitation of untapped
resources — may favour lineages’ radiation (Schluter 2000),
and promote diversification and disparification (e.g. Near
et al. 2012; Frédérich et al. 2014). However, an ecological spe-
cialisation (i.e. the use of a narrow range of resources) may
also generate adverse effects by constraining changes along
other axes of diversity and limiting evolvability (e.g. Buckling
et al. 2003; Collar et al. 2009).

Since specialist organisms are designated as the ‘great
losers’ of past and current global changes (Devictor et al.
2008), a growing number of studies focused on assessing evo-
lutionary trends that underlie the generation of specialisation.
Among others, two main hypotheses have emerged: (1) the
‘dead-end’ hypothesis that specialisation leads to reduced spe-
ciation and increased extinction risk (Simpson 1944; Colles
et al. 2009), and (2) the ‘generalist-to-specialist’ hypothesis
that generalists should produce specialists while the reverse is
unlikely (Futuyma & Moreno 1988; Schluter 2000). In addi-
tion, some works have started to question the relationship
between environmental niche specialisation (defined by a set
of conditions such as temperature, precipitations, oxygen satu-
ration) and rates of evolution in predicting the evolution of
species’ distribution facing environmental changes (Smith &

Beaulieu 2009; Fisher-Reid er al. 2012; Litsios et al. 2012;
Bonetti & Wiens 2014; Chejanovski & Wiens 2014; Gomez-
Rodriguez et al. 2015).

Defining the degree of specialisation may be challenging as
it depends on the context and variables used. For instance,
the habitat of one marine fish could be quantified by various
environmental variables (e.g. temperature, salinity) or a
description of the landscape (e.g. seagrass bed, coral reef).
Moreover, the importance of a given resource may also vary
across species’ ontogeny, which can affect the degree of spe-
cialisation by restraining the use of the specialist-generalist
binary categorisation (Devictor et al. 2010). To overcome
these issues, grouping species according to their similar use of
environmental resources [i.e. guilds (Blondel 2003)] may
appear more suitable. Feeding guilds reflect traits related to
diet and trophic interactions, and they have been largely used
as a synonym for functional groups that represent clusters of
species performing analogous ecosystem functions (Blondel
2003; Bellwood et al. 2004). Yet, this synonymy has often
impaired a deeper understanding of the association between
diet and other ecological attributes, which are part of the
functional diversity and depict species’ ecosystem functions
and life strategies (Rosenfeld 2002; Villéger er al. 2008). For
example trophic evolution (i.e. a shift between two feeding
guilds) is one major driver of lineage diversification (Price
et al. 2012; Lobato et al. 2014) and phenotypic evolution
(Frédérich et al. 2013; Fabre et al. 2016), but its effects on
functional diversity remain to be explicitly tested. Little is
known about how species’ ecological attributes affect
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functional diversification, albeit some studies have highlighted
a link between phylogenetic diversity and ecosystem function-
ing (Cadotte et al. 2009; Srivastava et al. 2012). Overall, a
specialisation along the trophic axis may impact the evolution
of functions by (a) limiting trophic reversal and (b) impeding
the diversification in the rest of the functional space and
restraining the number of functional roles, which could ulti-
mately result in an ecosystem functional vulnerability.

Here, we provide a quantitative macroevolutionary analysis
of the tempo of functional evolution in two major radiations
of reef fishes: the wrasses (Labridae) and the damselfishes
(Pomacentridae). By combining time-calibrated phylogenies,
functional data sets and phylogenetic comparative analyses,
we assess the evolutionary conservatism of functional traits
and test whether dietary preferences affect lineage and func-
tional diversification in both families. Specifically, we first aim
to test the ‘dead-end’ hypothesis that more specialised feeding
guilds show reduced speciation rates and increased extinction
risk. Then, under the prediction that a specialisation along the
trophic axis may impact the evolution of fish functions, we
expect to find variation in the (1) transition rates and (2)
tempo of functional evolution as well as in the levels of func-
tional diversity among feeding guilds.

MATERIALS AND METHODS
Trophic and functional data set

We compiled dietary data for 315 wrasses and 200 dam-
selfishes at their adult stage mainly from Floeter ez al. (2018),
Baliga & Law (2016) and Frédérich ez al. (2013) (Table S1).
The evolution of feeding modes in Labridae was first explored
by Cowman et al. (2009), and a recent update of this work
was provided by Floeter et al. (2018). Four major feeding cat-
egories were used for Labridae: benthic feeders (i.e. herbivory,
detritivory and foraminiferan specialists), generalist carnivores
(i.e. vagile and sessile invertebrate eaters and molluscivory),
pelagic feeders (i.e. piscivory and zooplanktivory) and tiny
biters (i.e. ectoparasite eaters and coral-mucous eaters). For
Pomacentridae, we assigned each species to one of three com-
monly recognised feeding guilds (Frédérich er al. 2009, 2016;
Gajdzik et al. 2016): pelagic feeders picking zooplankton, ben-
thic feeders grazing filamentous algae, and an intermediate
group including species feeding on small invertebrates and
algae in variable proportions.

To grasp the functional diversity of reef fish, we collected
functional data about the habitat, mobility, foraging, repro-
duction and defence for 156 wrasses and 200 damselfishes
included in time-trees, which, respectively, represent 28 and
48% of the total number of species in each family (Table S1).
These data were collected with an approach utilising primary
scientific articles and online databases, and they were sum-
marised into categorical traits. The six chosen functional traits
contained information on body size, habitat affinity (i.e. maxi-
mum depth, water column position, habitat substratum and
intensity of wave exposure) and physiology of reproduction
(i.e. sex change). In addition to these six functional traits, we
were able to collect information about two more traits for
damselfishes: farming behaviour as well as group type and

territoriality. Categories and eco-functional relevance for each
trait are detailed in Supporting Information. All these traits
were recognised as of primary importance for describing the
functional ecology of fishes (Villéger ef al. 2017) and have
already been used to study global and local patterns of fish
functional diversity (Mouillot er al. 2013, 2014; Gajdzik et al.
2018).

Species richness and functional diversity

Under the hypothesis that trophic specialisation influences
diversification and functional evolution, species richness and
functional diversity are expected to vary among feeding
guilds. For both families, species richness was appraised with
the number of species assigned to each feeding guild. Func-
tional diversity of each guild was estimated with two indices:
functional entity (FE) and functional richness (FR). The set
of functional traits and their respective number of categories
produce a theoretical number of 2120 and 15, 120 unique
combinations of these trait values (FEs) for Labridae and
Pomacentridae respectively. The 156 wrasses filled in 138 FEs
in total distributed in the four trophic guilds, whereas the 200
damselfishes corresponded to 154 FEs in total distributed in
the three main trophic groups. For each guild, functional rich-
ness (FR) was measured as the volume inside the convex hull
shaping all species.

To create the functional space, we calculated the functional
distance between all pairs of fish species from each data set
(i.e. the functional data set of Labridae and the one of Poma-
centridae) using the Gower’s metric. Then, we applied a Prin-
cipal Coordinates Analysis (PCoA) on this distance matrix
(Mouillot et al. 2014). As stressed by the quality test per-
formed with the quality funct _space function (Maire et al.
2015), we used species’ coordinates on the first five and six
principal axes of the PCoA through our analyses for Labridae
and Pomacentridae respectively. Functional spaces were com-
puted using the MultidimFD function (Villéger ez al. 2008;
Mouillot et al. 2013; Maire et al. 2015) in R.

Phylogenies, ancestral state reconstruction and stochastic mapping

We examined the tempo of diversification in Labridae and
Pomacentridae, both families having a good phylogenetic res-
olution. The time-calibrated phylogenies of wrasses from
Baliga & Law (2016) and the chronograms of damselfishes
from Frédérich er al. (2013) were used throughout this work.
These multigene phylogenies included 320 and 208 species of
Labridae and Pomacentridae respectively (i.e. 50-55% of nom-
inal species for each family). From the Bayesian posterior dis-
tribution generated by BEAST (version 1.8) (Drummond &
Rambaut 2007), we randomly sampled 100 trees that we used
throughout the study as a way of including uncertainty in tree
topology and branch length into our phylogenetic compara-
tive analyses.

Stochastic character mapping (Huelsenbeck et al. 2003)
was used to infer possible trophic histories. It was produced
using the function make.simmap in the R-package PHYTOOLS
(version 0.6.60) (Revell 2012). One hundred character maps
were simulated for each sampled tree, resulting in 10 000
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trophic histories for each family. For the parameterisation of
make.simmap, we used the estimated ancestral state and a
fixed value of transition matrix (Q) from the best model for
our empirical data. To assess the best model for the Q
matrix, we fitted a model with an equal rate of transition
between states and a model with all rates different using the
function ace in the R-package APE (version 4.1) (Paradis
et al. 2004). The likelihood of these two models was then
compared using a likelihood ratio test, which suggested the
use of unequal rates for trophic evolution in both fish fami-
lies (see Results). Posterior probabilities of ancestral states,
the statistics of transitions between trophic states and num-
ber of shifts per unit of time were retrieved using functions
in PHYTOOLS.

Models of trophic transitions and lineage diversification rates

In order to test the ‘dead-end’ hypothesis that specialisation
leads to reduced speciation and increased extinction risk
(Simpson 1944), we explored the relationship between feeding
guild evolution and lineage diversification by comparing the
fit of ten evolutionary models using a maximum-likelihood
approach from the ‘Multiple State Speciation Extinction’
(MuSSE) method (Maddison et al. 2007, FitzJohn et al.
2009). MuSSE is an extension of the ‘Binary State Speciation
Extinction” — BiSSE maximum likelihood-based test described
in Maddison et al. (2007) and FitzJohn et al. (2009). These
models allowed rates of speciation, extinction and transition
between feeding guilds to be either independent of trophic
state (rates to be equal across all strategies) or constrained by
trophic state (separate rates for each strategy). In addition, in
order to widen our modelling, we considered the generalist
carnivores of wrasses and the intermediate group of dam-
selfishes as generalist guilds. Although these two guilds are
not analogous in their feeding preferences, they both include
species feeding on food sources from the entire bentho-pelagic
compartment (Westneat 1994; Frédérich er al. 2016). On the
other hand, the other guilds are more specialised in their diet-
ary habits as they mainly feed in one of the two compart-
ments (i.e. either benthic or pelagic). This simplified
classification allowed us to constrain the rates according to
the specialist or generalist status.

The link between feeding guild evolution and lineage diver-
sification was first investigated with MuSSE because this is
the only method allowing the exploration of state-dependent
lineage diversification rates between more than two groups.
However, some issues with this approach have been recently
raised (Maddison & Fitzjohn 2015; Rabosky & Goldberg
2015), and thus we further explored this relationship in a sim-
plified framework using the ‘Hidden State Speciation and
Extinction’ (HiSSE) method (Beaulieu & O’Meara 2016). For
these comparative analyses, species were grouped into only
two guilds: the generalists (i.e. species feeding on both benthic
and pelagic food sources) and the specialists (i.e. grouping all
specialist guilds of each family). In this comparative frame-
work, we compared ten two-state character-dependent and -
independent diversification models. These BiSSE/HiSSE mod-
els differed by (1) the presence/absence of hidden states in the
guild of generalists and the group of all specialists and (2) the
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constrained or unconstrained net turnover rates, extinction
fractions and transition rates.

We used the R-packages DiIvERSITREE (version 0.9.10) (Fitz-
John 2012) and HiSSE (version 1.8.5) (Beaulieu & O’Meara
2016) to compare the fit of the ten different MuSSE and
HiSSE/BiSSE models respectively. In these analyses, we
assumed that the missing species are randomly distributed on
phylogenetic trees. Acknowledging that trophic data on some
missing species are unavailable and that feeding habits may
vary within genera, we assumed that the addition of missing
species would not modify the proportion of species within
each guild. The fit of models was compared using Akaike’s
Information Criterion (AIC) scores and weights (Burnham &
Anderson 2002). A AAIC value of four or more was taken as
an indication of support for one model over the others (Burn-
ham & Anderson 2002). To examine the uncertainty in the
parameter estimates, the best-fitting MuSSE model from the
maximum-likelihood analysis was analysed using Bayesian
Markov Chain Monte Carlo (MCMC) methods.

Functional dissimilarity and functional diversification

Under the prediction that trophic specialisation influences the
type and diversity of functions, we expect feeding guilds to dif-
fer in their functional diversity and tempo of functional evolu-
tion. Divergence in the occupancy of the portions of the total
functional space was tested using the index of functional dis-
similarity (Villéger et al. 2011). It was performed on the three-
dimensional functional space with the R source code ‘multi-
dimFbetaD.R’ made available by S. Villéger. The higher the val-
ues of this index (closer to one than zero), the more it implies a
high degree of functional dissimilarity among guilds (Villéger
et al. 2011). In addition, we performed phylogenetic Procrustes
ANOVA to test any divergence in the occupancy of the functional
space among trophic guilds using the function procD.pgls in the
R-Package GeoMoRrpH (version 3.0.5) (Adams & Otdrola-Cas-
tillo 2013). To test whether the evolutionary rate of functional
traits varied among feeding guilds, we estimated the multivari-
ate evolutionary rate (szull) of functional diversification for
each guild and compared them using the function com-
pare.evol.rates from the R-package GeomorpH with 10° itera-
tions. Since it is based on distances rather than covariances,
this test was proven to be highly efficient for describing evolu-
tion occurring in a multivariate-trait space (Adams 2014b).

In addition to these tests, we also attempted to describe the
conservatism of functions across phylogenetic histories. One
commonly expected evolutionary corollary is that closely
related species co-occur more often in the niche space because
of their shared environmental tolerances. This outcome may
result in a higher phylogenetic structure, indicative of some
phylogenetic conservatism. It is usually estimated with a test
of phylogenetic signal, which corresponds to the degree of
phylogenetic dependency of a given character (Blomberg &
Garland 2002). We used all five and six dimensions of the
functional space into the function physignal from the R-pack-
age GeoMorprH for Labridae and Pomacentridae respectively.
This test was done with 10° iterations. Similar to the interpre-
tation of Blomberg’s K (Blomberg et al. 2003; Adams 2014a),
a Ky =1 indicates a strong phylogenetic signal that
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perfectly follows Brownian motion. A K, value > 1 means
a stronger resemblance of closely related species in functional
trait values than expected under a Brownian motion model,
whereas a value < 1 suggests a greater lability of trait values
and a departure from a strong phylogenetic signal.

RESULTS

Feeding strategies are not evenly distributed within each fam-
ily (Fig. 1), sustaining our hypothesis that species richness dif-
fers among feeding guilds. The majority of wrasses (64%)
belong to the generalist carnivore group, whereas half of the
damselfish species (54%) are zooplanktivore (Fig. 2a). In both
families, the other guilds include < 30% of the species richness
(Fig. 2a). The results of dietary reconstructions suggested that
the last common ancestor of all living wrasses was a generalist
carnivore (99% of posterior probabilities), whereas it was a
benthic feeder (70%) for damselfishes. In both families, the
probabilities of some transitions between feeding guilds are
very low (Table S2) and most trophic shifts occurred during
the last 25 millions of years (Fig. S1). Within the 10 000
reconstructed trophic evolutionary histories of damselfishes,
no transitions occur from the benthic feeding guild to the
pelagic feeding guild, whereas between 17 and 27 trophic tran-
sitions originate from the intermediate group to the two other
guilds. Similarly, evolutionary trophic shifts in wrasses mainly
occur from the generalist carnivores to the other guilds and
transition from benthic feeders to tiny biters or pelagic feeders
never happen (Table S2).

The impact of trophic evolution on the rates of lineage
diversification differs between the two fish families. Taking
AAIC > 4 (Akaike Information Criterion) as a strong indica-
tion of the best model, we cannot reject a model where there
is no variation in the net diversification rates among guilds
for Labridae (Models #3 & #5; Table 1). On the other hand,
the models allowing speciation and extinction rates to vary
among feeding guilds fit better than others in Pomacentridae
(Table 1). According to the credible intervals for lineage
diversification rates provided by Bayesian MCMC methods,
the lineages belonging to the intermediate group in dam-
selfishes have a higher net diversification rate (0.142 £+ 0.024)

Labridae

P g

Pelagic feeder
Benthic feeder
Tiny biter

Generalist carnivore

than  pelagic (0.086 £ 0.018) and  benthic feeders
(0.062 £+ 0.017; Fig. 3). In both families, the tempo of transi-
tions between trophic strategies is unbalanced (Tables S3 and
S4). The best-fitting models provide evidence that the transi-
tions occurring between ‘specialist’” guilds do not happen
(Table 1), and simple models considering only transitions
between ‘specialists’ and ‘generalists’ may explain the pattern
of trophic evolution in both families (Table 1). However, the
tempo of trophic transition out of the generalists differs
between the two families. The highest transition rates occur
from the intermediate group into specialists in damselfishes,
whereas the transition rates between specialists and the gener-
alist carnivore are close to symmetrical in Labridae (Fig. 3;
Tables S3 and S4).

The comparative approach using the HiSSE method helped
to refine and even strengthen the MuSSE results. We found
strong evidence for the presence of a hidden trait in the guild
of generalists in Labridae (Table 2). Indeed, a small fraction
of the generalist carnivores show lower net diversification
rates than the other generalists, but this second subset of gen-
eralist carnivores has diversification rates slightly higher than
specialists (Fig. S2 and Table S5). For Pomacentridae, we
cannot reject a simple model where there is no variation in
the diversification rates between specialists and generalists
(Table 2). The best-fitting models also suggest that the highest
transition rates arise from generalists into specialists in
wrasses, whereas the transition rates between specialists and
generalists are symmetrical in Pomacentridae (Table S9).
Overall, stochastic maps and results from models of linecage
diversification confirm our expectation that some trophic tran-
sitions are constrained, but HiSSE and MuSSE results do not
validate the ‘dead-end’” hypothesis.

In Labridae, we observed the highest number of functional
entities (FEs) in the generalist carnivore group (76) and the
lowest one for the tiny biters (10; Fig. 2b). Functional rich-
ness (FRs) also varied with generalist carnivores occupying
the largest functional space (0.63) and the tiny biters having
the lowest space (0.002; Figs 2c and 4). In Pomacentridae, the
pelagic feeders have the highest number of FE (74) and the
intermediate group the lowest number (28; Fig. 2b). However,
benthic feeders occupied the largest functional space (0.28)

Pomacentridae

Pelagic feeder

Benthic feeder

'Ié i Intermediate

Figure 1 Evolution of feeding guilds in Labridae and Pomacentridae. Mapping of trophic guilds on the consensus phylogenetic tree of Labridae and
Pomacentridae. Through stochastic mapping, these trees represent one possible trophic history. Dietary behaviours were represented by different colours on

branches.
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Figure 2 Metrics of species richness and functional diversity. For each trophic guild, histograms show (a) the species richness (exact number of species is
provided on top of each bar); (b) the number of FEs (Functional Entities; exact number on top of each bar); and (c) the size of the functional space or

Functional Richness (FR) (absolute size on top of each bar).

and the intermediate group the lowest one (0.02; Figs. 2c and
4). The high values of functional dissimilarity (0.83-0.98)
between the majority of trophic guilds for both Labridae and
Pomacentridae indicated that, in each family, the great major-
ity of feeding guilds occupy different portions of the total
functional space. Only in Labridae, the benthic feeders and
generalist carnivores appeared to be not so dissimilar to one
another (functional dissimilarity = 0.54). However, phyloge-
netic Procrustes ANovas revealed no significant differences in
mean niche position between species of different feeding guilds
in the functional space (Labridae: F3 145 = 0.23, P =0.14;
Pomacentridae: F> 9, = 2.14, P = 0.13). Consequently, we
cannot reject the null hypothesis that functional dissimilarities
among feeding guilds occurred by chance along the evolution-
ary history of both fish families.

Finally, the evolutionary conservatism of functional traits
was assessed using tests of phylogenetic signal. The values of
the multidimensional equivalent of Blomberg’s K (Adams
2014a) were lower than 1 in both families (Labridae:
Ky = 0.05; P =0.87, Pomacentridae: Ko = 0.08;
P =0.001), delineating an overall low degree of phylogenetic
dependency of the functional characters and thus, that closely
related species seem to exhibit different trait values than
would be expected under a Brownian motion model. Despite
no support for phylogenetic conservatism, we found that the
evolutionary rate of functional diversification (c?) does not
significantly differ among feeding guilds in Pomacentridae
(P=0.69). On the other hand, the rates of functional

© 2019 John Wiley & Sons Ltd/CNRS

evolution vary among trophic guilds in Labridae (P = 0.02).
The benthic feeders showed a higher rate of functional evolu-
tion (median o’ = 0.021) than the others (median values:
ngeneralist_carnivore = 0002, Gzpelagic_feeder = OOOL 62tiny_biter =
0.001). These analyses sustain our predictions that dietary spe-
cialisation affects the diversity of fish functions. Functional
diversity varies among feeding guilds despite very low varia-
tion in the tempo of functional diversification.

DISCUSSION

Integrative work combining phylogenetic and functional infor-
mation is needed to shed light on factors impacting the diver-
sification of functions in ecosystems. Our results from two
conspicuous reef fish families reveal that (1) feeding strategies
influence the rise of species richness and functional diversity
and (2) the generalist trophic strategy (i.e. feeding on food
sources from the whole bentho-pelagic compartment) has a
key role during evolution. However, we found no strong
evidence for the ‘dead-end’ hypothesis because the variation
in diversification rates among feeding guilds remains limited.

The relationship between feeding habits, functional diversity and the
pattern of functional evolution

Functional diversity varies among feeding guilds and every
guild occupies different subspaces of the functional space,
emphasising the tight link between dietary strategies and
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Table 1 Results from fitting lineage diversification and transition rate models using MuSSE method

Model specification

Model  Speciation rate  Extinction rate  Transition rate # Of parameters AIC AAIC  wtAIC
Labridae #1 All constrained  All constrained  All constrained 3 2434.74 557 325E®
#2 All constrained  All constrained  Free 14 2439.92  10.75 2.44 E®
#3 All constrained  All constrained  Bf, Pf, Tb (specialist) Vs Gc¢ (generalist) 8 2429.17 0.00 0.53
Transitions within specialists = 0
#4 All constrained ~ All constrained  Bf, Pf, Tb (specialist) Vs Gc (generalist) 7 243757  8.40 7.89 E®
Rates of transition between
specialist and generalist
#5 All constrained  All constrained  Bf, Pf, Tb (specialist) Vs Gc (generalist) 4 2431.95 279 0.13
Rates of transition between
specialist and generalist
& Transitions within specialists = 0
#6 Free Free All constrained 9 2438.82  9.65 422E®
#7 Free Free Free 23 244146 1230  1.1I3E®
#8 Free Free Bf, Pf, Tb (specialist) Vs Gc (generalist) 17 2430.51 1.34 0.27
Transitions within specialists = 0
#9 Free Free Bf, Pf, Tb (specialist) Vs Gc (generalist) 13 2441.19  12.02 1.29 E®
Rates of transition between
specialist and generalist
#10 Free Free Bf, Pf, Tb (specialist) Vs Gc (generalist) 11 2435.38 6.21 2.36 E
Rates of transition between
specialist and generalist
& Transitions within specialists = 0
Pomacentridae  #1 All constrained  All constrained  All constrained 3 1641.40 36.79 3.75 E%
#2 All constrained  All constrained ~ Free 8 161583 1122 134 E®
#3 All constrained ~ All constrained  Bf, Pf (specialist) Vs In (generalist) 6 1614.74 10.13 232 E®
Transitions within specialists = 0
#4 All constrained ~ All constrained  Bf, Pf (specialist) Vs In (generalist) 5 1611.78 7.17 1.02 E?
Rates of transition between
specialist and generalist
#5 All constrained ~ All constrained  Bf, Pf (specialist) Vs In (generalist) 4 1613.18 8.57 5.04E®
Rates of transition between
specialist and generalist
& Transitions within specialists = 0
#6 Free Free All constrained 7 1636.14  31.53 521 E®
#7 Free Free Free 12 1607.24 2.63 0.10
#8 Free Free Bf, Pf (specialist) Vs In (generalist) 10 1606.35 1.74  0.15
Transitions within specialists = 0
#9 Free Free Bf, Pf (specialist) Vs In (generalist) 9 1604.61 0.00 0.37
Rates of transition between
specialist and generalist
#10 Free Free Bf, Pf (specialist) Vs In (generalist) 8 1604.63 0.02 0.36

Rates of transition between
specialist and generalist
& Transitions within specialists = 0

The models are compared with AIC scores and Akaike weights (WtAIC). Median AIC values over the 100 time-trees are provided. AAIC scores indicate
the difference between the candidate model and the best-fitting model. The best-fitting models are highlighted in bold, assuming that a AAIC value of four
or more was taken as an indication of support for one model over the others (Burnham & Anderson 2002). The name of trophic guilds was abbreviated:
Labridae — Bf, Benthic feeding; Pf, Pelagic feeding; Ge, Generalist carnivore; Tb, Tiny biter — Pomacentridae — Bf, Benthic feeding; Pf, Pelagic feeding; In,

Intermediate group.

functional roles. Yet, counter to our simple prediction, we
found that reef fish guilds having more diverse feeding habits
do not necessarily yield high rates of functional diversification
and, in contrast, dietary specialisation does not inevitably
impede the tempo of evolution in the functional space. Rates
of functional evolution among feeding guilds were similar in
Pomacentridae and only slightly varied in Labridae. The ben-
thic feeding guild in wrasses had a higher rate of functional
diversification than others and is mainly represented by par-
rotfishes (Scarinae). Species from this subfamily has modified

jaws that are, in contrast to other wrasses, associated with an
increased species richness (Kazancioglu et al. 2009) and mor-
phological diversity (Price et al. 2010). Our results further
demonstrate that parrotfishes have both high rates of lineage
and functional diversification. As suggested by previous stud-
ies (Alfaro et al. 2009; Price et al. 2010; Choat et al. 2012),
the rapid functional diversification of parrotfishes on tropical
reefs is certainly driven by a combination of factors including
morphological innovations, sexual selection, genetics and
ecological circumstances.

© 2019 John Wiley & Sons Ltd/CNRS
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Figure 3 Parameter estimates for the best model of trophic evolution and lineage diversification using the MuSSE method. Plot of the posterior density of
the parameter estimates for the best fitting MuSSE model having the lowest number of parameters analysed using Bayesian MCMC methods on the
consensus time-tree. Illustration of (a) the net diversification rate and (b) the transition rates in Labridae for all trophic guilds and (c) the net diversification
rate and (d) the transition rates in Pomacentridae for all trophic guilds.

Table 2 Results from fitting lineage diversification and transition rate models using HiSSE and BiSSE methods

Model Hidden states Tau Epsilon q AlCc AAIC wtAIC
Labridae bisse #1 No hidden states Equal Equal Equal 2384.08 10.28 0.01

bisse #2 No hidden states Free Free Equal 2386.01 12.22 2.07 x 1073

bisse #3 No hidden states Equal Equal Free 2382.65 8.85 0.01

bisse #4 No hidden states Free Free Free 2384.86 11.06 3.69 x 1073

hisse #1 Hidden state present for both generalists & specialists Free Free Equal 2380.19 6.39 0.04

hisse #2 Hidden state present for generalists Free Free Equal 2384.11 10.32 0.01

hisse #3 Hidden state present for specialists Free Free Equal 2387.27 13.48 1.10 x 1073

hisse #4 Hidden state present for both generalists & specialists Free Free Free 2386.93 13.13 131 x 1073

hisse #5 Hidden state present for generalists Free Free Free 2373.80 0.00 0.93

hisse #6 Hidden state present for specialists Free Free Free 2391.61 17.81 1.26 x 1074
Pomacentridae bisse #1 No hidden states Equal Equal Equal 1540.68 25.06 2.04 x 107°

bisse #2 No hidden states Free Free Equal 1536.21 20.60 1.90 x 1073

bisse #3 No hidden states Equal Equal Free 1516.39 0.78 0.38

bisse #4 No hidden states Free Free Free 1515.61 0.00 0.57

hisse #1 Hidden state present for both generalists & specialists Free Free Equal 1532.23 16.61 1.40 x 1074

hisse #2 Hidden state present for generalists Free Free Equal 1541.23 25.62 1.55 x 107°°

hisse #3 Hidden state present for specialists Free Free Equal 1526.12 10.51 296 x 1072

hisse #4 Hidden state present for both generalists & specialists Free Free Free 1536.00 20.39 212 x 1073

hisse #5 Hidden state present for generalists Free Free Free 1526.62 11.00 231 x 1072

hisse #6 Hidden state present for specialists Free Free Free 1520.68 5.06 0.04

The models are compared with AIC scores and Akaike weights (WtAIC). Median AIC values over the 100 time-trees are provided. AAIC scores indicate
the difference between the candidate model and the best-fitting model. The best-fitting models are highlighted in bold, assuming that a AAIC value of four
or more was taken as an indication of support for one model over the others (Burnham & Anderson 2002). Tau (t), epsilon (¢) and q refer to ‘net turn-
over’ rate, extinction fraction and transition rates, respectively.

There is an absence of phylogenetic conservatism on func- related species show stronger differences in functional trait
tional traits in both fish families, as revealed by the tests of values than expected under a Brownian motion model. Natu-
phylogenetic signal. The evolutionary corollary is that closely ral selection, favouring ecological divergence to minimise the
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Figure 4 Functional spaces of Labridae and Pomacentridae. Distribution
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from a Principal Coordinate Analysis of functional traits. (a) Labridae
and (b) Pomacentridae.

intensity of interspecific interactions (Losos 1994), probably
sustains variation in functions among closely related species.
The absence of phylogenetic conservatism cannot be fully elu-
cidated in view of varying rates of functional evolution among
feeding guilds, but diverse evolutionary processes can explain
the observed low K values (Revell ef al. 2008). Among others,
models of variable selection or models with bounded func-
tional space may lead to low values of phylogenetic signal
(Revell et al. 2008) and fit the evolution of functional traits in
Pomacentridae and Labridae. The phylogenetic procrustes
ANovA showed that, in each family, the mean functional niche
was not significantly different among trophic groups.

Accordingly, we hypothesise that feeding strategies do not
drive functional diversity by stabilising selection towards opti-
mal values. However, additional investigations, where fitting
alternative models of trait evolution, should be considered to
disentangle the evolutionary processes sustaining the diversifi-
cation of functional roles of fish in reef ecosystems.

The pattern of functional evolution does not lead to functional
redundancy

When several species perform similar functions, this functional
redundancy is thought to ensure against the loss of ecosystem
functioning following declines in species diversity (Fonseca &
Ganade 2001). Here, the unequivocal relationship between the
numbers of species and functional entities (FEs) indicates that
the functions occupied by feeding guilds appear speciose.
These findings emphasise that the pattern of diversification
within monophyletic groups of reef fishes results in limited
levels of functional redundancy. The pelagic feeding guild in
damselfishes displays some degree of functional redundancy
(1.4 species per FE; Fig. 2), which is illustrated by the rela-
tively smaller portion of the functional space they occupy
given their species (Fig. 2a) and functional richness (Fig. 2c).
At the macroevolutionary time scale, bounded functional sub-
space of pelagic feeders could be a source of redundancy in
the roles they occupy. Ecological factors, such as the large
abundance of food sources in the water column, could also
sustain a high number of species varying in other aspects of
their ecology and behaviour. For example a partitioning of
the same resources on a diurnal temporal scale may contribute
to this apparent functional redundancy (Kronfeld-Schor &
Dayan 2003). However, such an apparent redundancy does
not ineluctably guarantee a functional resilience if species are
unevenly grouped into a small subset of FEs (Mouillot ef al.
2014). In contrast to pelagic feeders, the benthic feeders in
Pomacentridae are more widely distributed in their functional
subspace (Figs 2 and 4). If functional vulnerability is inversely
related to the number of species that share similar trait values
(Mouillot et al. 2013), the very distinct functional characteris-
tics exhibited by these benthic feeding species allowed them to
disperse the most in the functional space, further suggesting
that they hold the highest pool of ecosystem functions.

The generalist feeding guild is not an evolutionary sink

Our models of trophic evolution reveal that the ‘generalist’
guild in both families is systematically involved in all trophic
transitions, indicating that the generalist carnivore guild in
Labridae and the intermediate trophic guild in Pomacentridae
may act as a stepping-stone state towards more specialised
strategies. This key role of generalised feeding strategies dur-
ing evolution is somewhat expected because shifting from one
dietary specialisation to another would also imply extensive
physiological and morphological changes. For instance pela-
gic-feeding damselfish lineages changing to a grazing feeding
mode (Frédérich et al. 2014; Olivier et al. 2016) must possess
specific gastric enzymes to be able to digest algae (Clements
et al. 2009). Wrasses able to feed on corals should have par-
ticular morphological and physiological adaptations (Huertas
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& Bellwood 2017). Yet, stochastic maps (Table S2) and the
study of Cowman et al. (2009) indicate that a direct shift from
one dietary specialisation to another can also happen,
although the presence of a generalist phase during the transi-
tion between two specialist states may have been undetected.
Interestingly, we also highlight that most trophic shifts
occurred during Oligocene and Miocene suggesting intensive
functional diversification during the rise of modern coral reef
systems (Bellwood et al. 2017).

Guilds of generalist species hold future diversity. Lineages of
wrasses and damselfishes with a generalist feeding strategy show
equal or higher rates of net diversification than others (Fig. 3
and Table S5). Accordingly, the generalist carnivore guild in
Labridae exhibits the highest functional and species richness.
These characteristics exhibited by the generalist carnivore guild
could have also been driven by biogeography as it includes spe-
cies from all marine tropical and temperate regions, whereas
specialist guilds are not ubiquitously distributed (e.g. tiny biters
are absent from the Atlantic Ocean (Cowman et al. 2017)). This
difference with other guilds also suggests that the generalist car-
nivorous feeding mode in wrasses had certainly facilitated
diversification along various ecological axes such as fine-scale
habitat partitioning. In Pomacentridae, the intermediate
trophic guild shows the lowest species richness, which is proba-
bly due to a competition with specialist feeding guilds and less
efficient use of dietary resources. Nevertheless, this generalist
feeding guild displays low rates of extinction (Table S4), imply-
ing that this feeding mode is a strategy for surviving fluctua-
tions in resource availability (Ingram et a/. 2009) and that
generalist lineages may generate future diversity. In light of
these findings and considering that dietary specialised descen-
dants emerged from generalised trophic groups, we argue that
the generalist guilds of damselfishes and wrasses are not evolu-
tionary ‘dead-ends’ (as defined in Eldredge 1982). This result
contrasts with studies on mammals (Price e a/. 2012) and birds
(Burin et al. 2016) that designated a generalist dietary habit
(omnivory) as a macroevolutionary sink. The dissimilar out-
comes between our research and theirs might be attributed to
the types of variables used to describe the trophic strategies.
Instead of scoring food types (Price ef al. 2012; Burin et al.
2016), we built our fish feeding categories on functional
demands associated with the capture of prey in the benthic and/
or pelagic compartments. The generalist feeding guilds of both
wrasses and damselfishes have more diverse morphological
attributes than others (Bellwood et al. 2006; Olivier et al.
2017), and our trophic categorisation probably translates to
phenotypic traits linked to versatility. According to the predic-
tions of Bellwood er al. (2006), we suggest that such a trophic
versatility may sustain high rates of lineage diversification by
(1) relaxing interspecific competition and facilitating local co-
occurrence of ecologically similar species and (2) enhancing reef
colonisation ability.

CONCLUSION

Our macroevolutionary analysis of reef fishes does not corrob-
orate the ‘dead-end’ hypothesis, in which the variation in lin-
eage diversification rates among feeding guilds is limited. Our
results also clearly indicate that trophic attributes affect the

© 2019 John Wiley & Sons Ltd/CNRS

diversification of species’ functions. Feeding habit has a low
effect on the tempo of functional diversification, but the type
and the diversity of functional roles hosted by fish in reef
ecosystems are tightly linked to their dietary specialisation.
The absence of a phylogenetic signal for functional traits sug-
gests an overall malleability of these traits during the evolu-
tionary history of Labridae and Pomacentridae. Finally, we
argue that the generalist feeding strategy is an evolutionary
stepping-stone state towards specialisation and may serve as a
reservoir of future diversity.
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