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The rate of environmental niche evolution describes the capability of species to explore the available environ-
mental space and is known to vary among species owing to lineage-specific factors. Trophic specialization is a
main force driving species evolution and is responsible for classical examples of adaptive radiations in fishes. We
investigate the effect of trophic specialization on the rate of environmental niche evolution in the damselfish,
Pomacentridae, which is an important family of tropical reef fishes. First, phylogenetic niche conservatism
is not detected in the family using a standard test of phylogenetic signal, and we demonstrate that the environ-
mental niches of damselfishes that differ in trophic specialization are not equivalent while they still overlap at
their mean values. Second, we estimate the relative rates of niche evolution on the phylogenetic tree and show
the heterogeneity among rates of environmental niche evolution of the three trophic groups. We suggest that
behavioural characteristics related to trophic specialization can constrain the evolution of the environmental
niche and lead to conserved niches in specialist lineages. Our results show the extent of influence of several
traits on the evolution of the environmental niche and shed new light on the evolution of damselfishes,
which is a key lineage in current efforts to conserve biodiversity in coral reefs.
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1. INTRODUCTION

The environment often plays a crucial role in species evol-
ution and has been the focus of numerous studies since the
description of Darwin’s theory of natural selection [1,2].
What is still unclear is how particular phenotypes could
influence, in return, environmental niche evolution [3]. It
has been shown that species are restricted through both
biotic and abiotic factors at their environmental margins
[4], but the variability in their ability to adapt to previously
unsuitable conditions is less well understood [5]. While
rapid environmental niche shifts within radiating clades
have been demonstrated [6,7], the idea that species retain
their ancestral niche during diversification has also recently
received support [8]. The variation in propensity of species
to retain their niche can be linked with important differences
in life-history traits, such as growth form in flowering plants,
that influence the rate of climatic niche evolution [9]. In this
context, the emergence of a novel trait that allows the exploi-
tation of untapped resources may favour the colonization of
novel environments and be followed by species radiation.
By contrast, a trait conferring highly specialized use of a
restricted range of resources in an environment may enhance
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species performance in this particular environment at the
expense of adaptability to novel conditions. For instance,
Cooper er al. [10] showed that in mammals, the thermal
habitat niche of diet specialists has been more conserved
during their evolution than the niche of diet generalists.
This suggests feedback between evolutionary and ecological
processes that potentially plays a role in shaping adaptation
of species to their environment [3]. Investigating how the
niche evolves in interaction with the emergence of novel
characters can illustrate how key phenotypic traits constrain
or amplify the rate of environmental niche evolution [4,9].
The trophic specialization of species can drive pheno-
typic evolution [11] and the adaptive radiation of the East
African rift lakes cichlids exemplifies this spectacularly
[12]. While cichlid species show great trophic diversity,
there is exceptional morphological convergence among
species that specialize on the same diet [13]. When a
species radiation is driven by ecological opportunity
[14,15], species environmental niches may be constrained
because of adaptation for specific habitats [16]. There-
fore, shifts in trophic specialization in additional groups
of fishes could greatly influence the evolutionary history
of lineages and, in particular, their rate of niche evolution.
The damselfishes (Pomacentridae) inhabit tropical and
temperate near-shore waters around the globe, with the
greatest species richness located along coral reefs [17].
Of the approximately 350 species, most are small (less

This journal is © 2012 The Royal Society
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than 30 cm), colourful and often numerically dominant in
reef fish communities [18,19]. Damselfishes are usually
separated into three main diet classes [20]: (i) herbivorous
benthic feeders (e.g. the genera Dischistodus and
Stegastes), (i) an intermediate omnivorous group (e.g.
Pomacentrus spp.), and (iii) pelagic feeders mainly eating
planktonic prey (e.g. Chromis spp.). Other diet specializ-
ations exist, for example, species focusing on corals or
sponges, but these comprise only a handful of species
[20]. The three main diet types evolved independently
many times along the phylogeny of the damselfish, and
lineages sharing the same diet are characterized by
convergent morphological evolution [20,21].

In damselfishes, trophic groups generally share patterns
of social behaviour and degree of territoriality. Herbivores
and omnivores are usually territorial and solitary, while
planktivores form schools in the water column and actively
guard territories only during reproduction. The territorial
behaviour of herbivorous damselfishes is associated with
the developement of cultivation mutualisms with algae
[22,23]. Indeed, they maintain turfs composed of delicate
filamentous algae (e.g. Polysiphonia sp.), which would
be outcompeted by other algae or eaten by other reef
herbivores, if it were not for the protection and careful tend-
ing provided by the damselfish. The algae found in such
territories are the most easily eaten and digested by damsel-
fishes, which actively select the algae species they cultivate
[24]. The effect of territorial damselfishes on reef com-
munities has led several authors to consider these as
keystone species to support biodiversity in coral reef habitats
[25—-28]. The strong link between the herbivorous damsel-
fishes and the algae makes this trophic group highly
specialized, while planktivorous species are less specialized
because they can feed on a wide variety of planktonic organ-
isms. This difference in specialization level among trophic
groups has probably influenced the rate of environmental
niche evolution of damselfishes. If algal crop species have
narrow distributions [23], specialized species could then be
restricted by the environmental requirements of the algae
they are tending. By contrast, planktivores that lack this con-
straint will probably have higher rates of environmental niche
evolution. Some omnivorous damselfishes also tend algal
crops, but they further use the algae to trap non-living
organic matter, which represents a large fraction of their
diet [26,29]. This suggests that omnivores are not ecologi-
cally intermediate between herbivores and planktivores,
but are actually more similar to herbivorous damselfishes.
The worldwide distribution of the damselfish family makes
it an excellent group to study environmental niche evolution
in relation to species trophic specialization. In this paper, we
first assess whether the environmental niche of the damsel-
fishes is phylogenetically conserved. We then compare the
niche position and overlap between groups of species display-
ing distinct trophic specialization. Finally, we test whether
the rate of environmental niche evolution varies significantly
in the family and whether this variation is linked with the
level of species trophic specialization.

2. METHODS

(a) Phylogenetic analysis

We assembled a phylogenetic tree of the damselfish family by
gathering DNA sequences from GenBank for five different
DNA regions (three mitochondrial genes: 12S, 16S and
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cytB; and two nuclear genes: RAG1 and RAG2) for 175
fish species (169 damselfishes + 6 outgroup taxa; see the
electronic supplementary material). The sequences were
aligned with MuscLE [30] to yield a matrix of a total length
of 7383 nucleotides. We identified the GTR+G model as
the best model by likelihood ratio tests in MRAIC [31],
and used this substitution model for each gene region inde-
pendently in MRBAYEs v. 3.1.2 [32]. We ran four chains in
parallel for 107 generations and sampled trees every 1000
generations for a total of 10000 trees. We checked model
parameters for stabilization in TRACER [33] and removed
the first 3000 trees as burn-in. From the posterior distri-
bution, we randomly extracted 100 phylograms having their
branch length relative to the expected number of substitution
per site for subsequent analyses (see below).

We estimated divergence time with a relaxed clock model in
BEAST [33], drawing rates from a lognormal distribution. Two
fossils were available for calibration. We placed a lognormal
prior (mean =2, s.d.=1, offset=50 Myr) on the crown
node of the damselfishes following the earliest pomacentrid
record [34]. The second fossil was placed at the crown node
of the cichlid outgroup [35] with a lognormal prior (mean =
2, s.d. =1, offset =5.33 Myr). The models of substitution
were defined similarly as for the MRBAYES analysis. We
ran a single Markov chain Monte Carlo (MCMC) process for
5 x 107 generations, sampling trees every 1000 generations.
Finally, the first 15000 trees were removed as burn-in after
checking the sampled model parameters in TRACER [33]. We
then randomly extracted from the posterior distribution 100
chronograms and used their branch length relative to time in
further analyses.

(b) Data retrieval and environmental niche similarity
between trophic groups
We extracted dietary information on every damselfish
included in this study from the literature [19]. We restricted
our study to the three main trophic groups present in the
damselfishes [20,21,36]: herbivores, omnivores and plankti-
vores. The other trophic specializations that exist in the
damselfishes are represented by less than 2 per cent of species
[19] and are, thus, not informative for our comparative study.
We retrieved occurrence data for damselfishes from the
Ocean Biogeographic Information System web site (www.
iobis.org). The dataset had 62 380 occurrence records for the
169 damselfish species included in our study (average per
species = 383; see the electronic supplementary material).
We used the World Ocean Atlas 2009 [37] to extract at a
global resolution of 1° annual mean values for salinity, tempera-
ture, apparent oxygen utilization, oxygen saturation, nitrate,
oxygen, phosphate and silicate concentration. These variables
are known to describe adequately the environmental niche of
marine organisms [38]. We used outlying mean index (OMI)
ordination [39], as implemented in the ade4 package [40] in
R [41], to characterize species’ environmental niches. The
OMI analysis is an ordination technique that gives the species’
average position within environmental space by maximizing the
mean-squared distance between the centroid of the environ-
mental space used by the species and the centroid of the
available environment [39]. This measure has been used in
many studies [42] to describe the average relative position of
species in a multivariate environmental space. We used the
axes of the OMI ordination that explained a meaningful
proportion of the total variation to model the evolutionary
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dynamics of environmental niches of the damselfishes on
phylogenetic trees.

We compared the environmental space used by the species
belonging to each trophic specialization using a recently devel-
oped framework [43]. In contrast to previous methods that
measure overlap in a geographical space [44], this approach
measured the overlap between species in the relevant environ-
mental space and, thus, related closely to the study of rates of
environmental niche evolution. The robustness of the method
has been demonstrated by its ability to accurately recover the
known environmental niche overlap of simulated species [43].
We first ran a principal component analysis (PCA) on the total
environmental niche available in the study area (here the world
oceans). Then, environmental space occupied by each group
of species was projected in the environmental space available.
Next, a kernel density function was applied to determine for
each group, the ‘smoothed’ density of occurrences of each
pixel in the environmental space [43]. Finally, the density of
occurrences was divided by the density of the environment
in each focal pixel to obtain a measure of the density of the
species relative to the availability of environmental space
[43]. This measure was then used to test for environmental
niche equivalency between trophic groups using Schoener’s
D metric [44], ranging from O (no niche overlap) to 1 (com-
plete overlap). We used a phylogenetic multivariate analysis
of variance (MANOVA) to test for significant difference in
species mean environmental niche values among trophic
groups. This test, as implemented in the R package geiger
[45], took into account phylogenetic non-independence
among species and used a single-rate Brownian motion
(BM) model of character evolution on the first two axes of
the OMI ordination.

(¢) Phylogenetic signal and phylogenetic

niche conservatism

Phylogenetic signal is defined as the level of dependency
among species trait values owing to their phylogenetic related-
ness [46]. We used the A [47] and K [48] measures in the R
package phytools [49] and samples of both phylograms and
chronograms to assess phylogenetic signal in the environ-
mental niche as described by OMI scores. Values of K or A
close to one are expected for data that follow a BM model
of character evolution, while values close to 0 are diagnostic
of weak or no phylogenetic structure. Because the comparative
methods we want to apply are based on BM, analysing a set of
phylogenies which has mean K or A close to one conforms to
the main assumption of the methods [50].

The amount of phylogenetic signal shown by an ecological
character can also indicates presence of phylogenetic niche
conservatism in the clade under investigation [51]. Under
this definition, phylogenetic niche conservatism is present
in a clade if the phylogenetic signal is significantly greater
than one, the expected value of a BM fit. We performed
simulations to test K > 1 by comparing the observed value
of K with 1000 K values measured on characters simulated
under perfect BM (i.e. K= 1). Then, we used a one-tailed
test to estimate how many simulations could lead to a K
value as small as the one obtained on the environmental
niche described by the OMI axes. Such a test cannot be
done with A, which is usually bounded between 0 and 1
[45,49]. This definition of phylogenetic niche conservatism
is disputed [8] and the use of Brownian rate of evolution is
now usually preferred for assessing phylogenetic niche
conservatism [10,52].
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(d) Rates of environmental niche evolution among
trophic levels

We measured the rate of environmental niche evolution in the
damselfishes using the non-censored version of a BROWNIE
analysis [53]. We compared using Akaike
criterion with a correction for a finite sample size (AIC.) the
likelihood of a single-rate BM model to that of a multiple
rate model in which rates differ between the three trophic
groups. We estimated the rates of evolution for values on the
first two OMI axes. To assign internal branches of the phylo-
geny to a particular trophic specialization, we first estimated
the transition matrix between trophic states using BAYESTRAITS
[54]. We used a non-symmetric model of evolution allowing
different transition rates between trophic states. We ran a
single Markov chain for 10° generations sampling each 1000
generations and used default uniform prior for the estimated
parameters. After removal of the first 100 sampled generations
as burn-in, we averaged the posterior distribution of the tran-
sition rates. The resulting transition matrix was used to map
stochastically the trophic groups on the phylogenies [55].
We did this step using the R package phytools [49] that
implements stochastic mapping of discrete characters. To
account for uncertainty in reconstruction of character history,
we replicated the stochastic mapping 100 times on each phy-
logenetic tree, we also performed the reconstruction using
only two states by merging the herbivores and the omnivores
together as both herbivores and omnivores tend algal crops
(see the electronic supplementary material).

Current approaches (see above) that compare the rate of
evolution of a continuous character along the branches of a
phylogenetic tree need a priori information on where changes
in rates happen along the phylogeny. To accommodate this
uncertainty in the evolutionary process and illustrate potential
heterogeneity in rates among trophic groups, we used a recently
developed method that uses Bayesian inference to sample phe-
notypic evolutionary rates, implemented in the R package
AUTEUR [56]. This approach models rate heterogeneity in
a Bayesian framework by using reversiblejump MCMC
[57,58]. During the optimization of parameters, the Markov
chain jumps from models differing in number and position of
rate shifts in the phylogeny [56,59]. The outcome is a posterior
distribution of evolutionary rates for each branch in the phylo-
geny. A posterior distribution of model complexity is also
produced and can be used to assess whether the multiple-rate
model has a better fit than the single-rate model, the Bayesian
equivalent of the likelihood ratio test used in BROWNIE.

To infer the rate of environmental niche evolution in the
damselfishes, we used the species position on the first two
axes of the OMI ordination and ran two parallel Markov
chains sampling parameters every 1000 generations for a
total of 4 x 10° generations. We assessed proper convergence
of the MCMC chains using diagnostic metrics implemented
in the R package coda [60]. After convergence of the chains
and removal of the first 1000 samples as burn-in, we obtain
marginalized distributions of relative rates for each branch of
the tree. Following the authors’ recommendations [56], we
then computed the rates as a weighted average of posterior
rate estimates. The weighting was determined by branch
length, allowing longer branches to contribute for a greater
weight to the scaled measure of evolutionary rate [56]. The
relative rates of environmental niche evolution of every
branch section corresponding to a particular trophic group
could be extracted because trophic groups were previously
mapped to branches using stochastic mapping. To account

information
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Figure 1. (a) Species environmental niche position in the OMI coordinates. Herbivores are in green, omnivores in light blue
and planktivores in dark blue. The green outlier in the bottom right is Parma microlepis, the only herbivore that colonized tem-
perate waters. Relative rates of environmental niche evolution of the three trophic groups inferred in AUTEUR for (b) the first
and (¢) second OMI axis. The boxplots represent the weighted average of posterior rate estimates per trophic group of each of

the 100 phylograms.

for phylogenetic uncertainty, we repeated the analysis on the
sample of 100 phylograms obtained from MRBAYEs.

3. RESULTS

(a) Envirvonmental niche

The first and second axis of the OMI ordination (figure 1a)
explained, respectively, 35 and 31 per cent of the total vari-
ation. The other axes explained only small fractions of the
variation and were not considered further in the analyses.
We measured the environmental overlap between the
environmental niches of species belonging to the three
trophic groups (figure 2). Herbivorous damselfishes had
less overlap with the planktivores (Schoener’s D = 0.15)
than with the omnivores (Schoener’s D = 0.19), while
omnivores and planktivores had the largest overlap (Scho-
ener’s D = 0.48). All tests of niche equivalency between
trophic groups indicated that the niches occupied by the
three groups of species were not equivalent (p < 0.01 for
the three pairwise comparisons). However, when testing
for a difference in mean niche position between species of
different trophic levels, the phylogenetic MANOVA gave a
non-significant result (p = 0.9).

(b) Phylogenetic signal

Posterior probabilities of nodes on both phylograms and
chronograms were usually high and the topologies con-
sistent with previous studies [17]. We measured K and
A for both the first and second axes of the OMI ordination
on 100 phylograms and chronograms. The mean A and K
of the phylograms were closer to one than the A and K of
the chronograms (table 1). This suggests that, in our data,
phylograms having branch lengths in expected number of
substitutions per site are more suited for comparative
methods than chronograms as they are closer to the
assumed BM [50]. We thus performed further analyses
on the sample of 100 phylograms, but provide the results
from chronograms in the electronic supplementary
material for completeness. The value of K was always
lower and significantly different from K> 1 (table 1),
suggesting that the environmental niche of damselfishes
is not conserved under this definition [51].
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(c) Envirvonmental niche evolution

The multiple-rate model had better support than the
single-rate null model for both the first OMI axis
(AAIC.= 16.43) and the second (AAIC. = 4.83). When
measured on OMI axis-1, herbivores had the slowest rate
of environmental niche evolution (mean o= 33.8). The
omnivores were intermediate (mean o= 78.9), while the
planktivores were the fastest (mean o= 96.1). The herbi-
vores still had the slowest rate on the OMI axis-2 (mean
o= 50.44), but the pattern was reversed between
omnivores (mean o°=80.3) and planktivores (mean
0?=72). The AUTEUR analysis yielded similar results
(figure 1b,c). After removal of the burn-in, the effective
samples size of the rate parameter of the MCMC chains
showed good convergence (mean effective sample size =
475 + 192). The posterior distribution of model complex-
ities always gave high support to multiple-rate models
(cumulative posterior probabilities: OMI axis-1 = 0.99,
OMI axis-2=1; see the electronic supplementary
material), showing that the rate of environmental niche
evolution is heterogeneous among damselfish species. On
OMI axis-1, the model having the highest posterior prob-
ability (0.24) was a model with seven rates distributed
among the branches of the phylogeny. Herbivores had
the slowest rate and the planktivores the fastest, omnivores
were situated in between on the OMI axis 1 (figure 15) and
had comparable rates with the planktivores on OMI axis-2
(figure 1¢). Merging the herbivores and omnivores had no
effect on the results as the herbivore/omnivore group still
had a slower rate than the planktivores.

4. DISCUSSION

Our results show high support for differential rates of
environmental niche evolution among damselfish trophic
groups (figures 1 and 3), as well as absence of phylogenetic
niche conservatism in the family as indicated by phylo-
genetic signal. The approach we used to test for
phylogenetic niche conservatism has been criticized as
different evolutionary processes could lead to the same
phylogenetic signal [8,46]. We nevertheless applied this
test as it can be discussed in the light of the rate of


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on November 17, 2014

3666 Q. Litsios er al. Trophic levels and niche evolution

B, . s rhsrrnadre el

Figure 2. The environmental niche of the three trophic
groups shown in the gridded environmental space of the
PCA (the first principal components are on the x-axis and
the second on the y-axis). The black squares illustrate the
available environment. The environmental space occupied
by each trophic group is shown in the following panels:
(@) herbivores, (b) omnivores, and (c) planktivores.

environmental niche evolution that has also been proposed
as a description of phylogenetic niche conservatism [8,10].
The three trophic groups had a relatively small total over-
lap in the environmental niche space (figure 2). As the
availability of climate in the environmental space was
taken into account during the overlap calculation, the
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overlap values obtained are small because points that
occurred in rare climates were given a higher weight
[43]. The phylogenetic MANOVA showed that the mean
environmental niche was not significantly different
between trophic groups. Indeed, most damselfishes occur
in tropical reef ecosystems, while few species have colo-
nized temperate waters. At the species level, the pattern
of similar mean environmental niches among groups but
small environmental overlap among species in different
groups can be explained if trophic groups have different
rates of expansion in environmental space. Our finding
that the rates of environmental niche evolution of herbi-
vores were slower than the rate of planktivores supports
this (figure 1b6,c). Our assessment of rates of environmental
niche evolution indicates that although mean niche is simi-
lar between groups, planktivores diverged to occupy
environmental space faster than did herbivores.

The highly specialized link between herbivore damsel-
fishes and the algae species they tend can explain
constraints on evolutionary rate. The environmental
niche of herbivores is defined by their intrinsic physiologi-
cal tolerances, but also by the ecological requirement of
their algal crops [61]. This would suggest that the slower
exploration of environmental space is linked with this
additional constraint. By contrast, the planktivores that
are more generalists in terms of the ecological require-
ments of their food could explore a more diverse
environmental space. Unlike algae, plankton is a resource
that is not linked with particular environments in reef eco-
systems as it is composed of a multitude of species, and
thus probably imposes weaker constraints on planktivore
niche evolution. Omnivores are more similar to herbivores
than planktivores in this regard because they exhibit simi-
lar territorial behaviour. Still our results show that their
evolutionary rate is faster than that of herbivores
(figure 1b,c). As the algae present in their territories are
more used to trap sediments than as actual food, it is
probable that the omnivorous damselfishes are less special-
ized on tending specific species of algae [26]. With a
greater choice of potential crop species, the omnivores
are less evolutionary constrained than herbivores. Such a
pattern of specialists having a slower environmental
niche evolutionary rate than generalists has also been
found in mammals [10], suggesting that our conclusions
could be true in a broader range of taxa. The relative
species richness and abundance of marine herbivorous
fishes were elsewhere negatively correlated with latitude,
implying that temperature-related processes are probably
important in their distribution pattern [62]. While such
global pattern can inform us about general metabolic
constraints on herbivory, it unlikely provides a complete
explanation of our findings as the vast majority of the
damselfishes we studied are found only in tropical waters.

Depending on the choice of definition of phylogenetic
niche conservatism, we either could not detect it by testing
for phylogenetic signal or found that specialist damselfishes
had more conserved niches than the generalists, as shown
by rates of environmental evolution. Indeed, if a clade
shows a relatively slow rate of niche evolution, the diver-
gence in niche values will be less between species and
will consequently lead to more-conserved niches [8,10].
By integrating these two views, we suggest that the
damselfishes, in general, do not show niche conservatism
but whenever a lineage becomes specialized; niche
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Figure 3. Damselfish phylogeny with (a) one realization of the stochastic mapping that paints trophic groups on the branches
(in expected substitution per site). Herbivores are in green (algivores), omnivores in light blue and planktivores in dark blue.
(b) Inferred relative rates of environmental niche evolution that range from slow in blue to fast in red.

Table 1. Mean and standard deviation of the phylogenetic signal shown by the first two axes of the OMI and calculated
across the 100 phylogenies drawn from each posterior distribution. (The p-values for K show if the phylogenetic signal is

significantly different from K> 1 (* =p < 0.01).)

OMI 1 OMI 2

K A K A
chronograms 0.11 + 0.03* 0.07 + 0.07 0.17 + 0.04* 0.47 + 0.08
phylograms 0.14 + 0.02%* 0.62 +0.14 0.25 + 0.04* 0.67 + 0.07

evolution is then constrained and becomes more conserved
over time than in generalist lineages. Trophic specialization
could, therefore, impede the environmental niche evol-
ution of a clade, and taking this effect into account is
paramount when measuring phylogenetic niche conserva-
tism. It also shows the effect of scale [8] as phylogenetic
conservatism can only be detected in a localized region
of the damselfish tree.

The evolution of environmental niche in a clade is
usually assessed by measuring the level of phylogenetic
niche conservatism. By looking at the relative effects of a
particular phenotype, in this case, the level of trophic
specialization of species, we obtain a clearer view of the
processes shaping the evolution of environmental tolerance
(figure 3). This approach can more closely relate to the
extremely complex processes at work in nature. Qur results
suggest that biotic factors, such as the environmental
requirements of food resources, can constrain the evolution
of the environmental niche of the consumers’ dependent
on the resource. A possible caveat of our study is that we
defined trophic specialization using only three classes.
Probably trophic strategies resolve more finely into a
larger number of classes. This could explain why we find
omnivores are more similar to herbivores on the OMI
axis 1 and planktivores on the OMI axis 2. Nevertheless,
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our classification still allows an outline of the general pat-
tern, even though other factors could also play a role in
shaping the environmental niche evolution of damselfishes.
Many ecological traits, such as territorial behaviour, are
linked to trophic specialization and their potential effects
are difficult to disentangle. However, this should not
impact our results as specialization towards a food resource
in a particular micro-habitat may constrain the rate of
environmental niche evolution in a similar manner to
diet specialization [8].

Biotic interactions are common and can restrict the rea-
lized niche of species [63]. In the case of the damselfishes,
this could lead to the larger distribution of planktivores in
environmental space compared with the other trophic
groups. This suggests an important factor to take into
account when trying to predict future distributions of
species under climate-change scenarios [64]. In particular,
failing to consider the distribution of the algae could yield
spurious predicted distributions because biotic interactions
might well here constrain the niche of herbivores. In con-
clusion, by integrating trophic specialization within a
phylogenetic context, we were able to show that biotic
interactions (here between herbivores and algae) are
consistent with constraint of present species niches, a
pattern that has developed over evolutionary time.
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