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Conspicuous coloration displayed by animals that express sexual colour
dimorphism is generally explained as an adaptation to sexual selection, yet
the interactions and relative effects of selective forces influencing colour
dimorphism are largely unknown. Qualitatively, colour dimorphism appears
more pronounced in marine fishes that live on coral reefs where traits associ-
ated with strong sexual selection are purportedly more common. Using
phylogenetic comparative analysis, we show that wrasses and parrotfishes
exclusive to coral reefs are the most colour dimorphic, but surprisingly,
the effect of habitat is not influenced by traits associated with strong sexual
selection. Rather, habitat-specific selective forces, including clear water and
structural refuge, promote the evolution of pronounced colour dimorphism
that manifests colours less likely to be displayed in other habitats. Our results
demonstrate that environmental context ultimately determines the evolution
of conspicuous coloration in colour-dimorphic labrid fishes, despite other
influential selective forces.
1. Introduction
Secondary sexual traits such as colour dimorphism evolve in the context of
complex interactions between natural and sexual selection. Ornamentation,
elaborate displays and conspicuous coloration evolve in response to intersexual
mate choice, while intrasexual competition for access to mates favours body
size dimorphism, weaponry and badges of status [1–3]. Pressures imposed by
natural selection often conflict with those of sexual selection via substantial
mortality costs on conspicuousness, ultimately favouring cryptic coloration
and reduced ornamentation [1,4]. The interplay among these forms of selection
and their relative effects can vary the expression of sexual colour dimorphism
within and between species, thereby generating phenotypic diversity [4–6].
Whether this leads to predictable macroevolutionary patterns of sexual colour
dimorphism remains largely unexplored (but see [7–10]).

Comparative studies confirm that indices of sexual selection, such as mating
system [11–15], extra-pair paternity [12,16] and sexual size dimorphism [17], are
correlated with the evolution of sexual colour dimorphism across a broad range
of taxa. More recently, research has focused on the ecological drivers of visual
signal evolution [18–20]. Visual signals adapt to physical properties of the micro-
habitat including the medium of signal transmission, ambient light conditions
and the background against which the signal is perceived [19–22]. Habitat struc-
tural complexity may also be an important environmental component in the
evolution of visual signals through its effects on light and background conditions
[23–25], as well as through the availability of shelter [10]. Therefore, habitat-
related selective pressures can play an important role in the evolution of
conspicuous, sexually selected visual signals by acting on both signal trans-
mission and predation vulnerability [6]. Alternatively, differential habitat use
by males and females (sexual niche partitioning) may result in sexual colour
dimorphism in the absence of sexual selection [26,27].

Adding to the complexity, sexual colour dimorphismmay be fixed, dynamic or
expressed ontogenetically. Ontogenetic colour change that occurs with size or life-
stage in one or both sexes resulting in sexual colour dimorphism has been
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Figure 1. Colour dimorphism and associated trait diversity. (a–f ) The magnitude of colour dimorphism between initial (a,c,e) and terminal phase (b,d,f ) wrasses and
parrotfishes ranges from none, as in Iniistius pentadactylus (a,b), to moderate, as in Halichoeres garnoti (c,d ), to extreme, as in Chlorurus spilurus (e,f ). (g) Phylogenetic
reconstruction of the magnitude of colour dimorphism. Habitat association (black, non-coral reef; light grey, coral reef associated; dark grey/red, coral reef exclusive), mating
system (black, promiscuous; light grey, haremic; dark grey/red, lek-like) and sex allocation (black, gonochorous; light grey, monandric; dark grey/red, diandric) are depicted at
the tips of the phylogeny. Photos with permission from Rickard Zerpe (a), Mark Rosenstein (b), François Libert (c,e,f ) and Carlos Estape (d ). (Online version in colour.)
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documented in invertebrates [28,29], fishes [30,31], amphibians
[32] and reptiles [33], but remains a poorlyunderstoodphenom-
enon. Predation pressure and vulnerability also change with
size and life-stage; therefore, predator-mediated selection may
be particularly important in the evolution of ontogenetic
sexual colourdimorphism.Alternatively, in specieswithdistinct
juvenile and adult colour phases, a change in chromatophore
sensitivity to either male or female sex hormones could result
in the loss of ontogenetic colour change in onlyone sex [32], ren-
dering the evolution of ontogenetic sexual colour dimorphism
non-adaptive. The relative roles of natural and sexual selection,
and their interaction, in the expression of ontogenetic sexual
colour dimorphism has not been quantified. We explore this
in an iconic group of marine fishes, the Labridae.

Wrasses and parrotfishes (family: Labridae) form a mono-
phyletic assemblage [34]; the second largest family of marine
fishes with a global distribution spanning tropical and temper-
ate waters. The intraspecific colour diversity of labrids is
dramatic enough that many colour phases were initially
described as separate species. Later, colour phases were syno-
nymized upon the realization that they comprised sequential
phases of the same species separated by size [30,31]
(figure 1a–f ). Individuals transition to terminal phase color-
ation with increasing size and transitions are often, but not
always accompanied by protogynous sex reversal from
female to male [31]. The conspicuous coloration displayed by
larger, usually male, terminal phase fish is thought to be the
result of sexual selection [35–38]. Studies of the distinctive
sex and mating systems expressed by labrids (figure 1g) have
produced valuable advances [38–41]. Previous work predicted
how sex allocation and mating system interact with habitat
[42–46] to influence colour dimorphism [35,37,42,43] via effects
on one or more of the aforementioned selective forces. Specifi-
cally, colour dimorphism in wrasses and parrotfishes has been
linked to sex allocation pathways (protogyny) and mating
systems (polygyny) that are purportedly more common on
coral reefs [42,43]. Evidence supporting these associations is
limited to qualitative assessments and the claims have not
been subject to rigorous comparative analysis incorporating
evolutionary history. Furthermore, predicted trait interactions
and effects on colour dimorphism are often complicated by
exceptions exemplified by certain taxa [44,45,47,48], and the
interactions and relative effects of selective pressures driving
the evolution of colour dimorphism remain unclear.

Themagnitudeof colour dimorphism is expected to increase
with the strength of sexual selection, driven by increased
variation in male reproductive success associated with evol-
utionary transitions to polygynous mating [1] or protogynous
sex change [39,49]. Labrids exhibit multiple types of polygyny
and protogyny that have evolved synergistically based on the
degree of male size advantage (see table 1 for definitions) [51].
The type of polygynous sex change expressed depends on the
ability of large males to monopolize mates [51,52]. In species
with lek-like mating, differential dominance relationships
between males exist, creating the potential for primary males
to achieve reproductive fitness and enabling conditions condu-
cive to diandric protogyny [44–46,51,52]. This combination of
character states increases variation in mating success through
both male–male competition for mates and female mate choice
and is predicted to enable the strongest sexual selection [1,52],
and the most pronounced colour dimorphism. When males
have strong social control over females, as is the case with hare-
micmating, orwhen sex allocation ismonandric, the strength of
sexual selection should be reduced [35,37]. In addition to reci-
procated effects, sex allocation and mating system can also be
influenced by habitat-dependent variables, including the dis-
persion of resources [36,52], water clarity [42] and the ability of
small males to hide [42,44].

Aside from effects of sex allocation and mating system,
colour dimorphism should evolve adaptively dependent on
habitat-specific selection regimes that impact the efficacy of
visual signals in communication and concealment [18]. Phys-
ical properties of coral reefs, including their clear oligotrophic
water, bright ambient light [53] and background radiance
[54,55], may facilitate the enhancement of visual perception
and signalling that could result in the adaptive evolution of



Table 1. Definitions of key terms.

terms definition

habitat

non-coral reef associated with any number of habitats not including coral reefs

coral reef associated associated with a wide range of habitats, including coral reefs

coral reef exclusive associated exclusively with coral reefs

mating system

promiscuity terminal phase males do not defend territories with the purpose of attracting mates [47]

lek-like polygyny terminal phase males establish temporary territories visited by females for the purpose of reproduction [45,47]

haremic polygyny terminal phase males monopolize one or more females within a permanent territory [45,47]

sex allocation

gonochorism individuals reproduce exclusively as either male or female throughout their lives [50]

diandric protogyny males are either born into the population (primary males) or derived from sex-changed females (secondary males) [50]

monandric protogyny all males are derived via sex change from functional females (secondary males) [50]
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pronounced colour dimorphism [10,56]. Coral reefs are col-
ourful environments and brightly coloured fishes may be
less conspicuous when viewed against a coral reef back-
ground [37,57]. Alternatively, the structural complexity of
coral reefs may provide important refuge in the form
of solid, physical barriers for conspicuous fishes capable of
entering the cavernous construction [37,56].

Here, we untangle the relative importance of sex allocation,
mating system and habitat, and explore theways in which they
interact to shape the evolution of colour dimorphism inwrasses
and parrotfishes. To do this,we first quantified colour dimorph-
ism by scoring seven different body and fin regions as either
primarily the same or different in colour between initial
and terminal phase fishes using photographs from online
repositories and scholarly identification guides (see electronic
supplementary material, table S1). This produced a binary
matrix that we reduced to a primary axis of colour-dimorphic
variation using logistic principal component analysis. We also
compiled data on sex allocation, mating system and habitat
association from the literature and online repositories (see
table 1 for definitions of each character state). Using the most
recently reconstructed phylogenetic hypothesis for the family
[51,58],we applied comparativemethods to: (i) test forpredicted
associations between character states that would promote the
evolution of pronounced colour dimorphism; (ii) determine
whether colourdimorphismhas evolved according to stochastic
or trait-dependent processes, and quantify the relative influence
of sex allocation, mating system and habitat association on the
evolution of colour dimorphism; and (iii) determine whether
the dominant form of selection produces consistent effects
between colour phases and across body regions.
2. Material and methods
(a) Trait data compilation
Colour dimorphism was quantified by visually scoring seven
different body regions (the head, flank, and the pectoral, pelvic,
dorsal, anal and caudal fins) as either primarily the same or
different in colour between photographs of living and preserved
initial and terminal phase fishes (electronic supplementary
material, table S1). When available, multiple photographs of
each species and phase were scored. When it was unclear whether
a regionwas primarily the same or different in colour no scorewas
recorded for that region. We note that our quantification of colour
dimorphism is limited to human visual perception—it is possible
that labrids do not perceive coloration or colour dimorphism in
the sameway.Although data on fish visual perception is becoming
increasingly available, data on the visual perception of labrid
species are too few to incorporate into a comparative study of
this scale. Our approach draws some support from comparisons
of human and avian visual perception of colour dimorphism and
the finding that human perception can provide a meaningful
estimate for the purposes of comparative analyses [59].

We compiled colour dimorphism data for 346 labrid species,
17% of which we scored as completely colour dimorphic, 34%
were scored as colourmonomorphic and 50%were scored between
the two extremes. To simultaneously maximize the variance in
colour dimorphism and reduce the dimensionality of the binary
matrix we performed a logistic principal component analysis
using the R package logisticPCA [60]. We used cross validation
to determine the value used to approximate the natural parameters
from the saturated model and we reduced the matrix to two
dimensions. Cumulatively, the two PC axes explained 78.9%
of the deviance in colour dimorphism. We considered the first
principal component as the primary axis of variation in colour
dimorphism (see electronic supplementary material, table S2
for the variable loadings) and performed all further analyses on
the resultant PC1 scores. Colour dimorphism becomes more
pronounced from positive to negative along the axis.

We classified species as either coral reef exclusive, coral
reef associated, or non-coral reef based on occurrence data catalo-
gued in FishBase [61] and the IUCN Red List of Threatened
Species [62] (table 1; electronic supplementary material, table
S1). We used an existing dataset of species-specific sex allocation
and mating systems [51,58]. Classifications focused on the
mating systems reported for terminal phase males and did not
consider themating strategies of initial phasemales. Sex allocation
data were restricted to accounts of protogyny that were dis-
tinguishable as either monandric or diandric based on gonad
histology, population demographics or both. Habitat association,
mating system and sex allocation data were available for 89
labrid species (electronic supplementarymaterial, table S1; depos-
ited in the Dryad Digital Repository [63]). We present colour
dimorphism data for only those species with corresponding habi-
tat association, mating system and sex allocation data (n=89; 22%
completely colour dimorphic, 33% colour monomorphic and 45%
in between).
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(b) Trait correlations
To establish whether mating or sex allocation systems are evolutio-
narily correlated with habitat we compared the fit of independent
and dependent models of trait evolution using the Discrete pack-
age implemented in BayesTraits [64,65] and a sample of 1000
trees drawn from the posterior distribution of the most recent phy-
logenetic reconstruction of the family (deposited in the Dryad
Digital Repository [58]). The independent, or null, model of evol-
ution assumes there is no correlation between two traits and that
they have evolved independently. The dependent model describes
the correlated evolution of two traits such that the rate of change
in one trait depends on the state of the other. As Discrete accepts
only binary trait data we performed a series of tests of each state
combination based on purported associations. To establish
whether mating systems or sex allocation pathways that promote
the evolution of colour dimorphism are associated with coral
reef habitats,we tested the correlation between diandric protogyny
and coral reef exclusivity (data coded as either coral reef exclusive
or non-coral reef exclusive and diandric or non-diandric) and
lek-like polygyny and coral reef exclusivity (data coded as either
coral reef exclusive or non-coral reef exclusive and lek-like or
non-lek-like).

Continuous-timeMarkovmodelswere fit to each set of discrete
character data using a reversible-jump Markov chain Monte Carlo
(rjMCMC) analysis to derive posterior distributions of the ancestral
state and transition rates. An exponential reverse jump hyperprior
(0 10) was specified for the rate parameter distributions, and the
trees were scaled to have a mean branch length of 0.1. Markov
chains were run three times across a random sample of 1000
time-calibrated phylogenies for four-million iterations, sampling
every 4000 steps, following a burn-in of one-million iterations.
We monitored the average acceptance rates to ensure the values
were between 20% and 40%, indicating that the rjMCMC was
mixing well. We examined traces of the likelihood and parameters
in Tracer [66] to ensure that convergence and effective sample sizes
above 200 were obtained across the three independent runs.

We determined the most probable evolutionary model by
calculating log Bayes factors (BF) for each pair of models as twice
the difference in the log marginal likelihood of the dependent
model minus the independent model [67]. Marginal likelihoods
were estimated using the stepping stone sampler implemented
in BayesTraits [64,65,68], where independent runs sampled 100
stones, each with 10 000 iterations. We calculated log BFs for
three independent runs and then averaged them. The log BF
quantifies the weight of evidence against the null hypothesis
(the independent model), where values less than two indicate
little evidence, values from two to five indicate positive evidence
andvalues greater than five indicate strong evidence for the depen-
dent model over the independent model [69]. We calculated
Z-scores for each transition parameter as the proportion of tran-
sitions assigned to zero across three independent, concatenated
runs. The Z-score provides an additional descriptor of the likeli-
hood distribution of the transition rate. Low Z-scores indicate
that transitions were rarely assigned to zero and are likely to
occur, whereas Z-scores close to one describe transitions that
were frequently assigned to zero, indicating that they are unlikely
to occur.
(c) Evolutionary model fitting
We simulated character histories for habitat association, mating
system and sex allocation across a random sub-sample of 121
trees (drawn from the sample of 1000 trees used in the preceding
analyses; deposited in theDryadDigital Repository [63]) using sto-
chastic character mapping implemented in SIMMAP [70]. We
specified an empirical prior on the bias parameter and a branch
length prior on the rate parameter, with the branches rescaled.
One map was simulated for each tree topology by a single draw
from the prior distribution, resulting in 121 stochastic character
maps for each dataset. Mapped trees were scaled back to their
original height using the applyBranchLengths function in the R
package phytools [71].

To determine whether habitat, mating system and sex allo-
cation have influenced the evolution of colour dimorphism
separately, and to determine which set of traits best explains the
evolution of colour dimorphism, we fit evolutionary models
using the R package OUwie [72]. The models included, with
increasing complexity, single-rate Brownian motion (BM1),
single-optimum Ornstein–Uhlenbeck (OU1), multi-peak Orn-
stein–Uhlenbeck (OUM) and multi-peak Ornstein–Uhlenbeck
with separate estimates of rates of trait evolution (OUMV). The
models differ in whether they incorporate effects of the predictor
variable on the evolution of colour dimorphism. Both BM1 and
OU1 allow colour dimorphism to evolve independently of the pre-
dictor variable. Thus, if colour dimorphism has evolved under
stochastic processes without an effect of habitat association,
mating system or sex allocation, we would expect the best-fit
model to be either BM1 or OU1. Two multi-peak models allow
colour dimorphism to assume separate, regime dependent opti-
mal values, but they differ in whether the rate of trait evolution
varies between regimes. If either habitat association, mating
system or sex allocation has influenced the evolution of colour
dimorphism we would expect the best-fit model to have multiple
optima (OUMorOUMV), and potentially state-dependent rates of
trait evolution (OUMV).

To determine the best overall predictor of colour dimorphism
we compared eight models; two of the models included no effect
of any categorical trait (BM1, OU1), and six of themodels included
an effect of one of the three categorical traits (OUM, OUMV). We
selected the best overall model, as well as the best-fit model for
each dataset individually, using the Akaike information criterion
corrected for small sample size (AICC and AICC weights) [73,74].
All OUwie analyses were run with the assumption that the value
of the trait at the root was distributed according to the stationary
distribution of theOUprocess (root.station=TRUE).We examined
the eigen-decomposition of the Hessian to ensure the analyses
returned the maximum likelihood estimates, and discarded iter-
ations (model results and trees) with negative eigenvalues or
unrealistic parameter estimates (values well outside the realm of
possibility). ΔAICc values were calculated for each retained iter-
ation and averaged across iterations for each model. Mean ΔAICc
values were used to calculate AICc weights, and the model with
the highest AICc weight was selected as the best model.

We generated 95% confidence intervals for all best-fit
model parameters using the parametric bootstrapping function
OUwie.boot in the R package OUwie [72]. For each dataset we
performed 100 bootstrap replicates per stochastic character map
using the parameters originally estimated under the best-fit
model. We also performed simulations to ensure that model com-
plexity did not exceed the information contained in our dataset,
and to demonstrate statistical power. For each retained iteration,
data were simulated using the parameters originally estimated
under the best fit model and recursively run through all
models in OUwie. This allowed us to determine how well the
algorithm could identify the correct model, or class of model
(i.e. single-peak versusmulti-peak), as well as the data parameters.
(d) The contribution of depth
To explore whether depth may be an underlying factor driving
the effect of coral reef association, we performed phylogenetic
generalized least-squares regressions implemented in the R pack-
age caper [75]. The analyses used the maximum clade credibility
tree and minimum, midpoint and maximum depths recorded
from IUCN species pages [62] and FishBase [61] (deposited in
the Dryad Digital Repository [63]). For each species, the
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Figure 2. The adaptive evolution of colour dimorphism. Median optimal
colour dimorphism (coloured circles), interquartile range (IQR, white rec-
tangles), 1.5 × IQR (white lines), and the kernel density corresponding to
habitat association (black, non-coral reef; light grey, coral reef associated;
dark grey/red, coral reef exclusive), mating system (black, promiscuous;
light grey, haremic; dark grey/red, lek-like), and sex allocation (black, gono-
chorous; light grey, monandric; dark grey/red, diandric). Values were
estimated from best-fit evolutionary models. Of the three predictor traits,
habitat best explains the evolution of colour dimorphism, whereby colour
dimorphism becomes more pronounced with increasing coral reef association.
(Online version in colour.)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20200167

5
shallowest minimum depth and deepest maximum depth values
were used; substituted by the most common depths when avail-
able. The midpoint was calculated as half of the depth range plus
the minimum depth. Each regression used maximum likelihood
to optimize the strength of the phylogenetic signal by adjusting
the branch lengths with the lambda transformation.

(e) Phase- and body-specific selective pressures
We recorded the presence of colours associated with different
colour-producing molecules on initial and terminal phase
fishes. The colour groups, associated pigments and chromato-
phores included: melanophores containing eumelanin that
appears black or brown; leucophores containing purines that
scatter light and appear whitish when illuminated by incident
light; xanthophores containing pteridine pigments that appear
yellow; erythrophores containing carotenoids that appear red
or orange; and iridophores that reflect light producing blue col-
ours (including purple) or green [76]. We used data for each
phase to test whether the probability of observing each colour
group differs with coral reef association.

Finally, using the colour dimorphism data we tested whether
the probability of observing colour dimorphism for each body
and fin region varies with coral reef association. For each of the
aforementioned tests, we combined the data with the maximum
clade credibility tree to perform phylogenetic generalized linear
models using the phyloglm function in the R package phylolm
[77,78]. We specified the ‘logistic_MPLE’ method to maximize the
penalized likelihood of the logistic regression and used multiple
starting points for alpha (0.1, 0.5 and 0.9) to ensure the results
were returning the global maximum. For each set of results, we
selected the one that returned the maximum penalized likelihood.
We report the range when multiple starting values returned the
same maximum penalized likelihood value.
Table 2. Comparison of evolutionary models fit to colour dimorphism as
predicted by habitat association, mating system and sex allocation. Eight
models were compared; two of the models included no effect of a
predictor variable (BM1, OU1), and six of the models included an effect of
one of the predictor variables (OUM, OUMV).

trait model ΔAICc AICc weight

no effect BM1 69.645 0.000

OU1 8.144 0.015

habitat association OUM 0.246 0.774

OUMV 3.681 0.139

mating system OUM 8.745 0.011

OUMV 6.376 0.036

sex allocation OUM 8.108 0.015

OUMV 9.117 0.009
3. Results and discussion
(a) Evolutionary correlations
Bayesian tests show no support for the correlated evolution of
either lek-like polygyny or diandric protogyny and coral reef
exclusivity (average log BF= –5.18 and –7.53, respectively;
electronic supplementary material, figure S1 and table S3),
contesting a common explanation for the appearance of pro-
nounced colour dimorphism in fishes on coral reefs [42,43].
Ecological factors are known to influence both mating system
[37,47,52] and sex allocation [39,45,50]. Our results show that
these factors can vary across habitat types, and that habitat
type itself does not determine the influence ecological factors
may have on either mating system or sex allocation.

(b) Adaptive evolution of colour dimorphism
Evolutionary models best-fit to colour dimorphism indicate
that within wrasses and parrotfishes, colour dimorphism
has evolved adaptively dependent on sex allocation, mating
system and habitat association (electronic supplementary
material, table S4). Model estimates agree with predictions that
diandric protogyny, lek-like polygyny and coral reef exclusivity
favour the evolution of pronounced colour dimorphism
(figure 2). Interestingly, our results indicate the most pronoun-
ced colour dimorphism evolves in lineages found exclusively
on coral reefs (figure 2), and, of the three traits examined, habitat
association best explains the evolution of colour dimorphism
(Akaike information criterion corrected for small sample size
(AICc) weight=0.774; table 2). Collectively, these results show
that selection pressures specific to coral reefs promote the evol-
ution of colour dimorphism and that these effects are separate
from any effects of sex allocation or mating system.

Habitat-specific selection pressures that influence the evol-
ution of colour dimorphism act on both initial and terminal
phase fishes. To determine how selection impacts each colour
phase and the resultant magnitude of colour dimorphism
expressed between them, we tested whether the probability of
observing colours associated with different colour-producing
molecules differs with coral reef association for each phase.
We found no differences among initial phase fish (figure 3a;
electronic supplementary material, table S5), suggesting that
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Figure 3. Variation in colour with coral reef association (black bars, non-coral
reef; light grey bars, coral reef associated; dark grey/red bars, coral reef exclu-
sive). (a) The proportion of each colour group observed in initial phase fishes.
(b) The proportion of each colour group observed in terminal phase fishes.
Asterisks denote significant differences in the probability of observing the cor-
responding colour group between categories of coral reef association. (Online
version in colour.)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20200167

6

selection acting on the evolution of initial phase fish coloration
does not vary with coral reef association. By contrast, the prob-
ability of observing white in terminal phase fishes significantly
decreases with increasing coral reef association, while the prob-
ability of observing blue and green colours increases (figure 3b;
electronic supplementary material, table S5). White was
observed in 92% of all initial phase fishes—generally expressed
as a key component of countershading or mottled patterning,
both of which are known to be important tactics of animal
camouflage [79–81]. Blue is an important signalling colour
[54] that is the most spectrally contrasting against coral reef
backgrounds [54,55]. Hence, upon transition to the terminal
colour phase, wrasses and parrotfishes on coral reefs are more
likely to lose a component of cryptic coloration and gain more
conspicuous colours, opposing the idea that brightly coloured
fishes appear less conspicuous when viewed against a coral
reef background [37,57].

Species exclusive to coral reefs are habitat specialists whose
sensory and signalling systems should be similarly specialized
tomatch the environmental conditions [18], which feature shal-
low depths and clear, oligotrophic water. Light gradients
driven by changes in depth and turbidity are known to influ-
ence the evolution of visual perception and colour signals
in fishes [10,53,82]. Accounting for the effect of habitat, we
find no significant effect of depth (minimum, midpoint or
maximum) on colour dimorphism (electronic supplementary
material, table S6). This reflects a lack of variation in depth
within our dataset—95% of minimum depths were between
0 and 5 m, while 60% of maximum depths were between
10 and 30 m. Turbidity probably differs between our habitat
categories; therefore, water clarity remains a potentially impor-
tant underlying factor. Interestingly, fishes living in clear,
tropical marine water tend to be more blue-sensitive in their
colour perception than fishes living in turbid or tinted water
[18]. Given that terminal phase fishes are more likely to display
blue on coral reefs, this suggests that clear, oligotrophic water
has played an important role in the evolution of pronounced
colour dimorphism.

Despite the result that terminal phase fishes on coral reefs
display colours that contrast against the background, many
labrids lose the conspicuousness of their coloration with
increasing viewingdistance due to blurring of pattern elements
and the additive effect of colours [55]. Therefore, when viewed
bymore distantly placed predators many labrids, regardless of
habitat may be cryptic [18,55]. Colour-dimorphic fishes living
in habitats other than coral reefs do, however, appear to bear
a cost [37], which they offset by restricting colour dimorphism
to more easily concealed body regions. Fishes not associated
with coral reefs are less likely to have colour-dimorphic
heads, bodies and caudal fins than fishes associated with
coral reefs (electronic supplementary material, table S7) but
are equally likely to have colour-dimorphic dorsal and anal
fins, which typically remain folded against their bodies
unless actively turning or signalling to conspecifics (electronic
supplementary material, table S7). Similar results have been
reported for lizards, where males living in closed habitats
that afford greater protection from predators evolve conspicu-
ous colours on exposed body regions [8]. Our results suggest
that fishes living away from the structural refuge provided
by coral reefs mitigate their risk of predation by restricting con-
spicuous colours to body regions that allow for controlled
intermittent signalling [18].
5. Conclusion
We present a comprehensive analysis of the selective forces
shaping the evolution of colour dimorphism in labrid fishes.
Our results show that colour dimorphism is best adapted
to habitat-specific conditions where coral reefs provide the
ideal environment for the evolution of conspicuous visual
signals. Clear water enhances the visual perception of blue
colours that contrast against the background, while the struc-
tural complexity of coral reefs creates solid, physical barriers
that provide refuge for conspicuously coloured fishes.
Together, these unique features have led to the evolution of
pronounced colour dimorphism in wrasses and parrotfishes
on coral reefs and contributed to the diversity of the
bold and bizarre colour patterns so long admired among
coral reef fishes.
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