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Abstract 

Background  Pigmentation patterns are central to animal biology—shaping camouflage, signaling, and mate selec-
tion—and uncovering the mechanisms driving their diversification is key to understanding the evolutionary princi-
ples that generate this fundamental dimension of biodiversity. Reef fishes exhibit an incredible variety of patterns, 
from simple spots to intricate designs. To date, the underlying evolutionary processes that govern their diversification 
remain unclear.

Results  Here, we investigate the relationship between pigmentation pattern diversity, species richness, and geog-
raphy across six iconic reef fish families. We provide evidence for a positive correlation between pattern diversity 
and species richness, with a high divergence of pigmentation patterns in every biogeographic region. Then, by using 
a suit of phylogenetically informed comparative analyses, we demonstrate that the evolution of pigmentation pat-
terns is characterized by a combination of rapid and constrained phenotypic diversification.

Conclusions  Overall, our findings illuminate factors that explain pigmentation pattern diversity in living reef fishes, 
revealing that speciation events have driven constant high levels of pigmentation pattern disparity within subclades 
and across globally variable reef fish assemblages.
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Background
Color patterns are fundamental to the survival of organ-
isms across the Tree of Life, often forming the basis for 
camouflage, mimicry, predator deterrence, and commu-
nication within and between species [1, 2]. The diversity 
of animal color patterns also plays an important role in 
the formation of reproductive barriers, facilitating spe-
ciation in lineages as disparate as butterflies and cichlids 
[3, 4]. The teleost fishes that comprise tropical coral reef 
fish communities exemplify pigmentation pattern diver-
sity, exhibiting some of the most striking and diverse 
color patterns of all living vertebrates [5, 6]. However, the 
evolutionary processes that govern the diversification of 
these patterns are among the most persistent, unresolved 
questions in evolutionary biology. This knowledge gap 
limits our understanding of the relationship between 
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pigmentation patterns, ecological adaptation, and spe-
ciation. Resolution of this question hinges on whether 
the diversification of pigmentation patterns is primarily 
driven by local ecological pressures, leading to marked 
dissimilarity between regions, or if it is more strongly 
influenced by speciation processes—such as rapid diver-
sification among closely related taxa—which could result 
in similar degrees of pigmentation pattern diversity 
across biogeographic regions despite differences in spe-
cies compositions.

Tropical coral reefs across biogeographic regions, such 
as the Caribbean and Indo-Pacific, differ in notable key 
characteristics, including trophic structure, faunal com-
position, and species richness [7]. Accordingly, fish clades 
within these regions may also exhibit notable pigmenta-
tion pattern dissimilarities, attributed to ecological or 
sexual selective pressures. However, the pace at which 
fish pigmentation patterns have diversified in response 
to these forces remains an open question. Regional dif-
ferences in fish assemblages largely reflect historical bio-
geography [8, 9]. Consequently, varying environmental 
conditions and competitive interactions may have driven 
steady divergence in pigmentation pattern over time, 
leading to a gradual accumulation of pigmentation pat-
tern diversity within fish assemblages. Additionally, if 
pigmentation patterns function primarily for species rec-
ognition or communication, adaptive radiation theory 
predicts their diversification would lag early ecological 
divergence, emerging only after lineages differentiate 
habitat use and morphological specializations related to 
trophic resources [10]. With strong evidence for exten-
sive speciation in reef fishes across most tropical oceans 
during the Pliocene [11–15], this scenario suggests that 
pigmentation pattern diversity would disproportion-
ately evolve near the tips of phylogenies, driven by the 
reinforcement of reproductive barriers between closely 
related species. These hypotheses represent distinct 
views on the tempo and mode of pigmentation pattern 
diversification and determining which of these perspec-
tives holds more explanatory power is crucial to under-
stand the evolutionary dynamics shaping one of the most 
iconic traits in coral reef ecosystems.

Here we study the key factors shaping pigmentation 
pattern diversity in coral reef fishes by combining time-
calibrated molecular phylogenies, biogeographic data, 
and comprehensive analyses of pigmentation patterns in 
six ecologically diverse and globally representative fami-
lies: surgeonfishes (Acanthuridae), butterflyfishes (Chae-
todontidae), snappers (Lutjanidae), goatfishes (Mullidae), 
angelfishes (Pomacanthidae), and damselfishes (Poma-
centridae). We first test whether species richness explains 
pigmentation pattern diversity across biogeographic 
regions. Next, we investigate how pigmentation pattern 

disparity varies among reef fish clades across different 
global regions, providing an assessment of the degree 
to which ecological variance between regions explains 
standing patterns of trait disparity. Finally, we evalu-
ate the pattern of evolutionary changes in pigmentation 
motifs through time and assess whether the diversity of 
pigmentation patterns has recent evolutionary origin. 
Collectively, our findings provide insight into the evo-
lutionary mechanisms driving pigmentation pattern 
diversification and resolve critical aspects of this long-
standing question in evolutionary biology.

Results
Pigmentation pattern diversity is correlated with species 
richness
Divergence in pigmentation patterns often plays a critical 
role in speciation [16, 17], and recent evidence has sug-
gested an association between motif divergence and genetic 
divergence among some reef fish populations [18, 19]. This 
association raises the possibility that pattern diversity may 
be correlated with species richness within biogeographic 
regions. To test this hypothesis, we annotated 30 pigmen-
tation motifs using images of 918 fish species from the six 
coral reef fish families, ensuring coverage of at least 75% 
of the species diversity within each family (Table  1 and 
Additional file  1: Data S1). These motifs included well-
established categories such as stripe patterns (horizon-
tal, diagonal, vertical, labyrinthine), spot patterns (spot 
and eyespot), and others (saddle-like, blotch, monotone). 
The head, trunk, and tail regions of each fish were binary 
coded to indicate the presence of each motif, distinguish-
ing between single occurrences and repeated patterns. We 
then summarized the data using principal coordinate anal-
ysis (PCoA) for each family. Quality assessments confirmed 
that eight to ten principal coordinate axes were sufficient 
to capture the phenotypic diversity of each family without 
substantial loss of information (see Methods for details). 
Pigmentation data were integrated with geographic infor-
mation from FishBase [20] and GBIF [21], and fish spe-
cies were categorized into five major regions according to 
the classification by Kulbicki and colleagues [9]: Atlantic 
(including the Mediterranean Sea), Western Indian (includ-
ing the Red Sea), Central Indo-Pacific, Central Pacific, and 
Tropical Eastern Pacific (Additional file 1: Data S1).

We quantified the diversity of pigmentation patterns 
present in each biogeographic region by measuring the 
Richness of motif diversity, defined by the hypervolume 
occupied by each family in the pigmentation pattern 
space [23, 24]. Using the full dataset—where widespread 
species were assigned to all regions where they occur—
we initially find a strong and positive correlation between 
species richness and motif diversity per region for 
every fish family (Fig.  1). To account for the potential 
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homogenizing effect of species that occur across multi-
ple regions, we repeated the analysis using a re-sampling 
method (1000 iterations) in which any species present in 
more than one region was randomly assigned to a single 
region. The positive correlations persisted across families 
in these re-sampled datasets (Fig. 1).

We also assessed the distribution of species within each 
hypervolume using two additional metrics: Divergence 
and Evenness. Divergence measures the deviance from 
the mean distance to the centroid of the vertices shaping 
the convex hull of the studied assemblage, with high val-
ues indicating substantial differentiation from the aver-
age pigmentation pattern of the group. Evenness reflects 
the regularity of species distribution across the occu-
pied hypervolume, with higher values indicating a more 
uniform spread in the pigmentation pattern space [23]. 
Across all geographical groups and families, both Diver-
gence and Evenness were generally high, often approach-
ing the maximum value of 1 while using the full and the 
re-sampled datasets (Additional file 2: Table S1). The low-
est values of Evenness are observed in damselfishes (from 
0.63 in the Atlantic Ocean to 0.70 in the Tropical Eastern 
Pacific and Central Pacific). Similarly, angelfishes had the 
lowest value of Divergence in the Tropical Eastern Pacific 
(0.65). However, unlike the relationship between motif 
diversity and species richness, divergence and evenness 
in pigmentation patterns were generally not correlated 
with species richness (all correlation tests: p > 0.1), except 
a significant negative relationship between Divergence 
and species richness in surgeonfishes (0.01 < p < 0.04; 
Additional file 2: Table S3).

We also investigated if the occurrence of some unique 
motifs is associated with species-rich regions. Accord-
ingly, we computed species motif Uniqueness (i.e., spe-
cies mean distance to the closest five neighbors) and 
Specialization (i.e., the distance between the species and 
the center of the trait space) across regions for each fish 

family. The region showing the highest levels of motifs 
Uniqueness and Specialization varied across families 
(Additional file 2: Table S2). Uniqueness and Specializa-
tion of pigmentation patterns were generally not associ-
ated with species richness (all correlation tests: p > 0.08, 
when considering re-sampled datasets; Additional file 2: 
Table S3). We only detected two significant correlations 
with opposite trends in two families when using the full 
datasets: a positive relationship between motif Unique-
ness and species richness across regions in Mullidae 
(R = 0.92; p = 0.027), and a negative relationship between 
motif Specialization and species richness across regions 
in Acanthuridae (R = − 0.96; p = 0.009).

Pigmentation patterns are evolutionarily labile 
but with limited spatial variation
Species richness and phylogenetic diversity can vary 
dramatically between biogeographic regions, suggest-
ing that clade-specific biogeographic histories may have 
shaped variation in pigmentation diversity between 
regions. However, we found no significant variation in 
pigmentation pattern diversity among the biogeographic 
regions for any fish family when using the full dataset 
(np-MANOVA: p > 0.05; Additional file 2: Table S4). Sig-
nificant variation among regions was only detected for 
angelfishes and damselfishes when using the re-sampled 
dataset (Additional file  2: Table  S4). Visual exploration 
of the pigmentation pattern spaces (Additional file  2: 
Fig. S1) suggested the assemblages of the Atlantic and 
the Tropical Eastern Pacific mainly contributed to this 
variation in both families. Globally, our results indicated 
that divergence in pigmentation pattern diversity among 
regions was comparable for all studied fish families 
(Additional file 2: Fig. S1).

The consistency of pigmentation pattern diversity can 
be a consequence of lineages with distinct pigmenta-
tion patterns colonizing different biogeographic regions 

Table 1  Overview of taxon sampling and number of images used to collect phenotypic data

Proportion of extant diversity is based on the total number of species given by Eschmeyer’s Catalog of Fishes [22]. PCM (Phylogenetic Comparative Methods) refers 
to the analyses including phylogenetic information. Phylogenetic/genetic information was lacking for some species, preventing their inclusion in our analyses of the 
mode and the tempo of pigmentation pattern evolution

Number of studied species Proportion of extant diversity 
(%)

Number of images Number of 
species included 
in PCM

Acanthuridae 83 98 83 63

Chaetodontidae 133 97 288 97

Lutjanidae 128 96 128 109

Mullidae 80 79 80 62

Pomacanthidae 92 100 94 70

Pomacentridae 402 93 1126 335

Total 918 1799 736
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over time, or the repeated divergence of pattern motifs 
between close evolutionary relatives within the same 
biogeographic region, resulting in convergence between 
distantly related lineages. To differentiate between these 
scenarios, we leveraged time-calibrated molecular phy-
logenies to test the statistical dependence between 
pigmentation patterns and the phylogeny of each fish 
family (i.e., phylogenetic signal) using the multidimen-
sional equivalent of Blomberg’s K [25]. In all cases, val-
ues of K were close to 0 (Acanthuridae: Kmult = 0.11, 
p < 0.01; Chaetodontidae: Kmult = 0.10, p < 0.01; Lutjani-
dae: Kmult = 0.22, p < 0.01; Mullidae: Kmult = 0.08, p < 0.01; 
Pomacanthidae: Kmult = 0.05, p < 0.01; Pomacentridae: 
Kmult = 0.06, p < 0.01), indicating very low, but significant 
degrees of phylogenetic relatedness in pigmentation pat-
terns. These low K values demonstrate that closely related 
species exhibit more divergent pigmentation patterns 
than would be expected under a null Brownian motion 
model, with significant p values in all cases revealing that 
diversification of pigmentation patterns is non-random 
with respect to phylogeny.

The diversification of pigmentation pattern is bounded 
and rapid
Variation in pigmentation patterns can influence the 
divergence and maintenance of reef-fish species bounda-
ries [16, 26], suggesting that motif diversity may dispro-
portionately diverge among closely related taxa and lead 
to accelerated diversification rates among tip-ward line-
ages. We tested this hypothesis through a comparison of 
five evolutionary models: (1) Brownian motion (BM) of 
stochastic diffusion (modeling gradual evolution); (2) the 
ψ (psi) model of mixed gradual and speciational evolu-
tion [27]; (3) the Ornstein–Uhlenbeck (OU) model that 
combines stochastic diffusion with a pull toward a cen-
tral “optimum” value [28]; (4) the early burst (EB) model 
that describes an exponential decrease in evolution as is 
often expected in adaptive radiation; and (5) the accel-
erating (AC) model where evolutionary rates increase 
exponentially over time. Using sample-size corrected 
Akaike’s information criterion (AICc) for model selec-
tion, we found strong support for the AC and OU mod-
els as the best fitting models for the majority of principal 

Fig. 1  Relationships between motif richness and species richness from the five main biogeographic regions. The richness of pigmentation patterns 
(i.e., motif richness) is directly proportional to the number of species present in each region. Tests of correlation are all significant and Pearson’s 
R coefficients are close to a maximum value of 1, both when using the full (top row of plots) and the re-sampled (bottom row of plots) datasets. 
For results on the re-sampled dataset, points correspond to median values and error bars to standard deviations across 1000 re-sampling iterations
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coordinate (PC) axes, capturing 90% and 100% of the fit-
ted PCs, respectively (Fig. 2, Additional file 2: Table S5 
and Additional file 2: Fig. S2). The strong support for the 
AC model indicates that pigmentation pattern diversifi-
cation has accelerated during the recent evolution of reef 
fish families.

It is possible that varying environmental conditions 
and competitive interactions could have promoted 
either early pulses or gradual accumulations of motif 
diversity within fish assemblages over time. However, 
our results suggest this to not be the case. The poor fit 
of the EB and BM models allowed us to reject hypoth-
eses of decelerating evolutionary rates or constant 
diversification of pigmentation patterns. In contrast, we 
found strong support for the fit of the single-optimum 
OU model (OU1) to many PC scores (Fig. 2, Additional 
file  2: Table  S5 and Additional file  2: Fig. S2). Strong 
support for the OU1 model indicates that while pig-
mentation patterns evolve rapidly, they do so around a 
constrained set of motifs. This result is concordant with 
our analyses of the occupation of pigmentation pat-
tern spaces showing comparable motif diversity among 
regions (Additional file  2: Fig. S1) and aligns with the 
high level of homoplasy observed in animal coloration, 

where distantly related species often share similar pig-
mentation patterns [29]. These results support expecta-
tions of iterative evolution, where pigmentation motifs 
repeatedly emerge from a central set of patterns.

The bounded trait space supported by our analy-
ses raises the possibility that pigmentation motifs may 
lose evolvability due to developmental constraints pos-
sibly limiting reversals or transitions between specific 
motifs. However, the accelerated evolutionary rates 
detected in our study suggest that pigmentation patterns 
remain highly labile. We estimated a very short phylo-
genetic half-life [i.e., the time to evolve half the distance 
between the root state and the selective optimum value 
(t1/2 = ln(2)/α)] for motifs, with a median value of 1.5 mil-
lion years across fish families (Additional file 2: Table S5). 
This half-life is extremely short when contrasted with 
morphological traits in fishes (median half-life of 37.5 
million years across 13 morphological traits [30]). Fur-
thermore, the best-fit model for PC2 in butterflyfishes 
was the ψ model (Additional file  2: Fig. S2), illustrating 
that speciation and aspects of pigmentation pattern evo-
lution are also closely linked for some clades. Collec-
tively, these results underscore that pigmentation pattern 
diversification reflects highly rapid evolution within a 
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bounded space that is likely linked to rapidly shifting eco-
logical or other selective pressures.

The observed pattern of rapid, yet bounded, evolution 
in pigmentation motifs may simply reflect a stochastic 
distribution of motif diversity across the phylogeny with 
no general phylogenetic structuring of trait disparity. We 
tested this possibility by assessing the partitioning of trait 
disparity among subclades over time through the quan-
tification of morphological disparity index (MDI) values 
in an analysis of subclade disparity through time (DTT). 
In all cases, DTT plots of PC axes 1 to 3 demonstrated a 
sharp increase within subclade pigmentation pattern dis-
parity in recent evolutionary history, with positive MDI 
values indicating a significant departure above median 
Brownian motion expectations (Fig.  2 and Additional 
file  2: Fig. S3). This pattern of recent subclade disparity 
being partitioned within versus between subclades pro-
vides strong support for the hypothesis that pigmentation 
pattern evolution has been characterized by consistent 
and repeated divergences between closely related taxa 
that culminate in convergences in pigmentation patterns 
among distantly related lineages.

To complement our analyses of the pigmentation pat-
tern space, we leveraged the discrete scoring of individual 
motifs to examine the tempo of pigmentation pattern 
evolution. Using stochastic character mapping under the 
best fitting model of trait evolution for each motif based 
on AICc, we quantified the timing and frequency of motif 
transitions across the phylogeny. These analyses revealed 
that the vast majority of motif shifts occurred recently, 

within the last 5–10 million years (Fig. 3 and Additional 
file  2: Fig. S4), mirroring the temporal concentration of 
trait disparity observed in the DTT analyses. The congru-
ence between results from discrete motif models (Fig. 3) 
and continuous trait models (Fig. 2 and Additional file 2: 
Table S5) supports the conclusion that pigmentation pat-
tern diversity in extant coral reef fishes evolved recently 
and rapidly.

Discussion
We find that the divergence in pigmentation pattern 
diversity across biogeographic regions is relatively 
limited in coral reef fishes. This result challenges the 
hypothesis that pigmentation pattern disparity would be 
strongly partitioned between biogeographic regions as a 
consequence of regional differences in fish assemblages 
[8, 9]. Instead, our results indicate that pigmentation 
motifs, though evolutionarily labile, are structured more 
by lineage-level processes than by geography. We demon-
strate a positive correlation between species richness and 
motif diversity per region (Fig. 1), suggesting that species 
differentiation is tightly associated with motif variation, 
regardless of regional patterns in species richness. This 
finding highlights the central role of pigmentation pat-
terns in the speciation of coral reef fishes and aligns with 
the widespread taxonomic use of pigmentation traits in 
reef fish identification [16]. We hypothesize that strong 
interspecific competition and optimized signaling among 
congeners promotes maximized subdivision in the pig-
mentation pattern space. Based on results from our 

Fig. 3  Shifts in motifs over time across all studied fish families. The y-axis provides the frequency of all transitions between presence and absence 
of each motif across the stochastic character maps (SCM). Circles are the number of transitions across the SCM for every time point (node), which 
are standardized by the number of lineages present at that time. Circles are colored to correspond to each reef fish family
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assessment of phylogenetic signals, we propose that con-
vergences would not result from independent regional 
dynamics, but from repeated divergence among sister 
taxa that culminated in high diversity within clades and 
limited differences across regions.

Although the general pattern is one of regional con-
servatism, our analyses also reveal that some biogeo-
graphic structuring of pigmentation diversity does occur. 
In particular, the modest divergence observed in angel-
fishes and damselfishes (Additional file  2: Fig. S1) sug-
gests that regional differences can emerge under certain 
phylogenetic and ecological configurations. These excep-
tions may stem less from independent regional dynam-
ics and more from uneven phylogenetic representation. 
The species-rich damselfish subfamily Pomacentrinae 
(218 species [31]) is absent from the Atlantic Ocean and 
the Tropical Eastern Pacific. Consequently, regional dif-
ferences in pigmentation motif diversity may arise not 
from region-specific evolutionary pressures, but from the 
spatial sorting of clades with distinct histories of motif 
innovation and do not contradict our finding of repeated 
within-clade diversification as a dominant driver of motif 
diversity.

Our results additionally resolve the seemingly para-
doxical relationship between high trait lability and 
regional conservatism. Coral reef fishes possess the 
largest array of pigment cell types among vertebrates 
[5], yet the spatial distribution of pigmentation motifs 
remains strikingly conserved. Similarities in geographic 
patterning of Divergence and Evenness support common 
controls on motif diversity. It is possible that regional 
conservatism may reflect underlying molecular and cel-
lular constraints on the generation of new motifs (e.g., 
pattern formation mechanisms, pigment cell diversity, 
physical pigment properties [6, 32, 33]). For example, 
labyrinthine motifs have been proposed to originate 
from interspecific hybridization between spotted spe-
cies [29]. Likewise, new pigmentation patterns can be 
produced by a simple modification of developmen-
tal mechanisms [34, 35]. The absence of relationships 
between motifs Uniqueness and Specialization, and 
species richness across regions does not suggest that 
atypical pigmentation patterns appear only in highly 
species-rich regions. Conversely, it strengthens the 
hypothesis that unique pigmentation patterns would 
result from stochastic processes linked to developmen-
tal and molecular mechanisms. Our findings, alongside 
studies on the molecular basis of pigmentation [6, 29, 
36], suggest that a limited set of developmental mecha-
nisms and associated genes drive the evolution of pig-
mentation patterns, leading to recurrent phenotypic 
convergence under various selective pressures. This 
constrained evolutionary process may reflect a broader 

principle of phenotypic evolution, where natural selec-
tion operates on a limited set of developmental pro-
cesses, resulting in recurrent patterns of convergence 
across diverse taxa.

When considering convergence of pigmentation pat-
terns temporally, our findings reveal that recent spe-
ciation events have driven high levels of disparity within 
subclades. This recent and rapid diversification contrasts 
with the diversity dynamics of ecomorphological traits 
like head, fin, and body morphology, in which trait dis-
parity is often partitioned between major subclades 
[37–40]. However, this does not imply that pigmentation 
pattern diversity did not exist in earlier geologic periods 
and did not follow bursts of diversification in deep time. 
On the contrary, motifs similar to those found today, such 
as spots and stripes, appear on fossilized fish from the 
Eocene [26], suggesting color pattern motifs to be both 
evolutionarily labile and ephemeral. These observations 
parallel findings in birds, where rapid plumage evolution 
also displays high evolutionary lability and homoplasy 
[41–43]. Moreover, our phylogenetic sampling is biased 
toward sampling all major lineages and missing primarily 
tip-ward lineages, suggesting that we are likely underesti-
mating the rate of recent motifs diversification. As such, 
rapid and bounded diversification pattern may be a gen-
eralizable feature of pigmentation motif evolution.

Mechanistically, studies in model teleosts such as 
zebrafish have found pigment cell signaling and commu-
nication dynamics as key to generating diverse pigmen-
tation patterns [6, 34, 44]. When considering the wide 
array of pigment cell types and color polymorphisms in 
coral reef fishes [5, 45, 46], these findings highlight the 
rich molecular and cellular substrate of pigmentation 
diversity upon which selection acts. Additionally, pro-
cesses such as introgression [47, 48] and hybridization, 
especially in visually striking groups like butterflyfishes, 
angelfishes, and clownfishes [49, 50], possibly further 
fuel rapid and repetitive motif evolution. Future research 
investigating the role of hybridization and developmen-
tal pathways in pigmentation pattern formation will be 
crucial for understanding the evolutionary dynamics of 
these traits.

Our study relies on a comprehensive but simple quan-
tification of pigmentation pattern diversity without infor-
mation about colors. Future analyses should aim to add 
this color component in a similar comparative framework 
to fully explore the evolution of color patterns in coral 
reef fishes [51]. Moreover, considering how functionally 
robust these color-associated traits are to changes in spe-
cies ranges, water turbidity, and habitat in response to 
environmental shifts over the next century remains an 
urgent priority.
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Conclusions
The present work provides unprecedented insights into 
the tempo and mode of pigmentation pattern evolution 
in reef fishes. By integrating phylogenetic, biogeographic, 
and phenotypic data, we show that speciation events have 
continuously generated high levels of pigmentation pat-
tern variation both within subclades and across reef fish 
assemblages worldwide. The accumulation of pigmen-
tation pattern disparity in reef fishes appears bounded, 
leading to convergences. Future work, combining mac-
roevolutionary analyses and EvoDevo approaches, will 
certainly help unravel the mechanistic facets driving the 
remarkable visual complexity that characterizes contem-
porary reef fish communities.

Methods
The present study focused on six conspicuous, coastal 
marine, teleost fish families, considered as strongly asso-
ciated with coral reef ecosystems [52]: Acanthuridae (sur-
geonfishes), Chaetodontidae (butterflyfishes), Lutjanidae 
(snappers), Mullidae (goatfishes), Pomacanthidae (angel-
fishes), and Pomacentridae (damselfishes). The great 
majority of species in these families are diurnal, and it is 
expected that pigmentation patterns play crucial roles in 
their ecology and behaviors. The choice of these families 
was mainly driven by (a) their extensive distribution in 
tropical and subtropical marine areas, (b) readily acces-
sible photos that adequately represent their phylogenetic 
diversity, (c) availability of robust time-calibrated phylog-
enies with high taxon sampling, and (d) their ecological 
diversity, especially in terms of diet and habitat use.

Data collection
Fish images from illustrated scientific books [53–62] and 
public databases [20, 63–68] were used to categorize 
the presence or absence of pattern motifs. Our dataset 
includes a total of 918 species: 83 acanthurids, 133 chae-
todontids, 128 lutjanids, 80 mullids, 92 pomacanthids, and 
402 pomacentrids, representing a minimum of 75% of the 
extant diversity of each fish family (Table 1 and Additional 
file  1: Data S1). We aimed to use a minimum of three 
images per species. Pigmentation patterns were described 
at the adult stage only. If sexual dimorphism is present, 
we only quantified the pigmentation pattern observed in 
males. All 918 species were used in our investigation of the 
biogeographic distribution of pigmentation pattern diver-
sity. Due to the lack of phylogenetic information for some 
species, a total of 736 species was used in phylogenetic 
comparative analyses and evolutionary model fitting.

Five regions aligned with major ocean basins were 
delineated, based on the methodology of Kulbicki 
et  al. [9]. These regions are the Atlantic Ocean (includ-
ing the Mediterranean Sea), the Western Indian Ocean 

(including the Red Sea), the Central Indo-Pacific 
(extending from the edge of India to the northern edge 
of New Zealand), the Central Pacific, and the Tropical 
East Pacific. According to Kulbicki et  al. [9], the Atlan-
tic Ocean should be split between Eastern and Western 
Atlantic. However, here, we grouped these two regions 
to make an Atlantic region to compensate for the small 
number of species in the Eastern Atlantic and to reach an 
adequate number of species. Geographical distribution 
patterns of each species were extracted from FishBase 
[20], which provides a validation of previously published 
assigned areas (i.e., miss-identification or changes in spe-
cies taxonomy), and GBIF [69]. A species was considered 
to occupy a region when at least five observation points 
were displayed within it. Species having a widespread 
geographical distribution encompassing different regions 
were coded as occupying each of these corresponding 
regions (Additional file 1: Data S1).

Annotation of fish pigmentation patterns
Fish images were subjected to pattern annotation by the 
same three observers: L. Mittelheiser, J.R. Hodge, and 
L. Moulin. This task was triple checked independently 
by each observer. To describe the pigmentation pattern 
of each fish species, we targeted motifs commonly used 
in publications related to this topic [29]. Pigmentation 
patterns were initially annotated independently on the 
three main areas of the body (head, trunk, and tail) and 
then merged into a single “total” dataset. We formulated 
six classes of patterns: (1) the number of colors (one or 
more), (2) color separation (three possible types: H-sep—
different background colors are separated following the 
body axis; V-sep—different background colors are sepa-
rated perpendicularly to the body axis; O-sep—differ-
ent background colors are separated with an orientation 
deviating from the body axis from around 20° to 70°), (3) 
stripe patterns (five possible types: H-stripes—horizontal 
stripe following the body axis; V-stripe—vertical stripe 
oriented perpendicularly to the body axis; O-stripes—
oblique stripe deviating from the body axis from about 
20° to 70°; Marbling: irregular, elongated, and connected 
patterns without a directional trend; and Beehive: juxta-
posed hexagonal patterns), (4) blotch patterns (two types: 
Regular blotches—large and irregular markings; Saddle—
blotch located on dorsally ahead of the caudal peduncle), 
(5) type of colored structures (two structures: Mouth—
mouth has a different color than head’s background color; 
Scalpel—scalpel has a different color from body’s back-
ground color), and (6) other patterns (four possible types: 
Dots—small and rounded area of color; Reticulations—
net-like pattern; Eyespot—large dot surrounded by a ring 
of a different color; Edging—structure is outlined with a 
color different from the structure’s background color). 
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Each of these traits was coded as present (1) or absent (0) 
in studied taxa (Additional file  1: Data S1). Illustrations 
and detailed descriptions of each motif are provided in 
Additional file  3: Methods. The diversity of pigmenta-
tion patterns varied across the studied families. Following 
our objectives to best describe the diversity of phenotype 
within each taxon, the fish families were studied sepa-
rately in the downstream analyses.

Quantitative analyses of pigmentation patterns
All analyses were conducted in R version 4.3.0 [70]. To 
summarize the diversity of motifs and to create a pigmen-
tation pattern space, we calculated the distance between 
all pairs of species using Gower’s metric. Then, we 
applied a principal coordinate analysis (PCoA, also called 
principal axes for simplicity) to this matrix [71]. Fol-
lowing the framework of Maire and colleagues [72], we 
identified the lowest number of dimensions that capture 
phenotypic diversity without losing information by per-
forming a quality test using the function quality.fspaces() 
in the R-package mFD (version 1.0.7) [73]. Accordingly, 
we used species’ coordinates on the first eight principal 
axes of the PCoA for Acanthuridae and Chaetodontidae; 
on the first seven principal axes for Pomacanthidae and 
Pomacentridae; and on the first six principal axes for Lut-
janidae and Mullidae. Scatter plots illustrating the disper-
sion of species in the phenotypic space were produced 
using the function ggplot() (Additional file 1: Fig. S1).

Differences in the diversity of pigmentation patterns 
among fish assemblages from the five regions were tested 
by using a non-parametric MANOVA (np-MANOVA) 
[74], performed with the function procD.lm() using a 
randomized residual permutation procedure (RRPP) and 
10,000 permutations from the R-package geomorph (ver-
sion 4.0.8) [75]. We applied np-MANOVA analyses by 
using the number of principal axes suggested by quality 
tests.

To further explore the occupation of pigmentation 
pattern space, we used the multifaceted framework of 
functional ecologists [23, 76] to decompose the pheno-
typic diversity into three complementary components: 
Richness, Divergence, and Evenness [23]. Richness is the 
total extent of multidimensional space utilized by species 
(i.e., size of hypervolume). Divergence quantifies the dis-
tribution of species within the multidimensional space. 
Divergence approaches zero when species are close to 
the center of gravity of the space (or hypervolume) occu-
pied by the group of species in the phenotypic space; it 
equals one when species are located on the edges of the 
space. The higher the value of this index, the more spe-
cies are differentiated in the multidimensional space. 
Evenness characterizes regularity in the distribution of 

species along the shortest tree linking all of them. Even-
ness approaches zero when species are clustered within a 
small region of the multidimensional space, and it equals 
one for an even distribution of species in the space. High 
values of this index indicate a limitation in phenotypic 
similarity. The three indices were computed using the 
function alpha.fd.multidim() from the R-package mFD. 
Additionally, we quantified the Uniqueness (i.e., the 
mean distance of each species to its nearest five neigh-
bors within the considered region) and the Specializa-
tion (i.e., the distance of each species to the centroid of 
the regional pigmentation pattern space) of motifs by 
using the fuse() function from the R-package mFD, and 
we then computed the median values of these two indices 
per region. The functions used to compute these indices 
require the number of variables (i.e., PC axes) to be lower 
than the number of observations (i.e., number of species 
in a given region). Given the low number of species in 
some regions for some families, the number of PC axes 
retained to compute the indices was reduced in three 
families: from eight to the seven in Acanthuridae, from 
eight to five in Chaetodontidae, and from seven to three 
in Pomacanthidae. The correlation between these indices 
and species richness was tested by using the function cor.
test().

One species can be present in multiple regions. Thus, 
we first calculated the five indices and performed np-
MANOVA by assigning widespread species to all the 
regions where they are encountered. However, the pres-
ence of a single species in multiple regions could have a 
homogenizing effect on any differences among regions. 
Accordingly, the functional indices as well as np-MANO-
VAs were also computed using re-sampling techniques in 
which any species present in more than one region was 
randomly assigned to a single region. Out of the 918 spe-
cies included in our dataset, 516 species were present in 
more than one region (Acanthuridae: 54 species in more 
than one region; Chaetodontidae: 46 species; Lutjani-
dae: 62 species; Mullidae: 38 species; Pomacanthidae: 18 
species; Pomacentridae: 99 species). For the re-sampled 
analyses, all species in the dataset were assigned to a sin-
gle region so that any species present in multiple regions 
was randomly assigned to one of the regions where it is 
present and labeled as absent in all other regions. How-
ever, to avoid further reducing the number of retained 
PC axes while maintaining the requirement of having 
more observations than variables, we allowed the dupli-
cation of a few species in multiple regions until the mini-
mum sample size required by the function was reached. 
Re-sampling was performed 1000 times for each family. 
Functional indices and np-MANOVA were also com-
puted for each iteration on the significant number of 
PC axes. Since np-MANOVAs do not require more 
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observations than variables, species were not duplicated 
for this test. The median value and standard deviations 
of each index and of the F values and p values of np-
MANOVA tests were retained and are presented in the 
results.

Phylogenetic comparative analyses
Beyond exploring pigmentation pattern space occupation, 
we also studied the evolution of pigmentation patterns 
using a combination of comparative analyses that account 
for phylogenetic relatedness. We used published, strongly 
supported multi-gene, time-calibrated phylogenies. All 
details concerning the methods of phylogenetic recon-
struction and time calibration are provided in these works: 
see Sorenson et al. [77] for Acanthuridae, Hodge et al. [78] 
for Chaetodontidae, Rincon-Sandoval et  al. [79] for Lut-
janidae, Nash et al. [40] for Mullidae, Baraf et al. [80] for 
Pomacanthidae, and McCord et al. [31] for Pomacentridae.

Phylogenetic signal is a measure of the statistical 
dependence among species’ trait values on their phy-
logenetic relationships. It can be used to describe the 
conservatism or the evolutionary lability of traits across 
phylogenetic histories [81]. Here, we applied the multi-
variate version of the Blomberg’s K (Kmult) available in the 
R-package geomorph (function physignal) to the num-
ber of principal axes of the pigmentation pattern space 
retained by the quality tests. Similar to the interpretation 
of the univariate Blomberg’s K [25, 82], Kmult = 1 indicates 
strong phylogenetic signal that perfectly follows Brown-
ian motion. A Kmult value > 1 means that closely related 
species trait values are more similar 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.

We tested the hypothesis that pigmentation patterns 
diversified recently in reef fish families by comparing the 
fit of five models of trait evolution. We fitted a single rate 
(σ2) Brownian motion (BM) model, an Ornstein–Uhlen-
beck model with a single optimum (θ) across the entire 
tree (OU1), a ψ (psi) model of mixed gradual and specia-
tional evolution, an early burst (EB) model where the rate 
of evolution decreases exponentially through time, and 
an accelerating (AC) model where the rate of evolution 
increases exponentially through time. Modeling of con-
tinuous trait evolution was conducted using the function 
transformPhylo.ML() in the R-package motmot [83, 84] 
(version 2.1.3). For these comparative analyses, we fit-
ted models separately on the first three principal axes to 
optimize convergence on reliable solutions. Models were 
compared using AICc (Akaike’s information criterion, 
corrected for sample size) and Akaike weights, which bal-
ance goodness of fit with model complexity [85].

We further characterized the tempo of pigmentation 
pattern diversification using disparity-through-time 
analysis [86]. This approach computes the average sub-
clade disparity for one trait at each node in the phylog-
eny and plots these as a function of node age. At the root 
of the tree, the average subclade disparity is simply the 
phenotypic disparity of the entire clade and is therefore 
high. At subsequent nodes, disparity is averaged over 
the total number of subclades in existence at that time. 
Under an early burst hypothesis, average subclade dis-
parity is expected to decline rapidly in the early history 
of the clade as evolutionary rates slow and phenotypic 
variation becomes partitioned among subclades. Con-
versely, an average subclade disparity remaining high or 
even increasing through time signals high phenotypic 
variation within clades, potentially due to convergence. 
We also used the morphological disparity index (MDI) 
of Harmon et al. [86] to quantify the difference between 
average subclade disparity through time for our observed 
dataset and that expected under a null BM model. Nega-
tive MDI values indicate lower than expected subclade 
disparity relative to BM while positive MDI values indi-
cate higher than expected subclade disparity. MDI statis-
tics were computed for the first three principal axes over 
the first 90% of the time-tree using the R-package Geiger 
(version 2.0.11) [87]. We omitted the most recent 10% of 
the phylogeny in our analysis to avoid spurious MDI esti-
mates due to incomplete sampling of tip species [86].

Finally, we quantified the dynamics of pigmentation 
pattern diversification by counting the number of motif 
shifts over evolutionary time. This was achieved by pro-
ducing stochastic maps for every single motif using the 
function make.simmap() in the R-package phytools (ver-
sion 2.1–1) [88]. Here, we sampled 10,000 character 
histories allowing the incorporation of the uncertainty 
associated with the timing of the transitions between 
presence and absence of the pattern motif, based on the 
best fitting model of trait evolution using AIC. For the 
parametrization of make.simmap(), we used the esti-
mated ancestral state and the corresponding best-fit tran-
sition matrix between states for each model, allowing 
each motif to evolve independently. Data were then sum-
marized by plotting the frequency of motif transitions 
over time, as well as the distribution of times spent in 
either character state for each trait across the phylogeny.
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