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The relationship between habitat complexity and species richness is well established but comparatively little is known about the
evolution of morphological diversity in complex habitats. Reefs are structurally complex, highly productive shallow-water marine
ecosystems found in tropical (coral reefs) and temperate zones (rocky reefs) that harbor exceptional levels of biodiversity. We
investigated whether reef habitats promote the evolution of morphological diversity in the feeding and locomotion systems of
grunts (Haemulidae), a group of predominantly nocturnal fishes that live on both temperate and tropical reefs. Using phylogenetic
comparative methods and statistical analyses that take into account uncertainty in phylogeny and the evolutionary history of reef
living, we demonstrate that rates of morphological evolution are faster in reef-dwelling haemulids. The magnitude of this effect
depends on the type of trait; on average, traits involved in the functional systems for prey capture and processing evolve twice as
fast on reefs as locomotor traits. This result, along with the observation that haemulids do not exploit unique feeding niches on
reefs, suggests that fine-scale trophic niche partitioning and character displacement may be driving higher rates of morphological
evolution. Whatever the cause, there is growing evidence that reef habitats stimulate morphological and functional diversification
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in teleost fishes.
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The relationship between habitat complexity and species richness
is well established; as habitat complexity increases so does the
number of species that live in the habitat the area (e.g., MacArthur
and MacArthur 1961; Rosenzweig 1995). Physically and biolog-
ically complex habitats create microenvironmental heterogeneity
and resource patchiness thereby providing ideal conditions for
niche partitioning and specialization, which in turn may raise the
number of species that can stably coexist (MacArthur and Levins
1964; Schoener 1974). In the marine ecosystem hard-bottomed
reefs, which include coral reefs in the tropics and rocky reefs
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with kelp forests in temperate zones, are the most structurally
complex, highly productive ecosystems (Fraser and Currie 1996;
Steneck et al. 2002; Monismith 2006). Hard-substratum environ-
ments are topographically more complex (Gratwicke and Speight
2005) and are frequently dominated by active primary produc-
ers (corals and macroalgae) that provide additional structural
complexity. Substrate complexity is positively associated with
fish density in Alaskan kelp beds (Hamilton and Konar 2007)
as well as fish abundance and diversity on Kenyan coral reefs
(McClanahan 1994) and tropical habitats in the British Virgin
Isles (Gratwicke and Speight 2005). Species diversity is particu-
larly high in reef ecosystems (Renema et al. 2008). Coral reefs
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are the most biologically diverse shallow water marine ecosys-
tem on earth (Roberts et al. 2002) and harbor the highest species
richness of fishes (Harmelin-Vivien 2002). Rocky reefs are also
biologically diverse, supporting a wide variety of plant and animal
species (Levinton 1995), especially in comparison to many other
temperate marine ecosystems.

Biologically and structurally complex habitats are also likely
to promote in situ diversification of both lineages and phenotypes.
A recent paleontological study found that throughout the Phanero-
zoic, biogenic reefs—where the reef structure is created by the
animals themselves—have acted as cradles of evolution exporting
diversity to other marine habitats (Kiessling et al. 2010). Simi-
larly, large-scale phylogenetic comparative studies have shown
that coral reefs elevate the accumulation of lineage diversity in
several major groups of coral reef fishes, including pufferfishes
and their relatives, butterflyfishes, damselfishes, and cardinal-
fishes (Alfaro et al. 2007; Bellwood et al. 2010; Cowman and
Bellwood 2011). Furthermore, the rate of ecomorphological di-
versification in wrasses and parrotfishes has been shown to be
higher in lineages that live on reefs (Price et al. 2011). Specia-
tion and diversification of functional morphology on reefs may
be driven by the same factors that allow the stable coexistence of
many species on reefs, as there are likely to be more ecological
opportunities when the potential for resource partitioning and spe-
cialization is high. In particular, the variety and abundance of food
items available on reefs is likely to provide many ecological op-
portunities for heterotrophs through prey specialization. Indeed,
within parrotfishes and wrasses living on coral reefs the high rates
of phenotypic diversification are at least partially driven by the
occupation of novel regions of morphospace associated with the
evolution of unique feeding strategies (Price et al. 2011).

In this study, we test whether complex reef habitats promote
functional morphological diversification in trophic, body shape,
and locomotor traits using a clade of teleost fishes known as
grunts (Haemulidae). Grunts are a valuable counterpoint to labrid
fishes, which have previously been shown to exhibit elevated rates
of morphological diversification in trophic traits on coral reefs
(Price et al. 2011) as they are phylogenetically and ecologically
very different. Labrids exhibit extensive species, morphological
and ecological diversity including a wide variety of different di-
ets (Randall 1967; Wainwright et al. 2004). Haemulids are far
less species rich on reefs (Bellwood and Wainwright 2002), and
mainly move off-reefs at night to feed on infaunal invertebrates,
hard-shelled prey, and zooplankton, showing less trophic diversity
than labrids. It is therefore possible that higher rates of diversi-
fication in trophic morphology in reef-dwelling labrids may be
related to their exceptional dietary diversity. However, if reef-
dwelling haemulids also show higher rates of evolution in feeding
and locomotion structures than haemulids living in soft-bottom
habitats, this may imply that complex reef habitats are generally
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more evolutionarily dynamic and an important source of func-
tional diversity for adaptation in the future.

We use phylogenetic comparative methods to estimate the
rate of morphological evolution in reef and nonreef species, which
under a Brownian motion model can be viewed as an estimate of
disparity that takes into account the effect of time and phylogeny
(Hutcheon and Garland 2004; O’Meara et al. 2006). Our ap-
proach takes into account uncertainty in the phylogeny (topology
and branch lengths) by sampling from the Bayesian posterior dis-
tribution of trees (from Tavera et al. 2012), in the history of reef-
dwelling by using stochastic character mapping (Nielsen 2002;
Huelsenbeck et al. 2003) and finally in model choice by using
model averaging (Burnham and Anderson 2002). To assess the
robustness and broad applicability of the conclusions, we include
haemulid species from both tropical and temperate reefs together
with nonreef species from a wider variety of habitats, including
freshwater and brackish ecosystems. In addition, we incorporate
functionally important postcranial shape and locomotor traits as
well as trophic morphology.

Methods

MORPHOLOGICAL DATA

Using 127 specimens from 50 haemulid species, we measured
24 functional morphological traits related to feeding (11 traits)
and locomotion (13 traits). We focused on trophic traits that
have previously been found to underlie differences between fish
species in components of feeding performance (Wainwright and
Richard 1995; Schmitz and Wainwright 2011; Holzman et al.
2012). These feeding traits included the mass of the jaw-closing
adductor mandibulae muscle (AM mass), the mechanical advan-
tage of jaw closing (close ratio) and opening (open ratio), the
length of the ascending process of the premaxilla bone which in-
dicates the capacity for upper jaw protrusion, the length of longest
gill raker on the ceratohyal of the first gill arch, and the diameter
of the eye. In addition, we calculated suction index, a morpholog-
ically based estimate of the capacity to generate suction pressure
during prey capture, by combining measures of buccal cavity
length, buccal cavity width, head width, head height, and head
length (see Carroll et al. 2004; Collar and Wainwright 2006 for
further details).

The 13 traits related to the body shape and locomotion in-
cluded body fineness ratio (Lighthill 1975), which we calculated
as the ratio of body length to the square root of maximum body
width times maximum body depth; low fineness ratios indicate
short-fat shapes and high ratios, long thin shapes. Fineness ra-
tio for fish bodies is thought to be negatively correlated with
drag exerted on the body (Bainbridge 1960). The size and shape
of propulsive surfaces was measured by caudal fin aspect ratio



ELEVATED RATES OF MORPHOLOGICAL EVOLUTION IN REEF FISH

(Webb 1984) and length of the base of the spiny and soft dorsal
and anal fins, the average spine length of the spiny dorsal fin,
and the perimeter and area of the caudal peduncle. In addition,
we measured maximum body width, maximum body depth, the
body position of maximum body depth expressed as a fraction
of fish standard length, and the horizontal and vertical position
of the anterior-dorsal pectoral fin base expressed as fractions of
standard length and maximum body depth.

To ensure that the magnitude of character change was unre-
lated to the trait value (larger changes are less likely when trait
values are small), we log transformed all linear measurements.
Masses were cube root transformed prior to log transformation
so that all nonratio traits were on a linear scale. We calculated
size-corrected values for all traits across haemulids using the
phylogenetic methods outlined by Revell (2009). To assess the
relationship between the 24 characters, we calculated a phyloge-
netically informed correlation matrix. This was done by calculat-
ing the standardized independent contrasts (Felsenstein 1985) for
each trait on each of the 500 phylogenies sampled from the poste-
rior distribution of trees generated by BEAST and correlating the
traits through the origin. The results were summarized as means,
minimum, and maximum correlation coefficients (see Support-
ing Information I). We performed all dataset manipulations and
statistics in the R software environment for statistical comput-
ing (R Development Core Team 2012) using the ape (Paradis
et al. 2004), PHYLOGR (Diaz-Uriarte and Garland 2010), phy-
tools (Revell 2012), and geiger (Harmon et al. 2008) phylogenetic
packages.

PHYLOGENY

We used the nucleotide dataset from Tavera et al. (2012), this in-
cluded 60 species of haemulid and nine out groups; about 85% of
the New World haemulid diversity was included in the phylogeny.
The nucleotide dataset was 2909 bp long and consisted of partial
sequences of three mtDNA genes (/165 TRNA, COI, and cytb) and
two nuclear genes (RAG2 and S7 ribosomal protein intron 1). Fur-
ther details concerning DNA extraction and sequence alignment
can be found in Tavera et al. (2012).

Relative divergence times of the sampled haemulid species
were estimated using an uncorrelated lognormal (UCLN) model
of molecular evolutionary rate heterogeneity implemented in the
computer program BEAST v. 1.6.1 (Drummond et al. 2006;
Drummond and Rambaut 2007). Each gene was treated as a
separate data partition and for the protein coding genes (COI,
cytb, and RAG2), we applied three partitions that corresponded
to three codon positions. The posterior density of relative diver-
gence times was estimated using the UCLN model in BEAST
along with a birth—death speciation prior for branching rates in
the phylogeny. A normally distributed arbitrary age prior with
a normal mean of 100.0 and a standard deviation equal to 3.0

was applied to the root node of the phylogeny. These analyses
were run three times with each run consisting of 6.0 x 10’
generations. The resulting trees and log files from each of the
three runs were combined using the computer program Log-
Combiner v. 1.5.3 (http://beast.bio.ed.ac.uk/LogCombiner). We
assessed convergence of model parameter values and estimated
node heights to their optimal posterior distributions by plotting the
marginal posterior probabilities versus the generation state in the
computer program Tracer v. 1.5 (http://beast.bio.ed.ac.uk/Tracer).
The posterior probability density of the combined tree and log
files was summarized as a maximum clade credibility tree using
TreeAnnotator v. 1.5.3 (http://beast.bio.ed.ac.uk/Tree Annotator).
The mean and 95% highest posterior density estimates of di-
vergence times and the posterior probabilities of inferred clades
were visualized using the computer program FigTree v. 1.2.3
(http://beast.bio.ed.ac.uk/FigTree). From the Bayesian posterior
distribution generated by BEAST, we randomly sampled 500 trees
that we use throughout the article as a way of including uncer-
tainty in tree topology and branch length into our phylogenetic
comparative analyses. Ten haemulid species were pruned from
these trees to match the morphological dataset.

RECONSTRUCTING REEF LIVING

To compare the rates of morphological evolution in reef and non-
reef dwelling species, we first assigned each species to either a
“reef” (R) or “nonreef” (NR) habitat. Species qualified as reef
fishes only if they are intimately associated with coral or other
rocky reefs (i.e., feeding and/or taking refuge on reefs, nonreef
species are not found on reefs or the surrounding habitats). For
these designations, we relied on studies of haemulid feeding ecol-
ogy and our own observations (Randall 1967; Cervigén 1993;
Allen and Roberts 1994; McKay and Schnider 1995; Thomson
et al. 2000; Chirichigno and Cornejo 2001; Lindeman and Toxey
2003; McEachran and Fechelm 2005).

We used stochastic character mapping (Huelsenbeck et al.
2003 and references therein) to sample possible histories of reef
living in proportion to their posterior probability, as implemented
in the program SIMMAP V1.0 (Bollback 2006). We allowed the
branch lengths to directly represent the evolutionary rate by not
including a gamma prior on the tree lengths and used an uninfor-
mative symmetric Beta prior (o = 1 and k = 19) on the symmetry
of the transition rate matrix (i.e., the extent to which transitions
favor one state (0) over the other (1)). We then sampled 500 char-
acter histories in proportion to their posterior probability for each
of the 500 trees generating 250,000 character maps from which
we randomly sampled 10,000 representatives. We then integrated
the parameter estimates over these sampled histories and calcu-
lated standard errors (SEs) (following Collar et al. 2009). Unlike
parsimony or maximum likelihood methods of ancestral state
reconstruction, these character maps allow us to incorporate the
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uncertainty associated with the tree topology, branch lengths, and
timing of the transitions between the reef and nonreef habitats
into our rate parameter estimates and SEs.

EVOLUTIONARY RATES

In a phylogenetic context, morphological diversity or disparity is
frequently measured as the rate parameter from a Brownian mo-
tion model of phenotypic evolution (see Hutcheon and Garland
2004; O’Meara et al. 2006; Thomas et al. 2006). The faster the
Brownian rate, the more morphological diversity among lineages
is generated per unit of time. We estimated the maximum likeli-
hood Brownian rate parameter for each trait on the time-calibrated
phylogeny across the 10,000 trees with stochastic maps using
the phytools package (Revell 2012) in the statistical software R,
based on O’Meara et al. (2006). In the first model, we fit a single
Brownian rate of morphological evolution across the whole tree,
representing the same rate of morphological evolution for reef and
nonreef associated fishes. In the second model, we fit a two-rate
model, allowing species living on reefs to evolve at different rates
to those that do not live on reefs.

Our analyses resulted in distributions of model parameter es-
timates and fit scores for the one- and two-rate models for every
trait, these represent variation in the results due to uncertainty in
tree topology, branch length, and character history. To integrate
over this uncertainty, we calculated the average fit and parameter
estimates over the 10,000 trees. The SE of the rate estimate in-
cludes two sources of potential error. The first is the SE associated
with uncertainty in tree topology and character mapping estimated
from the variance in parameter estimate across the 10,000 trees.
The second is the approximate SE of the rate estimate as esti-
mated from the Hessian matrix. The curvature of the likelihood
surface estimated from the Hessian should perhaps be viewed
with caution as it is not robust to model misspecification and
may sometimes underestimate the variance as the surface is ap-
proximated as quadratic. Finally, to incorporate uncertainty about
model choice into the parameter estimate, we calculated model-
averaged reef and nonreef rate using the Akaike weights from
the mean AICc scores (Akaike Information Criterion with small
sample size correction, Hurvich and Tsai 1989). AICc weights
describe the proportion of support a model receives in relation to
the support for all models (Burnham and Anderson 2002), they
are calculated by dividing the relative likelihood of the model by
the sum of the relative likelihoods across all models investigated.
We calculated SEs on the model-averaged results using the vari-
ance, following the methods outlined in Burnham and Anderson
(2002).

As many of the characters are best fit by a single-optimum
Ornstein—Uhlenbeck (OU) model (see Supporting Information
II), young clades analyzed under our two-rate Brownian motion
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model may appear to evolve more quickly than older clades.
This is problematic as higher rates will be an artifact rather than
evidence of increased disparity. To ensure that this behavior is
not responsible for the rate differences we may see between reef
and nonreef haemulids, we ran simulations under the maximum
likelihood estimates of the OU parameters for each trait to create
a "null" estimate of rate differences for each trait (see Supporting
Information II for further details).

Results

Stochastic character mapping of reef and nonreef habitats on the
500 phylogenies sampled from the posterior distribution gener-
ated by BEAST revealed that on average there are three indepen-
dent transitions to reef living in haemulids and 0.75 transitions
away from reefs to other habitats (see Fig. 1 for an example).

The results of the model fitting are summarized as means and
SEs for the one- and two-rate models across the 10,000 character-
mapped phylogenies along with their Akaike weights (Table 1),
and the model-averaged rates for reef and nonreef taxa with SEs
(Table 2). There is strong support for the two-rate model that
allows reef and nonreef species to evolve at different rates in the
majority of trophic traits. The Akaike weights for the two-rate
model are >0.75 for all traits except jaw closing ratio and eye
width. Taking into account the weight of the different models,
the model-averaged rates for each trait indicate that the rate of
morphological evolution is higher on reefs than it is on nonreefs.
The model-averaged rate of reef evolution ranges from 1.34 to
13.4 times faster than in nonreef species (see Table 2), with an
average of 5.2 times faster on reefs.

In contrast, support for the two-rate model is much weaker in
the locomotion and body shape traits, with only body depth, pec-
toral fin horizontal ratio, and caudal aspect ratio, having Akaike
weights >0.75 for the two-rate model. However, the model-
averaged rates for each trait do indicate that the rate of mor-
phological evolution is higher on reefs than it is on nonreefs. On
average, locomotor traits evolve 2.5 times faster in reef species.
Although this result is not as pronounced as in the trophic traits,
the model-averaged relative rate of reef evolution ranges from
1.02 to 5.77 times faster than in nonreef species. The one excep-
tion is the anal fin, which evolves slightly faster in nonreef species
(x 1.02 faster than reef species, Fig. 2, Table 2).

The impact of uncertainty in the phylogeny and character his-
tory on the rate estimates varies considerably between traits, as
indicated by the 95% confidence intervals (95% Cls) around the
rate estimates (see Fig. 2, Table 1). In general, the faster the rate
estimate, the wider the confidence interval around the estimate.
For example the confidence interval around suction index encom-
passes a 5-50 times faster rate on reef species relative to nonreef
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Figure 1. One of the 10,000 phylogenies used in the analyses, it depicts one of possible mapping reef living in gray and nonreef in
black generated in SIMMAP v1.0 (Bollback 2006). Posterior probabilities of >0.95 are indicated by black circles on the nodes, these were
calculated from the complete Bayesian posterior distribution of trees using the 50% majority rule tree. Nodes with white circles show
that support was below 0.95 or that the branch did not appear in the 50% majority-rule tree.
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Table 1. Model fit and estimated Brownian rate parameters for trophic and locomotion traits in haemulid fishes.

Single-rate model
(two parameters)

Two-rate model (three parameters)

BMIrate AlCc Rate Rate AlCc
Type Character Likelihood +SE weight Likelihood nonreef & SE reef + SE weight
Trophic Adductor mandibulae  —4.86 3.51+0.32 0.12 —-1.78 1.57+1.08 4.68£1.18 0.89
morphology mass
Open ratio 60.48 0.26+0.07 0.07 64.15 0.10£0.78 0.35+0.09 0.93
Close ratio 65.52 0.2110.06 0.49 66.62  0.14+0.06 0.254+0.09 0.51
Ascending process —0.12 2.89+0.74 0.00 6.78 0.73£0.91 4.21+0.97 1.00
Raker length —17.93 591+£1.54 0.01 —12.44 1.82+1.81 8.36+1.99 0.99
Eye width 37.13 0.65£0.14 0.33 38.92  0.37£0.19 0.81£0.17 0.67
Suction index —5.03 3.74+1.74 0.00 724  0.44+1.33 595+2.70 1.00
Buccal length 37.16 0.65+0.17 0.00 44.83  0.15£0.21 0.96+0.22 1.00
Buccal width —7.72 3.924+0.97 024 552 2.06%1.16 5.03+1.25 0.76
Head height —26.51 8.62+3.41 0.00 —16.40 1.3642.83 13.07£5.05 1.00
Head length 41.22 0.57£0.19 0.00 4997 0.11%0.18 0.84£0.27 1.00
Locomotion and Fineness ratio —20.33 6.444+1.37 0.30 —18.43 3.50+£1.97 8.26+1.66 0.70
body shape
Caudal aspect ratio  —55.06  26.05+6.79 0.04 —50.89 9.454+837  36.77+9.32 0.96
Spiny dorsal fin 42.85 0.51%0.11 0.72 4296 0.49£0.15 0.53+0.17 0.28
Soft dorsal fin 21.60 1.20£0.26 0.26 23.69  0.64%0.35 1.55+£0.33 0.74
Anal fin 32.15 0.79£0.16 0.73 3222 0.8240.23 0.77£0.26 0.27
Average spine length ~ 22.05 1.194+0.28 0.17 24.11 0.57+0.36 1.56+0.34 0.83
Peduncle perimeter 46.78 0.4440.10 0.50 47.86  0.2940.13 0.53+0.13 0.50
Penduncle area 43.94 0.4910.11 0.57 4473  0.35%0.14 0.58+0.15 0.43
Body width 48.52 0.42£0.12 0.57 49.33  0.30%0.12 0.49£0.17 0.44
Body depth 19.98 1.31+0.41 0.00 26.56  0.33+0.43 1.94+£0.59 1.00
Max. body depth 51.28 0.37+0.08 0.58 52.01 0.27+£0.11 0.43+0.11 0.42
position
Pectoral fin 94.31 0.0740.02 0.04 98.71  0.02+0.02 0.09+0.02 0.97
horizontal ratio
Pectoral fin vertical 81.33 0.11£0.03 0.39 —159.45 0.0740.03 0.14£0.03 0.61

ratio

taxa, whereas that around eye width encompasses a 1.6-2.8 rate
difference between reef and nonreef haemulids. Phylogenetic un-
certainty also had a strong effect on the estimated correlation
coefficients between certain traits (see Supporting Information I),
for example, the correlation between suction index and body width
was —0.52 on average but it ranged from weak (—0.25) to very
strong (—0.83) correlations.

The simulations using the maximum likelihood estimates of
the single-optimum OU parameters for each trait confirm that the
younger clades do cause us to estimate an elevated rate of mor-
phological evolution in reef fishes (see Supporting Information
II). However, the magnitude of rate differences in the real data
frequently exceed those estimated from the simulated data. Within
the trophic traits, the median rates estimated from the data for as-
cending process, suction index, head height, and head length all
exceed the 95% CI intervals around the rates estimated from the

422 EVOLUTION FEBRUARY 2013

single-optimum OU simulations. In the locomotion and shape pa-
rameters only body depth exceeds the simulated OU rate. There
are, however, only five traits (ascending process, head height,
head length, buccal length, and body depth) where the CIs from
the real- and single-peak OU rate estimates do not overlap. This
means that the difference between reef and nonreef rates for these
five traits exceed any rate that could be generated by a single-
peak OU model and are therefore reef species clearly exhibit
greater disparity.It should also be noted that the rate parameters
for reef and nonreef taxa could not be estimated for eight of the
24 simulated OU datasets as the likelihood would not consistently
converge in probability to the value being estimated and for many
others it is only estimated for a small number of datasets that con-
verged (see Supporting Information). This was most likely caused
by a flat likelihood surface due to the lack of variance in these
datasets, as the rate and selection parameter estimates were very
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Table 2. Model averaged rate parameters for trophic and locomotion traits in haemulid fishes.

Model-averaged rate

Type Character Nonreef+SE Reef+SE

Trophic morphology Adductor mandibulae mass 1.79+£1.19 4.54£1.19
Open ratio 0.12+0.08 0.34£0.09
Close ratio 0.17+£0.06 0.23£0.07
Ascending process 0.73£0.92 4.21£0.97
Raker length 1.87+1.84 8.331+2.01
Eye width 0.46£0.24 0.76£0.33
Suction index 0.44+1.33 5.9542.70
Buccal length 0.15+0.21 0.96+0.22
Buccal width 2.51+£1.25 4.75£1.34
Head height 1.36+2.83 13.0545.05
Head length 0.1140.18 0.8410.27

Locomotion and body shape Fineness ratio 4.3942.24 7.71£1.77
Caudal aspect ratio 10.17+8.76 36.31+9.42
Spiny dorsal fin 0.51£0.12 0.52£0.12
Soft dorsal fin 0.79+£0.41 1.46£0.34
Anal fin 0.80+£0.19 0.78£0.18
Average spine length 0.68+0.41 1.50£0.36
Peduncle perimeter 0.361+0.13 0.4940.12
Penduncle area 0.43+0.14 0.53+0.13
Body width 0.36£0.12 0.45£0.13
Body depth 0.34+0.43 1.93£0.59
Max. body depth position 0.3340.09 0.331+0.10
Pectoral fin horizontal ratio 0.0340.02 0.0940.02
Pectoral fin vertical ratio 0.08+0.04 0.131+0.03

low for these traits (see Supporting Information II). This lack of
convergence indicates a poor fit of the two-rate model to these
simulated datasets and the inability of the single-peak OU model
to adequately represent these traits.

Discussion

Haemulids exhibit few trophic novelties and show comparable
ecological diversity and species richness on and off reefs. Nev-
ertheless, rates of ecomorphological evolution are faster in reef-
dwelling species. Although we found evidence that some traits
fit a single-optimum OU model better than the Brownian model,
which could drive the faster rates on reefs for 11 of 24 traits, the
overall pattern still supports the hypothesis that complex reef habi-
tats promote the evolution of morphological diversity particularly
within the trophic system of haemulids.

Both the strength of support for the conclusion of faster
evolutionary rates in reef haemulids and the magnitude of the
difference depend on the type of trait. The rate disparity between
reef and nonreef species and the Akaike weight placed on the
two-rate model is on average far greater in the trophic traits
(average rate is five times faster on reefs and AICc weights

range from 0.51 to 1) compared to body shape or locomotor traits
(average rate is 2.5 times faster on reefs and AICc weights range
from 0.27 to 1). The stronger signal in trophic traits suggests a
major role for trophic ecology in driving the rate disparity. Diet
represents one of the key ways that organisms interface with their
environment and is thus one of the primary axes of niche differen-
tiation among species. Within surgeonfishes (Acanthuridae) and
wrasses (Labridae) significant ecological diversification has been
associated with dietary differences, as reflected in morpholog-
ical differences in trophic and locomotion traits (Acanthuridae:
Clements et al. 2003; Klanten et al. 2004; Labridae: Cowman et al.
2009; Price et al. 2011). The trophic traits we evaluated are part of
the functional systems involved in prey capture and processing,
and are known to underlie several components of feeding per-
formance (Wainwright and Richard 1995; Holzman et al. 2012).
These traits are thus linked to diet and are therefore likely to dif-
ferentiate concomitantly with the trophic niche. Suction index,
a complex index trait determined by five anatomical parameters
and which is a morphological estimate of the capacity to gener-
ate pressure in the buccal cavity during suction feeding (Carroll
et al. 2004; Collar and Wainwright 2006; Wainwright et al. 2007)
shows the largest rate difference between reef and nonreef taxa
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Figure 2. Estimated rate of Brownian motion evolution in reef-dwelling haemulids relative to the rate calculated in nonreef taxa from
the two-rate model. Black error bars indicate 95% Cls of the rate estimates calculated across 10,000 stochastically mapped trees and the
dashed horizontal line indicates rate equality when reef and nonreef taxa are evolving at the same rate.

although the CIs between the OU simulated and real data estimates
do overlap. Of the five other trophic traits that exhibit strong rate
differences, only head height is strongly correlated with suction
index (see Supporting Informationl). This result indicates that di-
versification of suction feeding ability is a major component of
trophic evolution in reef-dwelling haemulids but cannot explain
all the differences observed.

Differences in the body shape and locomotor traits can re-
flect differences in diet. For example, high fineness ratios (a slen-
der body shape) and high caudal fin aspect ratios are found in
haemulid species that forage in midwater on zooplankton. How-
ever, locomotor traits are not as closely linked to diet as the
trophic traits, which may explain why they exhibit slower rates
of evolution. Alternatively, fin and shape traits may reflect habi-
tat differences in reef fishes. In rabbitfishes (Siganidae) habitat
variability appears to be an important driver of body-shape diver-
sity as two distinct forms are found in different habitats; deep-
bodied species are found on reef fronts and fusiform on reef flats
(Borsa et al. 2007).

There are many reasons why some habitats may foster in-
creased ecomorphological diversification compared to others (re-
viewed by Collar et al. 2010). We hypothesize that the biological
and structural complexity of hard-bottomed reefs provide many
opportunities for the organisms living upon them. High levels
of resource biomass, species diversity, and abundance increase
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the potential for competition as well as resource partitioning,
both of which may promote morphological diversification. In
haemulids our interpretation is unfortunately hindered by the lack
of detailed data concerning their diets. Reef and nonreef species
appear to have similar dietary strategies; in contrast to labrids
(Cowman et al. 2009; Price et al. 2010) there is no evidence of
unique feeding niches evolving in reef dwellers. The majority
of grunts feed on a variety of infaunal and mobile benthic in-
vertebrates with a few species having more durophagous or zoo-
planktivorous niches (Randall 1967). However, some haemulids
do show preferential feeding habits within these broadly defined
dietary categories: bivalve molluscs in Anisotremus scapularis
(Vargos et al. 1999; although see Medina et al. 2004), small
shrimps in Pomadasys tetradactylum and P. kaakan (Hajisamae
et al. 2003), gastropod/scaphopods in Haemulopsis leuciscus
(Rodriguez-Romero et al. 2009). It is therefore possible that high
diversity and abundance of prey types on and around reefs may
facilitate niche partitioning and dietary specialization and thus
elevate rates of morphological evolution in haemulids, especially
as diversification rates are highest in trophic traits.

Moreover, competition may be stronger in biologically com-
plex habitats where the diversity and density of competitors is
likely to be greater. On reefs, the fish diversity and density is
typically greater than in nonreef marine habitats. Increased com-
petition may lead to elevated rates of character displacement either
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during sympatric speciation or when species enter into secondary
sympatry (see review by Dayan and Simberloff 2005) and thus
raise rates of morphological evolution on reefs. Indeed, increased
densities have been shown to favor extreme morphologies in-
traspecifically within three-spined stickleback (Bolnick 2005),
which if it lead to speciation would likely elevate rates of charac-
ter evolution among species.

Additionally, increased physical complexity may also con-
tribute to elevated rates of morphological diversification as species
adapt to different microhabitats. Reef environments are physically
complex both in terms of rugosity (complexity of the seabed) and
patchiness. Traditionally, high species diversity on coral reefs has
been partly ascribed to habitat-type variation, because reef fishes
tend to be sedentary and, to a limited extent, habitat specialists
(Sale 1977). Indeed, a significant positive relationship between
species diversity and habitat complexity has been recorded in
both coral reef (e.g., Luckhurst and Luckhurst 1978) and rocky
reef fishes (e.g., Garcia Charton and Perez Ruzafa 1998). It has
also been suggested that in coral reef fishes, habitat shifts pre-
date trophic diversification (Harmelin-Vivien 2002). Furthermore,
both intra- and interspecific agonistic interactions for shelter sites
have been shown to be higher than similar interactions for food
in reef-dwelling fish (Shulman 1985), although this study did not
include haemulids.

Are the morphological rate differences we observe linked
to changes in lineage diversification? According to fishbase,
approximately 50% of haemulid species are reef dwelling
(www.fishbase.org, accessed 04/02/12), which suggests that eco-
morphological and species diversity may not to be linked within
haemulids. This inference is consistent with previous work on
taxa as diverse as trilobites (Foote, 1993) and plethodontid sala-
manders (Adams et al., 2009). However, our study is primarily fo-
cused on species in the New World, which harbors more haemulid
diversity on reefs (36 species) than nonreef habitats (27 species)
(Taveraet al. 2012). Furthermore, New World haemulids are dom-
inated by two speciose groups (Haemulon and Anisotremus) that
appear to have radiated within reef habitats (Tavera et al. 2012).
Therefore, we cannot rule out the possibility that the morpho-
logical diversity in reef species evolved as a result of ecolog-
ical diversification during speciation. Unfortunately, we cannot
quantitatively test for an association between reef living and lin-
eage diversification using the Binary-State Speciation and Ex-
tinction models recently developed (BiSSE, Maddison et al. 2007;
FitzJohn et al. 2009), as the Haemulidae phylogeny currently con-
tains only 36% of the living species. Even if the phylogeny was
complete with all 139 haemulid species, it may still be too small
to provide enough power for accurate parameter estimates.

Patterns of elevated morphological diversity on reefs have
been described qualitatively in other fish groups as well as
sponges. For example, in marine angelfishes (Pomacanthidae),

the pygmy angelfishes appear to exhibit notably higher morpho-
logical and ecological disparity than other angelfish clades along
with greater fidelity to coral reefs (Bellwood et al. 2004). How-
ever, the stimulating impact of reefs on ecomorphological diver-
sification in fishes may not be universal. It has been suggested
that Chaetodon, a primarily reef-associated group of butterfly-
fishes (Chaetodontidae), exhibit reduced morphological diversity
due to their obligate relationship with corals through corallivory
(Bellwood et al. 2010). As an increasingly complete picture
emerges concerning the impact of reefs on fish phenotypic di-
versification, a broader appreciation of the factors that cause this
interaction will likely emerge. Finally, the greatest variety of mor-
phologies in tropical intertidal sponges is found in coral reef en-
vironments compared to sand rubble, cave, boulders, mangrove
swamp, and sea grass meadows habitats (Barnes 2001).

The invasion of structurally and biologically complex habi-
tats is repeated across the tree of life. However, surprisingly few
studies have investigated the impact that such invasions have
upon the evolution of morphological disparity. In dragon lizards,
a study recently found that ground-dwelling forms exhibit greater
ecomorphological differentiation than rock or tree-living species,
which may be due to the increased opportunities in the terrestrial
habitat such as burrowing, living in leaf litter, in grass, or open
areas or due to increases ecological interactions (Collar et al.
2010). In terms of community composition, freshwater fish as-
semblages in structurally more complex habitats have been shown
to exhibit greater morphological diversity (Willis et al. 2005). But
perhaps the most intriguing parallel result to our conclusion that
highly productive and complex reef environments promote mor-
phological diversification comes from an experimental evolution
study of the bacterium Pseudomonas fluorescens. Morphologi-
cal disparity within the Pseudomonas community increased with
increases in the resource supply rate (analogous to productivity)
in a complex environment with multiple food sources (Hall and
Colegrave 2007).

Our results are consistent with the hypothesis that highly
productive and complex habitats are centers of morphological
diversification. Trophic morphology and to a lesser extent body
shape and locomotory morphology evolves at higher rates in reef-
dwelling haemulids. For 11 of 24 traits examined these rate dif-
ferences between reef and nonreef taxa could potentially be an
artifact of the trait evolving under a single-optima OU model. For
a further eight traits, the best-fitting OU model parameters could
not generate any difference in rates between reefs and nonreefs
leading to a flat likelihood surface for the two-rate Brownian mo-
tion model, thus, the rate differences we observe in these traits
are unlikely to be an artifact. Finally, there are four trophic traits
(ascending process, head height, head length, and buccal length)
and one locomotor trait (body depth) that unambiguously evolve
faster in reef species regardless of whether they evolved under a
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two-rate Brownian motion model or single-peak OU. Although
the drivers of these high rates remain difficult to demonstrate, we
suggest that greater diversity and abundance of prey and competi-
tors on and around reefs may be driving fine-scale trophic niche
partitioning and character displacement resulting in higher rates
of morphological diversification on reefs. Our replication of the
result that reef habitats lead to elevated diversification (Price et al.
2011)in a clade of phylogenetically and ecologically distant fishes
provides further evidence that biologically and structurally reef
complex habitats have stimulated morphological and functional
diversification in marine fishes.
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