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sexual traits present similar tempo and mode of evolution during periods of
rapid ecological divergence, such as adaptive radiation. Here, we use recently
developed phylogenetic comparative methods to analyse the temporal
dynamics of evolution for ecological and sexual traits in Tanganyikan cichlids.
Our results indicate that whereas disparity in ecological characters was
concentrated early in the radiation, disparity in sexual traits remained high
throughout the radiation. Thus, closely related Tanganyikan cichlids presented
higher disparity in sexual traits than ecological characters. Sexual traits were
also under stronger selection than ecological characters. In sum, our results
suggest that ecological characters and sexual traits present distinct evolution-
ary patterns, and that sexual traits can evolve faster than ecological characters,
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even during adaptive radiation.

Background

Adaptive radiation refers to groups of organisms that
have exhibited exceptionally rapid adaptive diversifica-
tion into a variety of ecological niches (Schluter, 2000;
Gavrilets & Losos, 2009). This process is potentially
responsible for much of the phenotypic diversity of life
on earth (Simpson, 1953). Adaptive radiation comprises
two main components: the creation of new species and
the adaptation of constituent species to a diversity of
ecological niches. Although often associated with a high
rate of speciation, this is not a necessary prerequisite as
some well-known adaptive radiations have relatively low
species richness (e.g. Darwins finches; Gavrilets & Losos,
2009). The classical view of adaptive radiation places the
main focus on ecological opportunity, in which an
ancestral species finds itself in an environment where
resources are either abundant or underutilized (Schluter,
2000). Intrinsic characteristics of the organism enable it
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to flourish in this resource-rich environment (Liem,
1973; Schluter, 2000). Hence, extrinsic factors provide
the opportunity and intrinsic factors the potential for
radiation (Schluter, 2000; Gavrilets & Losos, 2009). Key
innovations, such as the pharyngeal apophysis of cichlid
fishes (Liem, 1973; Hulsey ef al., 2006; Mabuchi et al.,
2007), may provide some organisms with a competitive
edge in the battle over limited resources. The pharyngeal
jaws of cichlids are but one example of a suite of
morphological adaptations to the exploitation of different
resources during adaptive radiation (e.g. Schluter, 2000;
Bouton ef al., 2002; Losos & Miles, 2002; Clabaut et al.,
2007; Foster et al., 2007). Hence, under the classical view
of adaptive radiation, phenotypic disparity mainly results
from divergent natural selection.

However, accumulating evidence highlights the poten-
tially important role that sexual selection can play in
generating phenotypic divergence resulting in reproduc-
tive isolation and speciation (e.g. Deutsch, 1997;
Seehausen et al., 1999; Seehausen & Van Alphen, 1999;
Seehausen, 2000; Boake, 2005; Seehausen et al., 2008).
Some of the most compelling evidence comes from
studies of haplochromine cichlids. The highly elaborate
reproductive behaviours of cichlids have been suggested
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as a potential key innovation favouring diversification
(Crapon de Caprona, 1986; Barlow, 2000), and sexual
selection through mate choice has been suggested as the
main force driving the evolution of colour diversity of
haplochromine cichlids in Lakes Malawi and Victoria.
The evolution of male coloration is generally preceded by
the evolution of a polygynous mating system, and in
such polygynous clades, changes in hue occur in
frequent association with speciation events (Seehausen
et al.,, 1999). A comparison of nine Malawi cichlids from
four genera showed that closely related species differed
primarily in colour pattern (Albertson et al, 1999). In
Lake Victoria, closely related rock-dwelling cichlid spe-
cies with fully overlapping geographical distribution
almost always differ in sexual dichromatism. Such
differences in fin coloration have been suggested to be
sufficient to maintain reproductive isolation (Seehausen
et al., 1997; Seehausen, 2000). Furthermore, many sym-
patric species present broad overlap in micro distribution,
feeding behaviour and diet (Seehausen, 2000), suggest-
ing that barriers to gene flow are not the result of
ecological divergence. Mate choice appears to be the
mechanism responsible for reproductive isolation in
closely related species as mating is highly assortative
even though there is no temporal or spatial isolation of
reproductive activities (Seehausen, 2000; Seehausen
et al., 2008).

In sum, there is evidence for a key role of both natural
and sexual selection in generating phenotypic divergence
and diversification during adaptive radiation. A pending
question is whether phenotypic traits associated with
ecological adaptation, under natural selection, and traits
associated with mating success, under sexual selection,
present equivalent tempo and mode of evolution during
adaptive radiation. On the one hand, verbal arguments,
formal mathematical models and available empirical
evidence all indicate that sexual characters should
exhibit faster evolutionary rates than naturally selected
traits (Fisher, 1930; West-Eberhard, 1983; Andersson,
1994; Holland & Rice, 1998; Gavrilets, 2000). However, it
is still unclear whether this is the case during adaptive
radiation, when divergence in ecological characters
under natural selection proceeds at a rapid pace (Schlut-
er, 2000). On the other hand, opposing natural selection
might constrain the evolution of sexual characters
(Andersson, 1994). There are also several classic exam-
ples of evolutionary change in contemporary timescales
driven by natural selection such as beak morphology in
Darwin’s finches (Grant & Grant, 2002), wing length in
Drosophila flies (Huey et al., 2000) and life-history traits
in guppies (Reznick efal, 1997). Furthermore, the
characteristics of a species” niche can have an important
influence on the intensity of sexual selection and the
evolution of sexual signals (Emlen & Oring, 1977; Endler,
1992). For example, predation risk can constrain the
expression of sexual signals (Endler, 1983), morphologi-
cal feeding adaptations have been found to influence
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vocal performance, a trait used in mate choice (Ballen-
tine, 2006), ambient light can drive the evolution of
colour signals at a community scale (Gomez & Théry,
2004), and a recent study found an association between
habitat complexity and the presence of visual sexual
traits (e.g. coloration, elongated fins) in Tanganyikan
cichlids (Tsuboi et al., 2011). Hence, natural and sexual
selection might be predicted to evolve in concert as
invasion of new niches and adaptation to different
ecological conditions open the door for evolution of
distinct mating systems and new sexual signals (Emlen &
Oring, 1977; Endler, 1992; Andersson, 1994).

Here, we use recently developed phylogenetic com-
parative analyses to reconstruct the temporal dynamics of
the evolution of traits associated with ecological adapta-
tion and sexual selection in Tanganyikan cichlids. By
analysing the rates of phenotypic evolution, we were
able to test whether ecological characters and sexual
traits evolve distinctly or through parallel temporal
patterns, presenting similar rates of evolution during
adaptive radiation. The Tanganyikan radiation is the
oldest of the three African Great Lake cichlid radiations,
including over 200 described species, and 250 or more
endemic cichlid species are estimated to exist in the lake
(Snoeks, 2000; Koblmiiller et al., 2008b). It represents
the morphologically, behaviourally and ecologically most
diverse cichlid assemblage (Chakrabarty, 2005; Koblmdil-
ler et al., 2008b; Young et al., 2009) and is thus a suitable
system for testing these questions.

Methods

Phenotypic traits

We selected phenotypic traits that mainly influenced (i)
survival, and hence were under natural selection, or (ii)
mating success, and thus either reflected the intensity of
or were under sexual selection (Darwin, 1871). We used
diet, habitat and depth to characterize a species’ niche.
These ecological traits have been previously shown to be
associated with a suite of morphological adaptations
(Bouton et al., 2002; Clabaut et al., 2007; Gonzalez-Voyer
et al., 2009c; Salzburger, 2009) and should capture
variation in a large number of distinct traits associated
with ecological adaptation. Form of care (i.e. substrate
guarding or mouthbrooding) was included as a behavio-
ural trait under natural selection. As female body size
reflects selection on both fecundity and propagule size in
cichlid fishes and thus is strongly linked to fitness (Kolm
et al., 2006a,b), we considered female size to represent a
life-history trait under natural selection. To describe
variation in the strength of sexual selection, we used
mating system and prevalence of sperm competition as
estimates of the intensity of pre- and post-copulatory
sexual selection, and sexual size dimorphism (SSD),
sexual dichromatism and sexual shape dimorphism as
secondary sexual traits. Previous studies have shown that
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SSD, sexual dichromatism and sexual shape dimorphism
are significantly correlated with mating system and
prevalence of sperm competition in Tanganyikan cichlids
(Gonzalez-Voyer et al., 2008; Tsuboi et al., 2011).

Diet and habitat were coded as continuous variables
representing variation in prey motility and habitat
complexity. Qualitative descriptions of both variables
were transformed into quantitative continuous variables
reflecting a continuum of variation. Diet reflected vari-
ation in prey motility, with sessile prey such as aufwuchs
and fixed algae at one extreme and fishes at the other
(for more details see the study by Gonzalez-Voyer et al.,
2009c). Habitat reflected variation in complexity: benthic
and benthopelagic habitats were the least complex and
rocky habitats the most complex (for more details see the
study by Gonzalez-Voyer et al, 2009c). It has been
previously shown that such categorical ranking of
habitats captures significant variation in quantitative
measures of complexity (Pollen ef al., 2007). Most species
do not strictly inhabit a single habitat or feed on one prey
type; therefore, we used descriptive information on
habitat preferences and prey to calculate an average for
each species giving more weight to preferred habi-
tats/prey based on detailed descriptions from primary
publications (see the study by Gonzalez-Voyer et al.,
2009c). This approach has the added benefit of also
capturing within species variation in prey and habitat
preferences. Form of care was coded as a dichotomous
variable representing mouthbrooding or substrate guard-
ing (as in Gonzalez-Voyer et al., 2009¢). Information on
depth was collected from the study by Konings (2005), as
well as from FishBase, and by contacting experts on
particular species for which no published data were
available. When a range of depths was provided, the
median was used. For female body size, we used standard
length (mm) as collected by Erlandsson & Ribbink (1997)
as well as from sexually mature specimens collected in
the field (range 4-7 individuals per species). Sexual size
dimorphism was calculated using the index of Lovich &
Gibbons (1992) based on standard length of male and
female adult specimens (data in the study by Erlandsson
& Ribbink (1997) and collected in the field). Prevalence
of sperm competition was ranked (1-4) based on the
information about mating system and fertilization loca-
tion, which have previously been found to correlate
significantly with different sperm characteristics (Fitzpa-
trick et al, 2009). Mating system was coded as by
Seehausen et al. (1999) to reflect intensity of precopula-
tory sexual selection. Ranks varied from 1 to 4, although
they are taken to reflect a continuum of variation in
behavioural mating system, with monogamous species at
one extreme and promiscuous species, e.g. lekking, at the
other extreme. Note, however, that there is evidence
suggesting multiple paternity may occur in some appar-
ently socially monogamous species (Sefc et al.,, 2008).
Sexual dichromatism and sexual shape dimorphism were
ranked independently by four Tanganyikan cichlid

experts. Sexual dichromatism represented conspicuous
differences between the sexes in coloration, even if the
difference was restricted to the mating period. Shape
dimorphism referred to clearly distinguishable differ-
ences between the sexes in traits such as fins or humps,
which were not only the result of differences in body
size. Shape dimorphism, in this context, does not relate
to potentially less conspicuous differences between the
sexes, as could be obtained using morphometric mea-
sures for example, and which could reflect ecological
adaptation as well as sexual selection. Rather, our
interest focussed on categorizing traits potentially exag-
gerated as a result of sexual selection, such as elongated
fins displayed by males during courtship [presence of
such traits has been found to be associated with more
promiscuous mating systems (Tsuboi ef al., 2011)]. For
each species, the judges were asked whether the sexes
presented conspicuous differences in coloration or shape
(independently of size dimorphism); both variables were
coded as dichotomous reflecting the presence or absence
of sexual differences. Disagreement between the experts
was limited to the ranks for sexual shape dimorphism of
four species. In these rare instances, we used the rank
of the expert who had most experience in observing the
species in their natural habitat (H. Biischer). A table
presenting trait values and list of species included in the
study is available as online Appendix.

Phylogenetic reconstruction

We reconstructed a molecular phylogeny for the 49
cichlid species for which we were able to collect data on
all traits of interest using mitochondrial sequences
downloaded from GenBank. We used two coding
sequences, cytochrome b and NADH2, and one noncod-
ing gene, the control region. In some cases, we were
obliged to combine genes from different studies (hence,
different individuals or populations), because for a given
species, the three genes were not available from the same
study. To ensure that the concatenation of genes from
different origins did not bias phylogenetic reconstruction,
we first undertook single-gene analyses. Having con-
firmed phylogenetic congruence, the three genes were
concatenated to create a matrix of 1819 base pairs.
Because the comparative methods used here require an
ultrametric phylogeny, we used the program BEAST
(Drummond & Rambaut, 2007) for phylogenetic infer-
ence. Analyses were run under a GTR+I+y model of
substitution selected using jModel test (Posada, 2008).
We ran the analysis for 30 million iterations sampling the
Markov chain every 1000 iterations. We used a log
normal, relaxed molecular clock and set the mean rate of
substitution to a fixed value of 1.0 (as recommended in
the BEAST manual), because we had no external
calibration points and our aim was not to estimate
divergence times. Convergence was checked using Tracer
v1l.5, ensuring that the Markov chain had reached a
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stable likelihood value for all parameters; estimated
sample sizes of all parameter values were > 480
(ranges = 481-2679). We obtained a single maximum
clade credibility tree with a burnin of 7500 trees (see
Supporting Information Fig. S1 for a figure showing the
consensus tree).

Our phylogeny included species from 11 of the 16
tribes into which Tanganyikan cichlids have been clas-
sified (reviewed in Koblmiiller ef al., 2008b), hence
covering a large part of the lake’s existing diversity. The
reconstructed phylogeny was congruent with previous
phylogenetic hypotheses (Salzburger et al., 2002).

Rate of evolution analyses

Phenotypic rates of evolution were analysed using two
complementary methods (for the continuous traits): the
disparity index (DI) (Harmon et al., 2003) and a compar-
ison between the basic Brownian motion and Ornstein—
Uhlenbeck (OU) models of evolution, including the
maximum-likelihood estimate of the alpha («) parameter
(Hansen, 1997; Martins & Hansen, 1997; Butler & King,
2004). Rate of phenotypic evolution for the discrete traits
(form of care, sexual dichromatism and sexual shape
dimorphism) was estimated based on transition rates
between the two possible values of the trait under a
continuous time Markov model of evolution (Pagel,
1999). Tempo of evolution comparisons between ecologi-
cal characters and sexual traits was thus performed
separately for continuous and discrete traits.

Rate of evolution of continuous traits

To examine the temporal patterns of phenotypic diver-
gence, we calculated disparity through time plots
(Harmon et al., 2003) for all continuous traits, using the
package GEIGER (Harmon et al., 2008) in R (R Core
Development Team, 2009). Disparity was calculated from
average pair-wise Euclidean distances between species.
Disparity through time was calculated as the average
relative disparity of each subclade by dividing the average
disparity of all subclades whose ancestral lineages were
present at that time by the average disparity of the clade
as a whole, and repeating this at each divergence event
(i.e. each node) moving up the phylogeny from root to
tip. A null hypothesis was constructed by simulating
phenotypic divergence of each trait along the phylogeny
under an unconstrained Brownian motion model and
estimating disparity through time of the simulated trait
(Harmon et al., 2003). The DI was calculated as the sum
of the areas between the curve describing the phenotypic
disparity of the trait and the curve describing the
disparity under the null hypothesis of Brownian motion.
Areas in which observed values were above expected
were assigned positive values, whereas those below
expected were assigned negative values. The DI thus
describes how phenotypic disparity is partitioned along
the phylogeny: values above 0 indicate that most
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phenotypic disparity is distributed within clades, sug-
gesting that subclades include a large proportion of the
overall disparity in the clade, negative values suggest that
disparity is distributed among clades, suggesting early
divergence, and values near 0 indicate that evolution
has followed Brownian motion (Harmon et al, 2003;
Gonzalez-Voyer et al., 2009b). Because we compare
among traits within the same group of species, a trait
with a high DI compared with another with a low DI
suggests that closely related species differ more with
respect to the former trait than with respect to the later.
We calculated the DI comparing the relative disparity of
the trait with each of the 1000 simulations of trait
evolution under Brownian motion and obtained the
mean of the sample and 95% confidence intervals (CI)
using nonparametric bootstrapping. By comparing
whether the 95% CI of the mean DI overlapped with 0
(the expected mean value of the DI under the null
model), we could obtain an estimate of the certainty with
which the mean value of the DI differed from Brownian
motion. To avoid confounding effects of incomplete
species coverage in our phylogeny and overestimation
of disparity between closely related species, we estimated
disparity for only the first 4/5 of the phylogeny (Harmon
et al., 2003). For the ease of interpretation in the disparity
through time plots, we present the timescale as million of
years to the present, using 11 million years ago (MYA) as
an estimate for the origin of the Tanganyikan cichlid
radiation (Koblmiiller et al., 2008a). We would like to
highlight that debate is ongoing regarding the age of the
Tanganyikan cichlid radiation (see for example the study
by Genner et al., 2007; Koblmdiller et al., 2008a; Schwar-
zer et al., 2009). However, here the timescale of the
disparity through time plots is presented for illustration
purposes only, and the results are the same indepen-
dently of the root-age chosen for the Tanganyikan
radiation.

Second, we calculated maximume-likelihood values for
the o parameter, which is based on an OU process, and
estimated the strength of selection acting on the trait
(Hansen, 1997; Butler & King, 2004), using the package
GEIGER (Harmon et al., 2008) in R (R Core Development
Team, 2009). The OU model is the simplest mathematical
expression for an evolutionary model incorporating
selection, and it differs from a Brownian model, in that
it possesses a selective optimum (Butler & King, 2004).
The OU model has two terms:

dX(f) = a[0 — X (£)]dt + odB(r)

the first term describes change in character X over the
course of a small increment in time, the second term is
random variation accumulating with time, or in other
words a Brownian process (Butler & King, 2004). The
parameter o describes the strength of selection under an
OU model, the higher the value of o, the stronger the
selective regime; 6 is the value of the selective optimum
(Butler & King, 2004). Under an OU model, the rate of
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phenotypic change along the branches of a phylogeny
depends on two things: (i) the distance between the
actual trait value and the value of the selective optimum
and (ii) the strength of the ‘pull” towards the selective
optimum, given by the value of «. Hence, a higher value
of o indicates a stronger ‘pull’ towards the selective
optimum. As o increases, the rate of phenotypic evolu-
tion along the branches of the tree will be increasingly
faster, as compared to a basic Brownian process (Butler &
King, 2004; Gonzalez-Voyer et al., 2009a). When com-
paring between traits, the importance therefore lies in
the value of o, the strength of the selection regime
(Gonzalez-Voyer et al., 2009a). For each trait, we com-
pared the fit of a Brownian motion model, where
divergence accumulates gradually with time, with the
fit of the OU model using a log-likelihood ratio test. We
used the comparison between the two evolutionary
models and estimates of « as a measure of the strength
of selection acting on traits. We fitted an OU model with
a single optimum, instead of more complex models with
multiple optima because we had no a priori independent
means of estimating potentially different selection
regimes for each trait (Butler & King, 2004). Hence, the
value of o will provide an estimate of the tempo of
evolution of the phenotypic trait.

Rate of evolution of discrete traits

For the discrete traits, we estimated the value of the
transition parameter (¢) under a continuous time Mar-
kov model of evolution (Pagel, 1999) using the package
GEIGER (Harmon et al., 2008) in R (R Core Development
Team, 2009). For all traits, we used a model in which all
transitions were set to equal values because more
complex models with unequal rates did not provide a
significantly better fit than the simple model (results not
shown). Mating system and sperm competition were also
analysed as discrete traits, because they were codified as
ranks even though they reflect a continuum of variation.
This was performed to ensure that the tempo of evolution
of these traits was independent of the method used to
estimate it, because strictly speaking, the traits were
categorical even though they reflected a continuum of
variation.

Estimates of error in the evolutionary parameters

To estimate the error around the maximum-likelihood
estimates of the evolutionary parameters [« and transition
parameters ()], we used a simulation-based approach. For
each trait, we simulated evolution on our phylogeny using
the maximume-likelihood estimates of the evolutionary
parameters for the trait as generating conditions for the
simulations in the package GEIGER (Harmon et al., 2008)
in R (R Core Development Team, 2009). Hence, contin-
uous traits were simulated to evolve under the model of
evolution (Brownian motion or OU) found to provide a
better fit for the trait. Simulations for each trait were
performed using the variance-covariance matrix of the

trait, and under the OU model, we used the maximum-
likelihood estimate of o for the simulations. Discrete traits
were simulated to evolve using the estimated value of q for
the transition matrix. We then estimated the values of the
evolutionary parameters on 100 simulated data sets (for
each trait) ensuring proper convergence was achieved. We
used the median value as a measure of central tendency for
the estimated evolutionary parameters from the simula-
tions because the distributions were non-normal. As a
measure of variance around the median, we calculated
95% CI. Methods to calculate 95% CI generally assume
that the sample statistic follows a normal distribution, and
when the distribution of the sample statistic is unknown or
non-normal, it is preferable to use resampling methods to
generate standard errors (Quinn & Keough, 2002).
Because the distributions of the simulated parameters
were generally non-normal, we used nonparametric
bootstrapping, which makes no assumptions about the
distribution of the data, and a sampling frequency of 1000
(Manly, 1997; Quinn & Keough, 2002). The simulations
allowed us to include an estimate of variance around
parameter values resulting from stochasticity in the sim-
ulations of trait evolution as well as to directly compare the
rate of evolution between the traits of interest. The
analyses described earlier, comparing between the null
Brownian motion model and the OU model, indicated
whether traits differed from the null model. By including
these simulations, we are able to directly compare the
tempo of evolution between traits. Two traits can be taken
as presenting different rates of evolution if the 95% CI of
the medians of the parameter estimates do not overlap.

Results

Rate of evolution of continuous traits

Disparity index

Ecological characters and sexual traits presented notably
different evolutionary patterns. The disparity indices of
the sexual traits were more than one order of magnitude
larger than those of the ecological characters and the life-
history trait (see Table 1). Furthermore, the 95% CI of
the mean of the disparity indices for the ecological
characters were all smaller than 0 and spanned 0 for the
life-history trait. On the other hand, the 95% CI of
the mean disparity indices for all sexual traits were
higher than 0. Hence, our results suggest that the
disparity in ecological characters, and the life-history
trait, is mainly concentrated among subclades, indicating
that most divergence in these traits occurred early in the
radiation, followed by gradual evolution as shown by the
negative values of the disparity indices (see Table 1).
Disparity in sexual traits, on the other hand, appears to
be mainly concentrated within subclades, indicating that
divergence occurred also at later stages in the radiation.
The difference in the timing of divergence between
ecological characters and sexual traits is apparent in the

© 2011 THE AUTHORS. J. EVOL. BIOL. 24 (2011) 2378-2388

JOURNAL OF EVOLUTIONARY BIOLOGY © 2011 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Table 1 Mean disparity indices and their 95% CI (see Methods for
details) for ecological characters, a life-history trait and sexual traits.
The disparity index describes whether phenotypic differences among
species originated early in the radiation (values < 0) or result from
recent divergence (values > 0).

Trait Disparity index 95% ClI
Ecological characters
Diet -0.05 —-0.06 to —0.04
Habitat -0.09 —-0.10 to -0.09
Depth -0.12 -0.12 to -0.11
Life-history trait
Female body size 0.002 —0.006 to 0.009
Sexual traits
Sexual size dimorphism 0.15 0.151t0 0.16
Sperm competition 0.33 0.32 t0 0.34
Mating system 0.10 0.09 to 0.11

diversity through time plots shown in Fig. 1. These plots
were generated by running separate analyses of the
pooled ecological characters (including female body size)
on the one hand and the pooled sexual traits on the
other. The plots show that relative disparity in sexual
traits remains high throughout the radiation, even at the
later stages, in contrast to the pattern in the ecological
characters. The difference in the disparity indices also
suggests different patterns of evolution as the pooled
sexual traits presented a DI more than twice as large as
that of the pooled ecological characters (see Fig. 1).
Interestingly, both ecological characters and sexual traits
present a recent increase in relative disparity occurring
roughly at the same time, ca 4 MYA, although it is not as
marked in the ecological characters as it is in the sexual
traits.

Estimates of the strength of selection

The value of « for SSD, and the prevalence of sperm
competition, was nearly twice the value of any ecological
character, indicating stronger selection acting on these
two sexual traits in comparison with the ecological
characters and the life-history trait (Table 2). However,
for mating system, the estimate of o was actually lower
than the estimates for the ecological characters or the
life-history trait (see Table 2). The OU model explained
the evolution of SSD and prevalence of sperm com-
petition significantly better than a Brownian model
(Table 2). For the ecological characters and life-history
trait, the OU model provided a significantly better fit than
the Brownian model for diet and habitat, although the
values of o were lower than those of SSD and sperm
competition (Table 2).

Results from simulations indicate that the variance
around the median value of the estimated alpha param-
eters that is due to the stochastic nature of evolution is
rather small, providing further support for the differences
in the rate of evolution of the sexual traits as compared
with the ecological and life-history characters. Traits
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Fig. 1 Disparity through time plots for the pooled ecological char-
acters and the life-history trait (a), and pooled sexual traits (b),
including their respective average disparity indices and 95% CI. For
ease of interpretation, the x-axis presents time to the present, taking
11 MYA as the date of initiation of the Tanganyikan radiation (see
Methods). The bold black line shows the relative disparity for the
pooled ecological characters and life-history trait (in a) and the
pooled sexual traits (in b), and the dashed line shows the relative
disparity of the traits simulated as evolving under Brownian motion
(see Methods for details). The grey box highlights the age at which
the ‘secondary’ Tanganyikan radiation is estimated to have occurred
(ca. 3-2.5 MYA).

evolved under starting conditions (variance—covariance
matrix and maximum-likelihood model of phenotypic
evolution) similar to those of each of the ecological
characters, and the life-history trait presented notably
lower median values of « than those of traits simulated to
evolve under starting conditions similar to those of SSD
and sperm competition (see Fig. 2). Even diet and
habitat, for which simulation of trait evolution was
performed under an OU model, presented, nonetheless,
notably lower median « values than those of the two
sexual traits (see Fig. 2). As can be seen in Fig. 2, the
95% CI of the median o values for SSD and prevalence of
sperm competition do not overlap with those of any of
the ecological characters or with that of the life-history
trait, indicating that their median values are different.
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Table 2 Estimates of the tempo of evolution of ecological charac-
ters, a life-history trait and sexual traits. Shown are the log-
likelihood values of the two models of phenotypic evolution,
Brownian motion and the Ornstein—Uhlenbeck (OU) model. The
alpha parameter of the OU model describes the strength of selection
acting on a trait; higher values indicate faster evolution. The two
models of evolution are compared via a log-likelihood ratio test, and
the table presents the P-value of the test (significant differences are
shown in bold).

Brownian motion Alpha

Log

Trait Log likelihood o value likelihood P

Ecological characters

Diet -81.62 14.7 —77.26 0.003

Habitat -75.32 104 -72.66  0.02

Depth -23.23 7.9 -21.65 0.08
Life-history trait

Female body size 18.43 12.3 19.95 0.08
Sexual traits

Sexual size dimorphism  59.14 25.6 65.74 0.0003

Sperm competition -72.62 27.8 -66.34 0.0004

Mating system -71.49 4.1 -71.09 0.37

Alpha values

o oo I

T T T T T
Diet Habitat Depth  Female SSD

T T
Sperm Mating
competition system

Fig. 2 Median alpha values and their 95% CI for traits simulated to
evolve on the phylogeny under different conditions. Diet and habitat
were simulated under an OU model with alpha = 14.7 and 10.4,
respectively (see Results for details). Depth and female (female
standard length) were simulated under a Brownian motion model,
as was mating system. Finally, sexual size dimorphism (SSD) and
sperm (prevalence of sperm competition) were simulated under an
OU model with alpha = 25.6 and 27.8, respectively. Black circles
show the median value of the parameter estimates, and the bars
show the 95% CI of the median.

Rate of evolution of discrete traits

The analyses of discrete traits support the results for the
continuous traits. The two discrete sexual traits (sexual
dichromatism and sexual shape dimorphism) presented
much higher transition rates (5.18 and 2.24, respectively)
than the discrete naturally selected trait (form of care,

0.40). Mating system and sperm competition also pre-
sented high transition rates when analysed as discrete
traits under a Markov model (16.04 and 9.27, respec-
tively). These results thus also indicate that sexual traits
present a higher rate of evolution than naturally selected
traits.

As described earlier, rates of transition estimated for
discrete traits from data evolved under starting condi-
tions identical to those estimated for sexual traits
(dichromatism and shape dimorphism) were higher than
trait parameters evolved under starting conditions iden-
tical to those of a naturally selected trait (form of care)
(medians and their 95% CI: 5.15, 4.65-5.75; 2.20, 1.86—
2.49; and 0.39, 0.39-0.40, respectively). Also, when we
simulated trait evolution under starting conditions iden-
tical to those of sperm competition and mating system
(analysed as discrete traits), the parameters were notably
higher than those of traits evolved under conditions
identical to those of sexual dichromatism (medians and
their 95% CI: sperm competition = 55.61, 46.21-63.18;
mating system = 20.85, 18.87-22.87). The difference
could be due, in part, to the fact that sperm competition
and mating system were traits with four states (rather
than the two states of the other discrete traits), and hence
higher opportunities for evolutionary transitions to
occur. Even so, the striking differences, and nonoverlap-
ping CI with those of form of care, lend support to a faster
tempo of evolution in sperm competition and mating
system.

Discussion

Our results show that in Tanganyikan cichlids traits
under natural selection present different evolutionary
patterns than sexual traits and further that sexual traits
have a faster tempo of evolution than ecological charac-
ters or life-history traits also during adaptive radiation.
Our results thus support verbal arguments, formal
mathematical models and available empirical evidence
all of which suggest that sexually selected traits exhibit
faster evolutionary rates than naturally selected traits
(West-Eberhard, 1983; Arnqvist, 1998; Holland & Rice,
1998; Gavrilets, 2000; Chapman ef al., 2003). Further, a
recent meta-analysis of measures of the strength of
phenotypic selection in natural populations found that
traits influencing mating success were under stronger
selection than traits related with survival (Kingsolver
et al., 2001). Our results also provide empirical evidence
indicating that faster phenotypic evolution of sexual
traits occurs during adaptive radiation, at least in
Tanganyikan cichlids. Interestingly, our results suggest
that different traits, some of which may be influenced by
an interaction between ecological characteristics of a
species’” niche and sexual selection (Endler, 1992),
nonetheless, may present distinct evolutionary patterns
from purely ecological characters, under natural
selection. Indeed, results from a previous study with
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Tanganyikan cichlids suggest that even highly correlated
phenotypic traits can show distinct evolutionary patterns
(Gonzalez-Voyer et al., 2009b).

Mating system was the only trait to show somewhat
contradictory results. The DI was higher than for any of
the naturally selected traits, although lower than for SSD
or prevalence of sperm competition. The maximum-
likelihood estimate of «, however, was actually lower
than that of the ecological characters, although when
analysed as a discrete trait, the transition values (q) were
higher than for the naturally selected trait (form of care).
It is possible that our measure did not capture the
complexity of the cichlid mating systems. However,
because cichlids apparently have a highly conserved
courtship behaviour across lineages (Stelkens et al.,
2010), it is unlikely we are missing variation in such
behavioural traits. On the other hand, there can be some
discrepancy between the behavioural mating system and
what is observed using genetic markers, as some monog-
amous species show high levels of extra-pair paternity,
and among-population differences in mating system have
been observed in one species (Sefc et al., 2008, 2009). It is
also possible that environmental factors constrained the
evolution of mating system (Emlen & Oring, 1977).
Indeed, in substrate guarding Tanganyikan cichlids, the
availability of suitable spawning sites within a male’s
territory determines the degree of polygyny. Polygynous
males defend territories where several females lay their
eggs and care for the brood alone, whereas monogamous
males defend territories with a single spawning female
and provide some parental care (Gashagaza, 1991). Such
interactions between ecology and sexual selection might
explain why mating system presented higher disparity
indices, but not stronger selection, under an OU model,
than did naturally selected traits.

A recent study compared phenotypic evolutionary
patterns of body size and body shape across a wide
diversity of adaptive radiations to test whether traits
presented a burst of evolutionary divergence early in
adaptive radiation, as predicted by theory (Harmon et al.,
2010). Harmon et al. (2010) found that an OU model
explained the evolution of body size in Tanganyikan
cichlids better than a model including an early burst of
evolution. However, we found that a Brownian model
explained the evolution of female body size better. The
difference between our results and those obtained by
Harmon ef al. (2010) may be due to the fact that their
measure of body size combined information from both
males and females. As we have shown here, SSD is best
explained by an OU model, and hence, it is possible that
species-specific body size reflects the combined action of
both natural and sexual selection.

Might the observed rapid evolution towards the opti-
mum of the sexual characters explain the high DI values
for these traits? Under an OU model, rapid phenotypic
evolution of a trait can result in erosion of the phylo-
genetic signal, as the position of a lineage in phenotypic
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space becomes increasingly influenced by the position of
the optimum rather than by shared ancestry (Revell
etal, 2008). In an extreme case, if there were
no phylogenetic signal in the data (sister species are no
more similar for a given trait than any of them is to a
random, more distantly related individual from the
sample), then disparity within subclades will be a
random sample of the total disparity, and the DI will be
high. Such an explanation is unlikely for our sample as
the values of 4 (Freckleton ef al, 2002), a measure of
phylogenetic signal, estimated for the continuous traits
suggest that all of these, with the exception of SSD and
sperm competition, presented significant phylogenetic
signal, that is, that the 4 value was significantly different
from O (4 range = 0.64-0.81, results not shown). For SSD
and sperm competition, the maximum-likelihood esti-
mates of 4 were intermediate although not significantly
different from 0 (1=0.29, %> =0.66, P=0.42, and
/. =0.48, y* = 2.68, P = 0.10, respectively). Furthermore,
when analysed as a continuous variable, mating system
did not present significant support for rapid evolution
under an OU model. However, mating system still
presented a MDI value that was much higher than that
of any ecological character and closer to values of the
other sexual traits. Finally, SSD and sperm competition
presented a clear temporal signal in relative disparity
(results not shown) even though their DI was high,
which would not be expected if the phylogenetic signal
had been eroded.

Our results also suggest that sexual selection might have
played an important role in recent divergence in Lake
Tanganyika. As predicted by theory and adaptive radiation
models (Gavrilets, 2000; Schluter, 2000; Danley & Kocher,
2001), traits associated with ecological adaptation showed
early divergence, with disparity mainly concentrated
among subclades, followed by gradual evolution. Still,
the disparity through time plot for the combined ecological
characters, and the life-history trait, does point to a recent
upsurge in disparity, with the curve for trait disparity
diverging from the Brownian simulations at about 4 MYA.
Based on morphological characteristics, the Tanganyikan
cichlids have been classified into 16 tribes (Takahashi,
2003), which are largely supported by molecular data
(Koblmiiller et al., 2008b). The suggestion that the primary
Tanganyikan radiation was mainly driven by natural
selection received support from observations that most
tribes are limited to particular ecological niches (Koblmiil-
ler et al., 2008b). Early divergence based on adaptation to
macrohabitat characteristics appears to be common in
cichlid radiations (see for example the study by Nagl et al.,
2000; Danley & Kocher, 2001). A similar pattern as that in
the African cichlids is observed in Anolis lizards of the
Greater Antilles, where multiple ecomorphs associated
with separate habitats have evolved repeatedly (Losos
etal, 1998), as well as in three-spine sticklebacks
which diverged into distinct limnetic and benthic forms
in multiple North-American Lakes (Schluter, 2000). Most
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ecological characters, with the exception of diet and
habitat, also showed evidence of gradual evolution, with
change accumulating with time, as was the case for female
body size. Furthermore, the maximum-likelihood esti-
mates of o for all ecological characters and the life-history
trait were notably lower than for sperm competition and
SSD, and the 95% CI of the median « values from the
simulations did not overlap. Note that this is not to say that
traits associated with ecological adaptation were not under
strong selection at the early stages of the radiation, but
rather that currently, Tanganyikan cichlids do not show
evidence of strong disruptive natural selection.

Debate continues regarding the ages of the African
cichlid radiations. For Lake Tanganyika, the cichlid
radiation has been estimated to originate at 22.7 + 3.5,
20 + 6, 10.4 + 1.6 and 6-5 MYA depending on the data
used for calibrations (Genner ef al., 2007; Koblmiiller
et al., 2008a; Schwarzer et al, 2009). At this point,
several lineages of cichlids independently colonized the
emerging lake, seeding the so-called primary lacustrine
radiation at which time the substrate breeding Lamprol-
ogini and mouthbrooding C-lineage diversified rapidly
into several lineages (reviewed in Koblmdiiller et al.,
2008b). A ‘secondary radiation’, involving most mouth-
brooding lineages, apparently took place at about half the
age of the primary radiation (Salzburger et al, 2005;
Koblmiiller ef al, 2008b), in Fig. 1 shown to have
occurred ca. 2.5-3 MYA [although based on an origin
of 16 MYA for the Tanganyikan radiation, the ‘secondary
radiation” would have occurred ca. 8-6 MYA (see the
study by Genner et al., 2007; Koblmdiller et al., 2008a,b)].
Our results are in accord with previous observations
suggesting that the primary radiation was primarily
driven by divergence based on ecological adaptation
(Koblmiiller ef al,, 2008b). The ‘secondary radiation’
(area highlighted in grey in Fig. 1) appears to have been
accompanied by an upsurge in disparity in both ecolog-
ical characters and sexual traits. The increase in relative
disparity during the secondary radiation, however, is
higher for the sexual traits: compare the peak in relative
disparity at ca. 3 MYA for the ecological characters
(=0.5) to the peak at roughly the same time for the
sexual traits (=0.9). We cannot rule out that ecological
divergence could have been mainly the result of fine
niche partitioning based on refinement of the trophic
apparatus, involving a narrow scope of morphological
adaptations that our data might not have allowed us to
detect (Danley & Kocher, 2001). However, the high
relative disparity observed in sexually selected traits,
even at ca. 3-2.5 MYA (see Fig. 1b), suggests it is possible
that divergence based on sexually selected traits was an
important driver of the secondary radiation. This
suggestion could be further investigated using more
complete species sampling and a higher diversity of
secondary sexual traits.

In conclusion, we suggest that sexual selection has
played an important role in generating recent diver-

gence during the Tanganyikan cichlid radiation. Fur-
ther, although sexual traits may be influenced by
characteristics of a species’ niche, they still present high
disparity throughout the radiation and higher tempo of
evolution than ecological characters and life-history
traits. Our results thus suggest that sexual selection may
be able to continue to generate divergence even after
ecological specialization (Seehausen, 2000). A possible
avenue for future research is to test whether a higher
propensity for sexual selection at later stages of an
adaptive radiation also is associated with higher species
richness.
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