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Adaptive radiation (AR) is a key process in the origin of organismal diversity.

However, the evolution of trait disparity in connection with ecological special-

ization is still poorly understood. Available models for vertebrate ARs predict

that diversification occurs in the form of temporal stages driven by different

selective forces. Here, we investigate the AR of cichlid fishes in East African

Lake Tanganyika and use macroevolutionary model fitting to evaluate

whether diversification happened in temporal stages. Six trait complexes, for

which we also provide evidence of their adaptiveness, are analysed with com-

parative methods: body shape, pharyngeal jaw shape, gill raker traits, gut

length, brain weight and body coloration. Overall, we do not find strong evi-

dence for the ‘stages model’ of AR. However, our results suggest that trophic

traits diversify earlier than traits implicated in macrohabitat adaptation and

that sexual communication traits (i.e. coloration) diversify late in the radiation.
1. Introduction
Adaptive radiation (AR) is the rapid diversification of an evolutionary lineage into

an array of species as a consequence of their adaptation to various ecological niches

and is thought to be responsible for a great deal of the taxonomic, morphological

and ecological diversity on Earth [1–3]. ARs are triggered by ecological opportunity

through the colonization of novel environments or the evolution of key innovations,

opening up new adaptive zones for organisms to specialize and diversify into [1].

Darwin’s finches on the Galapagos archipelago [4], anole lizards on the islands

of the Caribbean [5] and the species-flock of cichlid fishes in the East African

Great Lakes [6] are famous examples of extant ARs. Studying such outbursts of

organismal diversification has revealed a number of putatively general features

of AR (reviewed in [2]). Among those is the observation that diversification some-

times proceeds more rapidly in the initial phases of an AR (‘early burst’, EB

scenario), but slows down with the filling up of ecological niche space as more

species form. However, the generality, or even frequency, of this pattern was

recently called into question [7]. Another observation is that the invasion of niche

space by diversifying organisms is not random. Different aspects of the environ-

ment have been proposed to influence diversification in different phases

throughout the course of an AR. Accordingly, there should be temporal stages of

AR, in which specialization to available niches, and hence diversification, is

predominantly based on different adaptive traits or trait complexes [8].

In vertebrates, for example, it is regularly observed that clades forming early

in an AR are subdivided ecologically with respect to macrohabitat specializations

[2,8]. Here, we define macrohabitat as a geographically extensive part of the

environment encompassing considerable ecological variation, e.g. the benthic

or limnetic zones of a lake. This first ‘stage’ is evident in established ARs, such
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as Lake Malawi cichlids [9], and also in very recent, incipient

ARs, like crater-lake cichlids [10] or three-spine stickleback

[11]. Subsequently, in a second stage, specialization occurs

primarily with respect to either more spatially restricted micro-

habitats or resources therein, as found in e.g. some Anolis lizards

[5] and Darwin’s finches [12]. According to Streelman &

Danley’s [8] general vertebrate model, the most closely related

species within an AR often differ in little else than signalling

characters, like nuptial coloration. This third and final stage of

an AR is observed, for example, in parrotfish [13], Lake

Malawi cichlids [9] and elephantfish [14]. It is important to

note that these stages are not necessarily discrete and

that selection pressures which dominate in one period of a radi-

ation are probably also acting at other times, albeit to a lesser

degree [9]. While these hypothesized stages are apparent in

some groups, the existence of stages is less clear in other ARs

such as Hawaiian drosophilids [15], potentially emphasizing

this feature to be unique to vertebrate radiations and definitively

calling for further in-depth quantitative evaluations of the

‘stages model’.

In vertebrate ARs, it also appears that the sequence of

stages relative to another might differ. In Phylloscopus Old

World leaf warblers [16] or extinct actinopterygians [17], for

example, habitat divergence followed trophic divergence.

Overall, it is unclear how pervasive the phenomenon of

‘AR in stages’ actually is in nature. Although theoretical

work [18–20] points to the model having merit, empirical

testing is hampered by the need to obtain data for a

number of traits for many member species of an AR. Synthe-

sizing different studies of trait evolution into a test of the

‘stages model’ is further complicated by the lack of taxonomic

overlap between studies, unclear phylogenetic relationships,

the study of different traits, and/or the application of

different analytical approaches.

Nonetheless, several predictions can be derived from the

hypothesis of ‘AR in stages’ and tested given the appropriate

data: (i) adaptive traits or trait complexes will differ in their

amount of phylogenetic signal and time-dependence of

their diversification; (ii) the ordering of traits or trait com-

plexes by their time-dependence of diversification should

mirror the hypothesized order of stage-wise dominating

selection pressures (first: macrohabitat, second: microhabitat

and resources, third: sexually selected characters; [8]); and

(iii) traits or trait complexes that are involved in specialization

to available ecological niches early in an AR should have

attained a larger between-species difference, if standardized

by the variation within species.

Here, we test these predictions in the AR of cichlid fishes

of Lake Tanganyika (LT), East Africa. We investigate the

evolution of ecologically and reproductively relevant traits

in 51 representative species using phylogenetic comparative

methods. Our dataset comprises the majority of cichlid

tribes present in LT and a reasonable fraction of the species,

including the most abundant ones coexisting in the lake’s

southern basin. It also covers most of the ecological special-

izations found in LT cichlids, e.g. epilithic algae grazing,

scale eating, fish hunting, invertebrate picking, as well as

sand, rock or open water dwelling species. Trait data for

body shape, size and weight, lower pharyngeal jaw (LPJ)

bone shape and weight, as well as stable isotope data,

and a robust multi-marker phylogeny are available from

the study of Muschick et al. [21]. For this study, we com-

bined these previous data with new data on gut length,
brain weight, gill raker structure and coloration. Trait evol-

ution in LT cichlids has been the focus of previous studies

[21–28]. However, most studies considered only one or

few traits in isolation and did not comprehensively compare

multiple traits in the context of ecology and phylogeny (but

see [25]), and the ‘stages model’ has not yet been tested

explicitly in LT cichlids.

In this study, we first test for a phenotype–environment

correlation in the traits and in the trait complexes under

examination by using stable isotope ratios as a proxy for

macrohabitat and trophic niche. Such a phenotype–environ-

ment correlation is an inert feature of an AR and informs

about the adaptive nature of the traits in question [1]. We

then quantify the overlap between species in morphological

trait space as proxy for their degree of specialization in the

respective trait or trait complex. Correlations among trait com-

plexes that take into account phylogenetic relationships are

also examined. Finally, by explicitly fitting models of trait evol-

ution to the trait data and molecular phylogeny, we evaluate

the merit of the ‘stages model’ of AR for LT cichlids.
2. Material and methods
(a) Sampling
We collected trait data for 51 LT cichlid species, which is approxi-

mately one-quarter of the endemic species of this lake. The dataset

comprises 36 genera (of 53) and 10 of the 16 tribes [29] (see the

electronic supplementary material) described for LT cichlids and

is thus representative of the phylogenetic, morphological, ecologi-

cal and behavioural diversity. In subsets of specimens (electronic

supplementary material, table S1), we measured six trait ‘com-

plexes’: body shape, the LPJ apparatus, the gill raker apparatus,

brain weight, intestine tract length and colour. The data for

body and LPJ shape, stable isotopes and phylogenetic relation-

ships were taken from [21]. Measurements of gill raker traits,

gut length, brain weight and scoring for coloration were newly

generated for this study.
(b) Choice of traits and their ecological relevance
Body shape is important in swimming performance and manoeuvr-

ability and has been shown to correlate with macrohabitat (i.e. on a

benthic–limnetic axis) in cichlids [21]. The LPJ is part of the cichlids’

pharyngeal jaw apparatus, i.e. a second set of jaws in the cichlids

throat used to manipulate the food items taken up by the oral

jaws [30,31]. Another important component of the feeding appar-

atus are gill rakers, which are used to filter and sort food items in

the buccal cavity in many groups of fishes [32,33–35] (see electronic

supplementary material, figure S1). These bony protrusions on the

gill arches have been little studied in cichlids, as opposed to other

evolutionary model systems such as stickleback [32]. After uptake,

mastication and filtering, food items reach the intestinal tract

where enzymatic digestion takes place and nutrients are absorbed.

Herbivorous species specialized on resources of low digestibility,

e.g. algae and plants, usually have longer intestines resulting in a

longer retention time for improved digestion [27]. Brain size is

known to show a strong allometric relationship with body size

over a large range of organisms [36], but residual variation and

shifts in relative sizes of brain parts have been hypothesized to

have adaptive value [37,38]. Body coloration in cichlids can differ

greatly between species, even between closely related ones or popu-

lations of the same species [39], and is important not only in mate

recognition, reproductive behaviour, intraspecific aggression, but

also camouflage and mimicry [40].

http://rspb.royalsocietypublishing.org/
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(c) Trait data
The gill raker trait assessments essentially followed previous

investigations in three-spine stickleback [32,34]. Brain tissue

was removed from the neurocranium in the field and stored in

ethanol or RNAlater; in the laboratory, preserved fish brains

were drained and dried at 608C overnight and subsequently

weighed to the nearest milligram. To investigate gut length, we

removed the entire alimentary canal (‘gut’) from the anus to

the posterior end of the stomach and measured its length to

the nearest millimetre. In order to evaluate body coloration, we

adopted and modified an existing colour-scoring scheme for

cichlids [41].

In the following, we describe data re-used from Muschick

et al. [21]: phylogenetic relationships were derived from the

enforced molecular-clock phylogeny by pruning it to the 51

species included here. Body shape information was assessed on

the basis of landmarks derived from photographs using TPSDIG

[42], procrustes aligned in MORPHOJ [43] and analysed in R [44];

LPJ shape information was obtained in a similar way, but includ-

ing a sliding process of semi-landmarks in TPSRELW [45]. Stable

isotope data were used as proxies for macrohabitat-related special-

ization on a benthic–limnetic axis (d13C) and for specialization to

the trophic niche (‘microhaitat’, d15N; e.g. [46]).

Prior to statistical analyses, we log transformed all trait

values, apart from landmark procrustes coordinates, gill raker

counts and coloration scores, using the phyl.resid function of

the R package PHYTOOLS [47]. Further details to trait data

and their statistical treatment are provided in the electronic

supplementary material.

(d) Correlations between traits and the ecological niche
As a test for ecological specialization, we evaluated the correlation

of trait values with ecological niches, where stable isotope ratios of

carbon and nitrogen were used as niche proxies. The relationship of

body and LPJ shape and gut length with stable isotope ratios has

been investigated before [21,27], but for gill raker morphology in

cichlids this is the first demonstration to our knowledge. We corre-

lated the first principal component (PC) of a PC analysis (PCA)

comprising both stable isotope ratios, as well as each element

separately, with the first PC for each trait (respective scaled trait

values for univariate traits, neither corrected for phylogenetic

relationships) and accounted for phylogenetic relationships

between species using phylogenetic generalized linear models as

implemented in the R package CAPER [48].

(e) Ecological specialization and overlap between
species

We used plots of linear discriminants (LDs) to illustrate each

species’ position in morphospace for the multivariate data, and

boxplots to illustrate the univariate data. Next, we calculated the

between-species distances for each trait (see the electronic sup-

plementary material for details). To compare the relative overall

separation of species for each trait, we used ‘species’ as the

independent variable in multivariate analyses of variance

(MANOVA) for multivariate traits and in analyses of variance

(ANOVA) for univariate traits, respectively. Here, we could not

include colour as a trait, as no within-species measurements

were available. We used Wilks’ l to assess species overlap in the

MANOVA, and F-values in the ANOVA. As Mahalanobis dis-

tances are scaled by the within-group variance, we used them as

a generalized measure of trait divergence, which can be compared

among traits. To reveal the ordering of traits by their attained trait

distance, we implemented breakpoint regression models following

[14]. We estimated breakpoints and respective linear relationships

for segments using the function segmented in the SEGMENTED

R package [49]. For multivariate traits, we calculated the
Mahalanobis distances as described above. Univariate trait

values were scaled with the averaged within-species variance.

( f ) Phylogenetic tests for stages of adaptive radiation
To test for apparent stages in diversification, we fitted models of

trait evolution to the trait axes derived from our transformation

of raw trait values (see above) using the fitContinuous function

in the R package GEIGER [50] (number of random starting

points ¼ 1000, simultaneous estimation of standard error). To

describe the more general process of trait evolution, we fitted

three macroevolutionary models to our data: (i) the Brownian

motion model assumes trait values to evolve according to a diffu-

sion process, resulting in trait similarity between species being

mainly dependent on the amount of shared ancestry; (ii) the

Ornstein–Uhlenbeck model of trait evolution simulates attraction

to a single optimum of trait values, with the alpha parameter indi-

cating the strength of this attraction; and (iii) the white noise

model does not assume a covariance structure in the data owing

to phylogeny, it is equivalent to drawing trait values from a

single normal distribution. We also assessed the time-dependence

of trait evolution using two models. The d model by Pagel [51]

was used to assess the relative contribution of trait evolution

early in the radiation versus late in the radiation. Here, values

below 1 indicate that trait evolution occurred primarily along

the more basal branches in the phylogeny, whereas values greater

than 1 indicate trait evolution predominantly in younger sub-

clades. Second, the a parameter of the EB model (also known as

ACDC, for ‘accelerating–decelerating’ [52]) implemented in

GEIGER was used to test for accelerating or decelerating rates of

trait evolution across the phylogeny. Negative values indicate a

slowdown in trait evolution, while positive values identify accel-

eration. For an estimate of phylogenetic signal in the data, we

calculated Pagel’s l [51], where l ranges from 0 to 1 and higher

l values mean stronger phylogenetic signal in the trait data. As

a second measure of the pervasiveness of phylogenetic signal in

our trait data, we calculated Blomberg’s K statistic [52,53] using

the phylosignal function in the R package PICANTE v. 1.6–1 [54];

K . 1 indicates stronger resemblance of species than expected

under a Brownian model of trait evolution, while values less

than 1 point to a greater evolutionary malleability of the trait.

If the diversification of LT cichlids was indeed driven by

different selection pressures in the hypothesized order of

stages, we would expect this to be reflected in parameter esti-

mates and the fit of the macroevolutionary models to the data.

The time-dependent models should fit reasonably well and

differ in their parameter estimates between traits, pointing to

different temporal maxima of divergence. To robustly deduct

a temporal dependence of diversification, however, the

Ornstein–Uhlenbeck model of trait evolution would need to be

rejected [7], as selection to a single trait optimum with differing

strength could mimic such time-dependence.
3. Results
(a) Correlations between traits and the ecological niche
The ecological relevance of traits can be assessed by their cor-

relation with parameters describing the ecological niche. Here,

we used stable isotope ratios of carbon (C) and nitrogen (N) as

proxies for macrohabitat preference and trophic position of

species, respectively (figure 1 and table 1). Body shape is sig-

nificantly correlated with d13C, but not with d15N. The

correlation with d13C becomes weaker and insignificant

when phylogenetic relationships are taken into account (by

phylogenetic generalized least squares (PGLS)). LPJ shape

and gill raker morphology correlate significantly with both

http://rspb.royalsocietypublishing.org/


−5

0

5

10

bo
dy

 s
ha

pe
 P

C
1

−5

0

5

L
PJ

 s
ha

pe
 P

C
1

−4

−2

0

2

4

6

gi
ll 

ra
ke

r 
PC

1

4 5 6 7 8 9

−2

−1

0

1

2

d15N

gu
t l

en
gt

h 
re

si
du

al
s

−22 −20 −18 −16 −14 −12 −10
d13C

Lamprologini
EctodiniTropheini
BenthochrominiBoulengerochromini
CyphotilapiiniCyprichromini

EretmodiniPerissodini
Tylochromini

Figure 1. Phenotype – environment correlations. Species means of trait values (see ‘Material and methods’ for details) were plotted against species means of d13C
and d15N. d13C is considered to be an indicator of macrohabitat use, with higher or lower values reflecting a benthic or limnetic carbon source, respectively. d15N is
a proxy for trophic level, with larger values reflecting a higher trophic position.

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

281:20140605

4

 on October 27, 2016http://rspb.royalsocietypublishing.org/Downloaded from 
isotopic signatures, but more strongly with d13C. Phylogenetic

correction decreases these correlations in LPJ for both isotopes

and in gill rakers for d15N, while it reinforces the correlation

between d13C and gill rakers. Gut length correlates very

strongly with both isotopic signatures. Here, both correlations

are even more pronounced in the PGLS analysis. Brain weight

and coloration stand in stark contrast to the aforementioned

traits in that they either do not correlate with ecological

niche proxies, or, in the case of d13C and colour, only with

marginal significance.
Between traits, partial Mantel tests using phylogenetic

distance as a covariate revealed weak to moderate and predo-

minantly positive relationships (table 2). However, after

correction for multiple comparisons, only a subset of the

correlations remained statistically significant. The strongest

correlations were found between gut length and brain

weight (partial Mantel statistic¼ 0.5, p , 0.0001), and between

gill raker traits and LPJ traits (0.42, p , 0.0001). Gut length and

LPJ shape correlated positive with a coefficient of 0.24. No

correlation was evident between colour and any other trait.

http://rspb.royalsocietypublishing.org/


Table 1. Phenotype – environment correlation. (Correlations of species means for the first principal component of residual trait data ( phylogeny not accounted
for) and the stable isotope ratio of either carbon or nitrogen (Pearson’s correlation coefficient). Phylogenetically generalized least-squares (PGLS) analysis was
used to remove the phylogenetic signal potentially present in this correlation. Correlations that remained significant after table-wide adjustment of p-values
(after Bonferroni) are given in italics.)

body shape LPJ shape gill raker gut length brain weight colour

d13C Pearson’s correlation 20.41 0.51 0.53 0.63 0.12 0.28

p-value 0.0031 0.0002 0.0001 0.0000 0.3878 0.0497

PGLS correlation 20.12 0.38 0.72 2.03 0.02 0.59

p-value 0.3752 0.0278 0.0203 0.0011 0.9817 0.0591

d15N Pearson’s correlation 0.22 20.35 20.37 20.77 20.22 20.18

p-value 0.1197 0.0137 0.0076 0.0000 0.1216 0.2165

PGLS correlation 20.06 20.12 20.31 21.06 20.21 0.01

p-value 0.1940 0.0563 0.0040 0.0000 0.3718 0.9611

Table 2. Trait complex covariation among Tanganyikan cichlids. (Results of partial Mantel tests accounting for phylogenetic distance. Mahalanobis distances
were calculated for traits with intraspecific variance, and Manhattan distance was calculated for body coloration. Correlations are given below the diagonal,
p-values above. Comparisons that are significant after adjustment for multiple comparisons (after Bonferroni) are given in italics.)

p-value

Mantel statistic body shape LPJ shape gill raker gut length brain weight colour

body shape 0.0004 0.0044 0.0035 0.0286 0.595

LPJ shape 0.22 0.0001 0.0002 0.0015 0.5824

gill raker 0.15 0.42 0.1744 0.0027 0.7944

gut length 0.15 0.24 0.05 0.0001 0.2837

brain weight 0.11 0.19 0.18 0.5 0.7686

colour 20.02 20.02 20.06 0.03 20.06
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(b) Ecological specialization and overlap between
species

The LT cichlid species examined are at least somewhat, and

often strongly, separated in the traits studied here (figure 2).

The axes along which species are most separated (scaled by

within-species variance) were highlighted by a LD analysis.

In body shape space (figure 2a), species show fewer areas of

between-species overlap than in the other two multivariate

traits, LPJ (figure 2b) and gill rakers (figure 2c). The

between-species overlap is most apparent in gill raker space.

Gut length (figure 2d) and brain weight (figure 2e) also separ-

ate species in morphospace, with overlap between species

being less pronounced in gut length. The 14 algae-eating

species in the dataset clearly show increased relative gut

lengths compared with the non-algae-eating species. Overlap

in colour space could not be examined, but some clustering

is apparent (figure 2f ). On the tribe-level, traits also do

show separation, with partitioning of morphospaces being

most apparent between the most species-rich LT tribes

Lamprologini, Tropheini and Ectodini.

MANOVA and ANOVA show that means of trait axes are

significantly different between species for all traits (electronic

supplementary material, table S2). Wilks’ l indicates that

almost all the variance in the multivariate traits is accounted

for by species identity. Compared with body and LPJ shape,

gill rakers show increased, but still minor, unexplained
variance, interpretable as niche overlap (Wilks’ l ¼ 0.0121).

The lower F-value in the analysis of relative brain weight

compared to gut length corroborates the larger overlap

between species in this trait (electronic supplementary

material, table S2). In summary, the collective results indicate

that the species are well differentiated in all traits, but most

strongly in body shape.
(c) Trait evolution and test for the ‘stages model’
Recall that the ‘stages model’ of AR predicts that macrohabitat-

related traits, such as body shape, diversify early in the radiation

(stage 1). Successively, trophic traits (stage 2) and then traits

involved in sexual communication (stage 3) would come to

dominate diversification. By fitting models of trait evolution

to our data, we evaluated the plausibility of a scenario of

diversification in stages in LT cichlids. We assessed which

macroevolutionary model fits the data best by comparing the

sample-size corrected Akaike information criterion (AICc). The

different body shape dimensions derived from the phylogenetic

PCA (pPCA) show the best fit to different models of trait evol-

ution: body shape dimension 1 is best approximated by the

Pagel’s l model, whereas dimensions 2 and 3 are best approxi-

mated by Ornstein–Uhlenbeck and Pagel’s d models,

respectively. However, while the model fit difference for dimen-

sion 1 is moderately pronounced (min. DAICc ¼ 1.47), the

model selection is ambivalent in the other body shape

http://rspb.royalsocietypublishing.org/
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dimensions. This is similar for LPJ shape, where the min. DAICc

is 0.47 for dimension 1 and even lower for dimensions 2 and

3. Gill raker traits, gut length and brain weight all show a phy-

logenetic signal very similar to that produced by a Brownian

motion-like trait evolution (electronic supplementary material,

table S3), evidenced by Blomberg’s K and Pagel’s l parameter

being close to 1, and best fit of the Brownian motion model of

trait evolution. Coloration appears to be best fitted by a model

of Brownian trait evolution, too. However, in contrast to most

other traits, coloration dimensions are reasonably well fitted

by the ‘white noise’ model, as well. This might indicate a lack

of phylogenetic covariance structure in this trait. We used

Pagel’s d model and the EB model to reveal variation in the

rate of trait evolution across the timeframe of the radiation. All

traits show an acceleration in trait evolution as evidenced by

positive a values, as well as a concentration of trait evolution

comparatively early in the radiation, shown by d values more

than 1 (electronic supplementary material, table S3). Among

the six trait complexes, colour appears to be most rapidly evol-

ving. Of the remaining traits, body shape evolution appears to

accelerate in the course of the radiation, followed by LPJ

shape. Gill rakers, gut length and brain weight show com-

paratively little acceleration. However, in no case was the fit of

a time-dependent model significantly better than either the

Brownian motion or the Ornstein–Uhlenbeck model of trait

evolution (DAICc . 2). Thus, we have to limit our tentative

conclusions about time dependency of trait evolution to the

above-stated fits of macroevolutionary scenarios with our data.

In quantifying phylogenetic signal, our results are in

agreement with those of Wagner et al. [27], who reported a

Pagel’s l of 0.995 for gut length, and of Gonzalez-Voyer

et al. [24] who reported a Pagel’s l of 0.71 for brain weight.

Both studies have investigated LT cichlids, but included less

and different species than this study. Clabaut et al. [22] find

that body shape is best predicted by trophic niche and

water depth, which is corroborated by our analyses here.

Breakpoint regression models for distances of residual

trait values (phylogeny not being accounted for) scaled by

within-species variance against phylogenetic distance show

the initial increase in trait divergence with evolutionary

divergence. After the estimated breakpoint, linear models

indicate no further increase in trait divergence, and trait dis-

tance appears to be uncorrelated to phylogenetic distance

(electronic supplementary material, figure S3).
4. Discussion
Our examination of the stages model of AR in LT cichlids is

based on data for six trait complexes analysed within a phy-

logenetic framework using 51 representative species. We also

examined the ecological relevance of these traits using stable

isotope data, specialization to ecological niches and niche

overlap, as well as trait covariation.

(a) Phenotype – environment correlation
All traits apart from brain size and coloration showed corre-

lation with the ecological niche as approximated by stable

isotope data. Overall residual brain size as measured in this

study does not appear to correlate with ecological niche.

However, it seems likely that cognitive demands regarding

specialization to macrohabitats and trophic niches differ

such that an effect on brain evolution would be expected
[55]. For a smaller dataset of LT cichlids, a significant corre-

lation between diet and brain weight was found [56], but

their approximation of the ecological niche differs consider-

ably from ours as it relied on qualitative descriptions from

the literature. In general, specialization to available niches

might involve changes in the relative sizes of brain substruc-

tures [57,58] such that the measure of whole brain weight is

too crude to characterize differences.

In contrast to brain weight, gut length is strongly corre-

lated with the trophic niche, and also with our proxy for

the macrohabitat niche, d13C. This is not surprising given

the demands of a herbivore’s diet on the digestive system.

Herbivores are also more likely to acquire their carbon signa-

ture from the littoral realm, as this is where epilithic algae

occur, explaining the correlation with our macrohabitat

proxy. An example of an exception to this is Cyathopharynx
furcifer (Cyafur), a plankton feeder with a limnetic carbon sig-

nature. Figure 2e illustrates this clearly with herbivorous

species being those with the highest relative gut length. The

gill raker data also meet the expectation of a significant corre-

lation with ecological niche. Coloration does correlate with

marginal significance with the macrohabitat niche. The

colour dimorphism found in some species has been corre-

lated with microhabitat specializations [59,60], so this

pattern could also be expected on the species level. However,

convergence through mimicry might obscure patterns [61,62].

More precise quantification of colour and its relationship to

niche specialization is thus required.

(b) Ecological specialization and overlap between
species

By scaling trait values by the average within-species variance,

we standardized our measurements to allow comparisons

across traits and to infer the relative contribution to niche

specialization. We find that traits varied in their overlap

between species. While body shape shows signs of a more

recent divergence compared with trophic traits, it is the

trait attaining the largest between-species trait distances if

scaled by within-species variance. Also, species overlap less

in body shape morphospace compared to trophic traits.

This suggests a higher degree of specialization of species in

their macrohabitat niche than in trophic characters, such as

the pharyngeal jaw apparatus. Trophic traits attain less

between-species standardized trait distance, which could be

interpreted as trophic traits being less evolutionarily con-

strained. Another possible explanation is that the adaptive

landscape of microhabitats differs between geographically

separated sites, which might inflate the morphospace taken

up by a given species if individuals from different sites are

analysed together.

(c) Trait covariation
Analysing trait covariation while controlling for phylogenetic

relatedness reveals several pairwise comparisons to be signifi-

cantly correlated. Gut length and brain weight covary—most

probably due to both being trophic adaptations, for example

to herbivory, which could also impose specific cognitive

demands due to habitat complexity. The weaker correlation

of body and LPJ shape is somewhat unexpected, as body

shape is thought of conferring adaptation to macrohabitat,

whereas the pharyngeal jaw apparatus is mainly involved in

http://rspb.royalsocietypublishing.org/


rspb.royalsocietypublishing.or

8

 on October 27, 2016http://rspb.royalsocietypublishing.org/Downloaded from 
trophic adaptation. However, food types and abundances

differ not only between microhabitats but also between macro-

habitats, and, thereby, macrohabitat and trophic adaptations

might covary. The correlation between LPJ shape and gill

raker traits is not surprising, given that both traits together

are responsible for the uptake and the processing of food

items, possibly leading to functional constraints. In addition,

developmental constraints may further limit independency of

trait evolution in the case of LPJ and gill rakers, as both trait

complexes derive from gill arch constituents.
g
Proc.R.Soc.B

281:20140605
(d) Trait evolution and test for the ‘stages model’
The predictions derived from the ‘stages model’ were met to

different degrees. In general, we did not find definitive evi-

dence for the existence of discrete stages in the AR of

cichlids in LT, because the time-dependent models of pheno-

typic evolution (EB model and Pagel’s d) were not supported

over others. However, some of the patterns observed were

nonetheless consistent with the ‘stages model’. For example,

traits were found to exhibit different amounts of phylogenetic

signal and the timing of diversification varied among traits

(supporting our prediction (i)). The ordering of trait diver-

sification (prediction (ii)), with the caveat of not being able

to reject the Ornstein–Uhlenbeck model, did not mirror

our expectations in the amount of phylogenetic signal. The

ordering of the relative amounts of attained relative

between-species divergence (scaled by within-species diver-

gence) is in agreement with our prediction from the ‘stages

model’ and the findings of the phylogenetic model fitting.

The time-dependence of traits analysed here was not unequi-

vocally evident. Simpler models, not invoking a change in the

rate of phenotypic evolution within the timeframe of the AR,

received greater support. That said, the time-dependent

models (EB model and Pagel’s d) often did fit reasonably well

even compared to the respective best-fit model (DAICc , 2). Par-

ameter estimates for those two models differed between traits,

but did not conform to the expectation of an apparent ordering

of trait evolution in the form of macrohabitat-related traits first,

then microhabitat-related (in our case: trophic) traits, and,

finally, sexual communication traits. Instead, our parameter esti-

mates revealed a different, tentative ordering of trait evolution in

LT cichlids that was sometimes but not unambiguously corrobo-

rated by the fit of the respective macroevolutionary models: it

appears that the evolution of trophic traits is less accelerated

across the radiation than either body shape or coloration,

suggesting that there are temporal stages of phenotypic evol-

ution in the AR. The ordering, however, is somewhat different

to the ‘stages model’, with trophic traits diverging first, followed

by macrohabitat-related traits, and, finally communication traits.

The same conclusion can be drawn from the comparison of

the amount of phylogenetic signal in each trait complex. Traits

characterized by their functionality in feeding (LPJ, gill raker,

gut) showed a stronger phylogenetic signal than traits used

in macrohabitat adaptation (body shape) or communication

(colour). In fact, coloration showed no significant phylogenetic

signal at all, which is in agreement with the stages model [8]

and is to be expected given current arguments that the evol-

ution of sexual characters is often rapid and unconstrained.

On the other hand, the temporal patterns of phenotypic evol-

ution in trophic relative to macrohabitat-related traits do not

conform to the ‘stages model’. All results of our model fitting

approach point to less phylogenetic signal and, hence, a more
recent divergence in body shape traits compared with trophic

traits. A similar scenario, with diversification into macro-

habitats coming second, has been suggested for Phylloscopus
warblers [16], and, more recently, for two extinct fish

radiations [17]. The latter authors presented a ‘head-first’ scen-

ario, in which fish head morphology consistently diversified

prior to trunk morphology. Assuming head morphology to

be a predominantly trophic trait, and trunk morphology

responding mainly to selection pressures exerted by macroha-

bitats, the order of trait evolution in those radiations appears to

follow the same trend as we uncover here. Note, however, that

such trait complexes are probably not independent. Body

shape, for example, also includes information on head shape,

so that a signal of adaptation to diet in head shape is probably

captured by body shape data too. Thus, the signal in body

shape is perhaps biased towards a higher similarity with

trophic traits, a possibly general problem in analyses like

this. An alternative interpretation of our results is that color-

ation was a target of selection throughout the radiation,

whereas body shape and, especially, the trophic trait com-

plexes LPJ, gill rakers and gut length were involved in

certain (initial) stages only [63].

Yet another explanation for our findings is that convergent

evolution within the AR of LT cichlids [21] caused an ‘erosion’

of the phylogenetic signal in certain trait complexes, possibly

accumulating with time since the climax of divergence. Con-

vergence might also be a potential explanation of why

divergence with respect to macrohabitat was suggested as

the initial stage of morphological evolution in the first place

[8,9]. Low within-species but large between-species variance

in body shape make this trait appear well suited for taxonomic

inference, but a lack of phylogenetic signal would lead to

erroneous taxonomic groupings. In cases where convergent

evolution has in this way hampered the traditional reconstruc-

tion of phylogenetic relationships that did not include

molecular data, stages of AR could have been suggested spur-

iously. By relying on taxonomic affiliations derived from

characters implicated in, for example, habitat or resource

specializations, recurrent adaptations would not be recognized

as such. In this case, the impression of a temporal order of phe-

notypic evolution within ARs would be an artefact, as has

been shown in bower-building cichlids of Lake Malawi [64]:

molecular phylogenetic analyses revealed that some genera

were actually not monophyletic to the result that the revised

trait distribution suggested trophic morphology to diverge

consistently earlier in the AR compared to mate recognition

traits (i.e. bower shape). Similarly, in LT cichlids such sys-

tematic revisions have been common as reliable molecular

phylogenies have become available that uncovered cases of

convergent evolution (e.g. [21,65]).
(e) Limitations of our approach
The inability of our study to conclusively reject or support a

model of AR in stages in LT cichlids has several plausible expla-

nations, including study design, methodological limitations or

biological processes. Concerning study design, the basal tribes

Trematocarini and Bathybatini, both predominantly inhabiting

the open waters, are under-represented in our dataset. Includ-

ing more species of those tribes might help generate more

definitive results with respect to the ‘stages model’.

Methodologically, our approach analysed body shape as a

whole, not discriminating between head- and trunk shapes.

http://rspb.royalsocietypublishing.org/
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Therefore, trophic adaptations in head shape could be rep-

resented in our assessment of body shape evolution (see

above). However, Muschick et al. [21] have shown that the

major axis of body shape evolution in LT cichlids discrimi-

nates deep-bodied versus elongated morphs, reflecting

macrohabitat adaptation also in other fish groups [10,66].

Additionally, although our dataset is certainly rich relative

to today’s standards and can readily address questions

about ecological specialization and the order of divergence

of traits early in the radiation, the number of taxa used

might be insufficient to reliably discriminate between scen-

arios of recent trait evolution (e.g. [67]). Also in terms of

methodology, the fitting of evolutionary models implicitly

uses reconstructed ancestral phenotypes, which may be inac-

curate. Additional information from fossils would be highly

useful to verify these estimates [68]. Furthermore, evolution-

ary change might be underestimated in cases where later

changes curb earlier ones, to the end that differences in the

rate of evolution between traits might become blurred [69].
605
5. Conclusion
In this study, we examined the time- dependence of trait evol-

ution and diversification in the species-flock of cichlid fishes

in East African LT to test whether this AR proceeded in

discrete stages, as has been proposed earlier for vertebrate

ARs. Although we do not find strong evidence for the classic

stages model of AR in LT cichlids, we find that—contrary to

earlier predictions—trophic traits diversified earlier in the
radiation than traits related to macrohabitat specializations,

whereas sexual communication traits (i.e. coloration) appear

to have diversified late. The lack of power in our approach to

discriminate between plausible macroevolutionary hypotheses

emphasizes the need for even more comprehensive comparative

studies, which would benefit from the addition of fossil data.
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