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Introduction

“I have never met an animal or organism that was not interesting, but some stand out 

as special; cichlid fishes are right up there.”

George	Barlow	2002, The	Cichlid	Fishes:	Nature’s	Grand	Experiment	In	Evolution

The	study	of	biodiversity,	i.e.	the	manifold	forms	of	live,	has	been	a	major	subject	of	
human	innate	curiosity	not	only	since	Darwin’s	times	but	also	for	centuries	before.	It	
has on the one hand always been one of the great goals of humanity to catalog and 

describe the entire natural world in all its wonder and on the other hand humans have 

and	do	greatly	profit	in	many	ways	from	a	complete	knowledge	of	life	with	all	its	dangers	
as	well	as	benefits.	With	Darwin	and	Wallace’s	first	large	advances	in	the	field	(Darwin	
&	Wallace	1858),	which	in	the	case	of	Darwin	was	summarized	so	effectively	in	‘The	
Origin’	(1859),	it	has	become	increasingly	important	not	only	to	describe	biodiversity	
but to investigate the dynamics underlying this diversity in a broad sense and to identify 

the	exact	processes	in	natural	systems	that	lead	to	the	vivid	world	we	see	today.	
By observing the species assemblages in our natural world and its ecological properties 

one	pattern	stands	out	in	specific.	A	large	number	of	lineages	seem	to	be	diversifying	
or	 have	 diversified	 in	 a	 very	 short	 amount	 of	 time	 along	 trajectories	 of	 ecological	
adaptation. This results in a great number of ecologically diverse and species rich 

groups.

Since	almost	two	decades	these	speciation	outbursts,	the	so-called	adaptive	radiations,	
have	been	put	forward	as	a	major	reason	for	a	large	portion	of	the	diversity	we	see	
today	 (Schluter	2000).	Adaptive	 radiations	are	 indisputably	a	very	complex	process	
with	many	factors	to	consider.	They	are,	however,	not	separable	from	the	concept	of	
ecological	 speciation	by	 the	means	of	natural	 selection	 (Schluter	2000).	Hence	 the	
concept	 of	 convergent	 evolution	 (McGhee	 2007),	 which	 states	 that	 when	 different	
organisms independently evolve similar morphological or behavioral traits as a result 

of	similar	ecological	selection	regimes,	was	put	forward	as	an	essential	indicator	of	the	
‘adaptiveness’	of	respective	species	differences	and/or	similarities	(Osborn	1902).	
In	the	exceptionally	species	rich	and	eco-morphologically	highly	diverse	assemblages	
of	 the	East	African	Rift	 lakes	 (Salzburger	 2009),	 the	 paradox	was	 put	 forward	 that	
competitive	ecological	exclusion	(Gause	1934)	of	converging	species	seems	to	require	
a	temporal	and	special	separation	(allopatry)	of	the	different	lineages	in	order	for	them	
to	 coexist	 (Mayr	 1984).	Recent	 phylogenetic	 framework	 and	molecular	 dating	 (e.g.	
Verheyen et al. 2003) seem to indicate though that in fact many lineages formed very 

rapidly	thus	not	allowing	the	avoidance	of	competitive	exclusion.

These	questions	are	addressed	in	the	first	part	of	my	thesis	(part	one:	Comparative	
Ecology) where in Chapter 1 (“Convergent evolution within an adaptive radiation 
of cichlid fishes”) we investigated ecologically based convergence within the Lake 

Tanganyika cichlid radiation. 

Chapter 2 (“The ecological and genetic basis of convergent thick-lipped 
phenotypes in cichlid fishes”)	is	a	project	where	we	investigated	not	an	entire	
radiation but the convergent occurrence of a conspicuous trait which is thought to 

be	highly	adaptive,	the	thick	lipped	phenotype	of	cichlid	fishes	which	is	found	across	
several lineages and large parts of their distribution. In this case the focus of the 
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study	was	to	characterize	the	degree	convergence	in	morphological	and	ecological	
traits as well as genetic developmental pathways.

Considering the strong connectivity of convergent evolution with the ecological 

properties of a habitat mediated by natural selection it is apparently crucial to study 

ecological parameters of habitats connected by convergent phenotypes. Such a 

study is described in Chapter 3 (Depth-dependent abundance of Midas Cichlid 
fish (Amphilophus spp.) in two Nicaraguan crater lakes)	where	we	characterized	
effective	population	sizes	by	means	of	transect	methods	in	order	to	compare	two	
lakes	exhibiting	convergent	phenotypes	of	cichlid	fishes.
Outside of large continuous habitats such as the Great Lakes of the African Rift valley 

where	many	species	co-occur	and	compete,	as	discussed	above,	detailed	knowledge	
of the geographic distribution of species on a solid phylogenetic the background is 

crucial to the understanding of diversity in more structured habitats such as non-

continuous wood land or river systems. 

In part two of my thesis I combine different studies dealing with combination of 

distributional	patterns,	patterns	of	phylogenetic	relationships	and	ecological	factors.
The	cichlid	fishes	of	the	east	African	rivers	have	become	increasingly	important	in	the	
understanding	of	large-scale	relations	of	African	cichlid	fishes	(Wagner	et	al.	2012,	
Koblmüller	et	al.	2012,	Loh	et	al.	2012)
In Chapter 4 (“Back to Tanganyika: a case of a recent immigration into a species-
flock of East African cichlid fishes”) we investigate a recently discovered dispersal 

event	of	a	modern	cichlid	lineage	(Haplochromis spp.)	across	major	watershed	barriers	
in Eastern Africa. 

Along the same lines in Chapter 6 (“Admixture between divergent mitochondrial 
lineages and greater phenotypic variation in a basal haplochromine cichlid 
fish from Lake Chila, Zambia”) we investigate phylogeographic history of a basal 

haplochormine	clade	(genus:	Pseudocrenilabrus)	with	detailed	investigation	of	a	case	
of	hybridization	of	two	distinct	lineages	combined	with	the	ecological	opportunity	of	a	
new	habitat	(colonization	of	a	lake).
In Chapter 5 (“Divergence between lake and stream habitats in an East African 
cichlid fish”) we investigate the degree of ecological divergence of a riverine cichlid 

species,	 which	 also	 occurs	 in	 pure	 lake	 habitats	 (Astatotilapia burtoni).	 Genetic,	
morphological	and	ecological	diversity	is	assessed	in	four	different	replicated	affluent	
river systems of Lake Tanganyika.

Morphological	diversity	within	natural	populations	is	the	crucial	prerequisite	for	natural	
selection to act on and to enable ecological adaptive evolution. A special case of such 

morphological	variation	where	the	beneficial	natural	symmetry	is	broken	is	the	mouth	
asymmetry	of	the	scale	eating	cichlids	of	Lake	Tanganyika,	which	was	the	main	topic	
of	the	third	part	of	my	thesis.	Here	we	have	an	intensely	studied	and	highly	discussed	
system	apparently	providing	textbook	examples	of	many	biological	principals	such	as	
frequency	dependent	selection	(Hori	1993).	Nevertheless	many	crucial	aspects	are	still	
missing to the full understanding of the dynamics within system. In Chapter 7 (“A field 
based assessment of attack strategies and feeding success in the scale eating 
cichlid fish Perissodus microlepis (Perciformes)”) I	conducted	a	field	experiment	to	
investigate the correlation of mouth asymmetry with attack strategies and the feeding 

performance	of	mixed	morph	as	opposed	to	uniform	populations.	
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Report
Convergent Evolution within
an Adaptive Radiation of Cichlid Fishes

Moritz Muschick,1 Adrian Indermaur,1

and Walter Salzburger1,*
1Zoological Institute, University of Basel, 4051 Basel,
Switzerland

Summary

The recurrent evolution of convergent forms is a widespread
phenomenon in adaptive radiations (e.g., [1–9]). For ex-
ample, similar ecotypes of anoles lizards have evolved on
different islands of the Caribbean [2, 6], benthic-limnetic
species pairs of stickleback fish emerged repeatedly in post-
glacial lakes [1, 3], equivalent sets of spider ecomorphs have
arisen on Hawaiian islands [7, 8], and a whole set of conver-
gent species pairs of cichlid fishes evolved in East African
Lakes Malawi and Tanganyika [10, 11]. In all these cases,
convergent phenotypes originated in geographic isolation
from each other. Recent theoretical models, however,
predict that convergence should be common within
species-rich communities [12, 13], such as species assem-
blages resulting from adaptive radiations. Here, we present
the most extensive quantitative analysis to date of an
adaptive radiation of cichlid fishes, discovering multiple
instances of convergence in body and trophic morphology.
Moreover, we show that convergent morphologies are asso-
ciated with adaptations to specific habitats and resources
and that Lake Tanganyika’s cichlid communities are charac-
terized by the sympatric occurrence of convergent forms.
This prevalent coexistence of distantly related yet ecomor-
phologically similar species offers an explanation for the
greatly elevated species numbers in cichlid species flocks.

Results and Discussion

Adaptive radiation, the rapid evolution of a multitude of
species from a common ancestor as a consequence of their
adaptation to various ecological niches, is thought to be
responsible for much of the morphological and ecological
diversity on earth [4, 9]. Interestingly, parallel adaptive radia-
tions of the same group of organisms frequently produce
convergent forms [1–9], which is commonly understood as
the result of independent adaptations to similar ecological
conditions [3, 4, 14, 15]. Convergence in morphology and
behavior is typically observed between species that evolved
in geographic isolation [2, 3, 7, 10]. Theoretical models, on
the other hand, predict that convergence should also be
common within species-rich communities [12, 13], thus chal-
lenging the standard ecological premises that closely related
species should be ecologically similar [16, 17] and that two
species cannot coexist in the same niche [18]. Such models
suggest that there is an alternative strategy for enabling stable
coexistence than to be sufficiently distinct: to be sufficiently
similar. According to these models, convergent evolution
actually appears to be characteristic in ‘‘species-saturated

communities’’ [12] and to occur when the number of species
exceeds the number of available niches [13], as is probably
the case in the exceptionally diverse species flocks of cichlid
fishes in the East African Great Lakes Victoria, Malawi, and
Tanganyika.
Against this background we explore the cichlid fish assem-

blage of Lake Tanganyika (LT) (Figure 1A) and provide what is
to date the most thorough examination of a cichlid adaptive
radiation. Our integrative study combines molecular phyloge-
netic, geometric morphometric, and diet analyses in a data set
of more than a thousand specimens from 71 species (see
Table S1 available online and Experimental Procedures). Our
morphological comparisons focus on two ecologically highly
relevant characters, overall body shape and the shape of the
lower pharyngeal jaw bone (LPJ). The LPJ is the central unit
of the pharyngeal jaw apparatus, which is a second set
of tooth-bearing jaws in the pharynx used to process food
[11, 22] (Movie S1). Finally, we use carbon and nitrogen stable
isotope ratios as proxy for trophic ecology—in combination
with stomach and gut content analyses.
We first present a robust phylogenetic framework for the

species flock (Figure 1B), which largely agrees with previous
studies [19, 20]. When clustering the species according to
body and LPJ shape, the phylogenetic structure vanishes
(Figures 2A and 2C), indicating that the shape of these traits
is largely uncoupled from the phylogenetic background of
a species. All larger cichlid tribes are broken up into two or
more body and LPJ shape clusters, and the different tribes
overlap in morphospace (Figures S1A and S1B). A large
fraction of the sister taxa are not each other’s closest ally in
the morphological cluster analyses, and the cluster trees
based on shape data are incongruent with the molecular
phylogeny (body shape: D -lnL = 2885.87; D tree length =
1059; PSH < 0.001; PKH < 0.001; LPJ shape: D -lnL = 3709.20;
D tree length = 1484; PSH < 0.001; PKH < 0.001). Instead of
correlating with phylogeny, species that are morphologically
alike are, in general, more similar in trophic ecology (Figures
2 and S1). This integrated analysis leads to two main observa-
tions. First, species from distinct clades are grouped into the
same morphoclusters, whereas sister-species are often quite
distinct morphologically (Figure S2); this suggests prevalent
convergence in body and LPJ shape within the cichlid species
flock of LT. Second, there appears to be a strong link between
(trophic) morphology and ecology in LT cichlids; this suggests
that, just like in other cases of convergent evolution, natural
selection is the driving force in the evolution of convergent
forms [1, 5, 15, 23]. In the following, we provide examples for
convergent species and quantify convergence in sympatry in
the cichlid species flock of LT.
Perhaps the most striking case of convergent evolution

within LT’s cichlid assemblage involves Neolamprologus
prochilus and the enigmatic ‘‘Ctenochromis’’ benthicola (Fig-
ure 3A and indicated in bold in Figures 1 and 2). Both species
occur sympatrically and are similar to a degree that even local
fishermen, who otherwise ably distinguish species, consider
them as one. In line with this, geometric morphometric anal-
yses cluster them together, they have similar stable isotope
signatures (Figures 2 and S1), and they show the same*Correspondence: walter.salzburger@unibas.ch
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stomach contents, namely remnants of the endemic shrimp
Limnocaridina sp. (Figure 3A). Yet, whereas N. prochilus
belongs to the Lamprologini, ‘‘C.’’ benthicola—formerly con-
sidered a Haplochromini and congener of C. horei—now
emerges as a member of the Cyphotilapiini (Figure 1B). Pair-
wise genetic distances of 10.6%and 1.4% in themitochondrial
and nuclear DNA, respectively, suggest that the two species
are separated by several million years of independent evolu-
tion, which lies in the range of the eye-catching convergent
species pairs observed between Lakes Tanganyika and
Malawi [10]. But cichlids do not only resemble other endemic
cichlids. The rare Baileychromis centropomoides, for

example, is very similar in overall body shape to an endemic
Lates sp. (Figures 3B and S3).
To quantify convergence in the LT cichlid species flock, we

plotted relative morphological distance against phylogenetic
distance for each pair of species and compared it to simula-
tions of trait evolution (Figure 4A). Applying a conservative
threshold (see Experimental Procedures), we identify 122
and 132 species pairs that are convergent in body and LPJ
shape, respectively, which is about five times more than pre-
dicted by the models. Importantly, more than three quarters
of these convergent species pairs overlap in habitat and depth
distribution (Table S2), and they show a significantly greater

Figure 1. The Cichlid Species Flock of Lake Tanganyika

(A) Map of East Africa showing the three Great Lakes. Lake Tanganyika (LT) is the oldest lake in East Africa and, consequently, accommodates the genet-
ically, morphologically, and ecologically most diverse cichlid species flock [11, 19].
(B) Maximum-likelihood phylogeny of the 71 Tanganyikan cichlid species in our core data set, based on two nuclear (ednrb1, phpt1) and one mitochondrial
(ND2) marker (2,013 bp in total) and the GTR+G model of molecular evolution. Numbers above the branches depict Bayesian posterior probabilities >0.97.
Full species names are given in Table S1; different colors denote the main cichlid lineages (‘‘tribes’’), some of which are likely to have undergone secondary
subradiations [19–21]. Note that the cichlid adaptive radiations of Lakes Malawi and Victoria consist of one of these tribes only, the Haplochromini (the Tan-
ganyikan representatives of which are often referred to as Tropheini) [21]. Our phylogeny confirms the monophyly of the tribes; at least seven genera
are, however, paraphyletic, which already indicates convergence in traits used to classify them initially. For example, the putative haplochromine
‘‘Ctenochromis’’ benthicola (Cteben) emerges as a member of the Cyphotilapiini, whereas its congener, C. horei (Ctehor) remains within the Tropheini/
Haplochromini. The other paraphyletic genera are Gnathochromis (Gna), Lamprologus (Lam), Limnochromis (Lch), Neolamprologus (Neo), Perissodus
(Per), and Petrochromis (Pet). Images of the fishes were taken directly in the field.

Convergence within a Cichlid Adaptive Radiation
2363
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Figure 2. Ecomorphological Diversity in Cichlids from Lake Tanganyika

(A) Cluster analysis on the basis of 17 homologous landmarks on body shape.
(B) d13C stable isotope signatures.
(C) Cluster analysis on the basis of eight homologous and six sliding landmarks on the lower pharyngeal jaw bone.
(D) d15N stable isotope signatures.
(E) Results from the stomach and gut content analyses (in volume %).
Outlines in (A) are based on real photographs; images in (C) are taken fromdissected LPJs (see Table S1 for details). Themainmorphoclusters are separated
by gray lines, and the tribes are colored as in Figure 1. Colored dots in (B) and (D) represent average values; gray bars indicate 95% confidence limits of a t
distribution. *marks specieswith too small a sample size, so that 95%confidence intervals were not calculated. The ratio between the rare isotope 13C to 12C
(the d13C value) indicates theprimary carbon source,whichmay vary betweenmacrohabitats (e.g., benthic versus pelagic), whereas the d15N value (15N to 14N)
serves as proxy for the relative trophic level of an organism. Accordingly, in LT cichlids, d13C values correlate with body shape clusters (F = 2.66, p < 0.005),
whereas d15N values correlate with LPJ shape (F = 4.03, p < 0.005). Note that each trophic level is separated by approximately 3.4‰ in d15N from the one
below. To facilitate comparisons, we also included average stable isotope values for some plant and animal species from LT (see box at the bottom).

Current Biology Vol 22 No 24
2364
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overlap in diet compared to random species pairs (p < 0.05 for
body shape; p < 0.0001 for LPJ shape). These results demon-
strate that cichlid communities within LT are characterized by
the sympatric occurrence of convergent forms and that
convergence is particularly prevalent in trophic morphology.

We then performed disparity-through-time (DTT) analyses
to reconstruct convergent evolution along the evolutionary
history of the species flock. The DTT analysis uncovers a large
overlap in body morphology between the subclades emerging
in the progress of the radiation (Figure 4B). The DTT plots on
the basis of LPJ shape reveal that phases of larger subclade
overlap are punctuated by a phase of neutral-like disparity.
Overall, there is a strong signal of convergent evolution, which
is unlikely to be explained by varying rates of speciation or of
morphological evolution, because both have been shown to
be rather constant in the cichlid adaptive radiation of LT [20,
25] (Figure S4). The DTT analyses thus suggest that conver-
gent evolution in body and LPJ shape occurred throughout
the time course of the radiation.

Figure 3. The Curious Cases of Convergent
Evolution between ‘‘Ctenochromis’’ benthicola
and Neolamprologus prochilus and between
Baileychromis centropomoides and Lates sp.

(A) ‘‘C.’’ benthicola (Cteben) and N. prochilus
(Neopro) are phylogenetically distinct (Figure 1)
but show great similarities in morphology and in
stable isotope signatures (Figure 2). For each
species, the LPJ and a pincer of the freshwater
shrimp Limnocaridina sp. (found in the stomach
of the respective specimen) is shown.
(B) Canonical variates analysis showing that
B. centropomoides is morphologically similar to
Lates sp. endemic to LT (B. centropomoides
shows the by far smallest Procrustes distance
to Lates; see Figure S3). Each dot represents
a species. Note that Lates used to be classified
in the family Centropomidae until recently, which
is where the species name for Baileychromis is
derived from.

A large proportion of phenotypic
differentiation in LT’s cichlid assem-
blage occurred along only a few prin-
cipal axes in morphospace (Figure 4C),
which reflect adaptations to specific
habitats and feeding regimes. For body
shape, we detect divergence and
convergence in the relative body height,
which generally correlateswith a pelagic
or benthic lifestyle, respectively; the
relative sizes of the head and trunk;
the sizes of mouth and eye; and the
position of the mouth. The divergent
and convergent features of the LPJ
involve its relative length and width
(affecting lever ratios), the relative size
and position of the posterior horns
(important muscle attachment sites),
and the shape of the toothed area. Inter-
estingly, the DTT trajectory for LPJ
shape largely coincides with the trajec-
tory of the stable isotope data (Fig-
ure 4B), underpinning synchronized
differentiation in both an important

trophic character (the pharyngeal jaw apparatus) and the
trophic niche (as approximated by stable isotopes). This
once more confirms a strong link between morphology and
ecology in LT cichlids.
In comparison with other renowned examples of adaptive

radiation, the situation in LT is unique in its richness of conver-
gent forms that evolved in situ and that coexist in the same
habitats (Figures 2, 3, and 4). But what has triggered conver-
gent evolution within the species flock of cichlids in LT? One
possibility is that convergent evolution is a feature of
advanced adaptive radiations, such as the LT cichlid species
flock, which constitutes the relatively oldest cichlid radiation
of the East African lakes. Representatives of distant lineages
that independently adapt to the same habitat and the
resources therein later in the radiation might then already be
sufficiently distinct in certain life-history traits to enable coex-
istence. In the convergent species pair N. prochilus and ‘‘C.’’
benthicola (Figure 3), for example, the former is a substrate
spawner, whereas the latter is a mouthbrooder. Convergence

Convergence within a Cichlid Adaptive Radiation
2365
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(and niche overlap) would then be the product of secondary
subradiations within the main Tanganyikan tribes [19, 20]
superimposed upon each other—a stage that other adaptive
radiations might not yet have reached. This scenario seems
unlikely, though, given that our DTT analyses reveal a signal
of convergence that is constantly high throughout the radia-
tion (Figure 4B). Also, empirical studies comparing various
adaptive radiations [26] and theoretical work [27] revealed
that diversity appears to be greatest in radiations of interme-
diate ages and to actually decrease toward later stages. A
second possibility is that convergent species initially emerged
in isolation—e.g., when LT was temporarily split into separate
basins during extremely low lake stands [28]—and only
became admixed at a later stage of their evolution. Again,
this does not seem to be compatible with our DTT and LTT
analyses, which revealed that the signal of divergence and
convergence is rather constant throughout the radiation and
not restricted to certain periods—e.g., of lake level low
stands—only.

That morphological differentiation resulted in convergence
in LTmight better be explained by the limited number of niches
and, hence, adaptive zones (compared to the number of
species) that cichlids can invade within the lake [29].

Alternatively, there might be a limit in the number of possible
morphologies that cichlids can produce, due to some sort of
developmental or genetic constraint [14]. The main mor-
phoclusters in body and LPJ shape (Figure 2) might reflect
such constraints. Perhaps it is also a combination of the finite
number of niches and morphologies that explains conver-
gence within the adaptive radiation of LT cichlids.
In any case, convergence in ecologically relevant traits

within a single radiation is compatible with predictions made
by current population ecology theory [12, 13]. It seems that
self-organized similarity does not only play an important role
in the maintenance of diversity, for example of plankton [30],
but also in the rapid formation of organismal diversity via
convergent evolution. Because resources are jointly used by
several ecomorphologically similar and co-occurring cichlid
species from distinct clades in LT, species numbers are maxi-
mized without increasing overall disparity. A key to the cichlid
problem (i.e., why are there somany species?) might thus lie in
the frequent occurrence of convergent evolution—not only
between lakes but especially within a single lake and in adap-
tively relevant traits such as the LPJ. The question is now
whether divergence via convergence is a more general pattern
of diversification in species-rich communities. It would thus be

Figure 4. Convergence and Adaptive Disparity in
the Cichlid Species Flock in Lake Tanganyika

(A) Pairwise distance-contrast plots showing the
correlation between phylogenetic versus
morphological distance. The expectation from
neutral trait evolution (‘‘divergence’’) is a correla-
tion between morphological and phylogenetic
distance. Species pairs with small morphological
yet large phylogenetic distance are indicative of
stasis (in cases where there are no intermediate
species with distinct morphologies) or conver-
gent evolution [24]. To assess the prevalence of
convergent evolution in body and jaw shape, we
contrasted the positions occupied by all pairwise
comparisons (n = 2,485) with those resulting from
a Brownian motion model of trait evolution. We
binned the data points into hexagons, the colors
of which reflect the differential abundance of
observed versus model comparisons. Different
shades of blue indicate that our data contained
fewer comparisons than expected from the
model, whereas shades of red indicate that there
were more pairwise comparisons in the data. The
latter are predominant in the area indicative for
convergence. The white asterisk marks the
convergent species pair ‘‘Ctenochromis’’ benthi-
cola and Neolamprologus prochilus (see Fig-
ure 3).
(B) Disparity-through-time (DTT) plots showing
the average disparity retained in subclades (for
body shape and LPJ shape and stable isotopes).
Here, DTT plots inform about the time course of
ecomorphological evolution. Moving along the
phylogeny (from the root to the tips), the relative
disparity of subclades is calculated at each
internal node, averaged, and plotted against
evolutionary time. The observed data is
compared to a scenario of trait evolution esti-
mated under a Brownian motion model (dotted
line) on the same phylogeny. In order to avoid
the effects of ‘‘tip overdispersion’’ due to missing
terminal taxa, the most recent 20% of the plots
were omitted.

(C) Shape changes along axes, which account for most of the divergence in the LT cichlid radiation. Axes are derived from evolutionary principal component
analyses for body (first, second, and fourth axis) and LPJ shape (first, second, and third axis). The relative variance explained by each axis is given in percent.

Current Biology Vol 22 No 24
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of great interest to extend the kind of integrative analysis
implemented in this study to other adaptive radiations and,
especially, to the cichlid adaptive radiations in Lakes Malawi
and Victoria. Even more so, because a recent comparison
across 46 cichlid adaptive radiations [31] suggests that the
LT radiation is an outlier from an otherwise more general trend
in cichlid radiations, which appear to be triggered by both
ecological opportunity and sexual selection.

Experimental Procedures

Sampling
Sampling was performed under permission from the Department of Fish-
eries, Lake Tanganyika Research Unit, Mpulungu, Zambia. In total, we
sampled more than 1,000 specimens for this study (see Supplemental
Experimental Procedures and Table S1 for further details).

Phylogenetic Analyses
We analyzed one mitochondrial (ND2) and two nuclear (ednrb1, phpt)
markers (see Supplemental Experimental Procedures and Table S1 for
GenBank accession numbers used in this study). We relied on maximum
likelihood and Bayesian methods for phylogenetic analysis using PAUP*,
MRBAYES, and the BEAST package. The appropriate model of molecular
evolution for the heuristic tree searches in PAUP* was determined with
JMODELTEST; MRBAYES was run for ten million generations with a burn-
in of 10%; data were partitioned in BEAST. We first analyzed our core
data set combining the mitochondrial and nuclear DNA sequences in 71
taxa, then the core data set including Baileychromis centropomoides,
and, finally, a mitochondrial data set including the ND2 sequences of 180
taxa (i.e., ca. 90% of all Tanganyika species). Trees derived from the latter
analysis were used for lineage-through-time plots. For incongruence
testing, we applied the Kishino-Hasegawa (KH) and the Shimodaira-
Hasegawa (SH) test implemented in PAUP*.

Geometric Morphometric and Morphological Analyses
We assessed the body shape of 1,049 individuals using landmark-based
geometric morphometrics. xy coordinates of 17 landmarks, distributed
across the whole fish body (see Figure S5A), and the scale of each picture
were recorded using TPSDIG [32]. Aligned Procrustes coordinates were
used for a pooled-within-species regression of shape against centroid
size in MORPHOJ 1.02d [33]. Species averages were then used for principal
component analysis (PCA), for disparity-through-time analyses, and for the
calculation of pairwise distances between species. For LPJ assessment we
recorded coordinates of eight true landmarks and 20 semilandmarks
describing the outline of the bone (Figure S5B). We then clustered the
species according to similarity in body and LPJ shape, using agglomerative
hierarchical clustering in R.

Stomach and Gut Content Analyses
Contents were removed from the intestinal tracts of 506 specimens and
separated up into one or more of the following categories: sand, aufwuchs
(algae), plantmaterial, mollusks, insects (imagines and larvae), crustaceans,
fish (remains), fish eggs, and fish scales. We determined volume (in %) and
weight (in mg) of each category.

Stable Isotope Analysis
White muscle tissue from 727 specimens (see Table S1) was dried,
pulverized, and analyzed on an elemental analyzer (Thermo Finnigan)
coupled to a Finnigan Delta V Advantage Isotope Ratio Mass Spectrometer
(IRMS).

Pairwise Distance-Contrast Plots
To estimate the extent of convergence, we compared the phylogenetic
distance to the morphological distance of each species pair [24]. The
morphological distance was calculated as Euclidean distance from the
pooled-within-species regressions of shape against centroid size using
R’s dist() function. In total, we had 2,485 species comparisons; therefore,
we used hexagonal binning (x = 10 bins) to overcome overplotting. We
also simulated neutral trait evolution on the phylogeny, using Brownian
motion and Ornstein-Uhlenbeck models. Species comparisons that we
derived from these simulations were then compared to our actual data by
subtracting the binning counts of the simulations from those of the data.
We tested for statistical significance of the difference of pointwise means

between simulations and data (each 1/10 of the x axis) by bootstrapping
(1,000 replications).

Disparity-through-Time Analysis
DTT analyses were performed according to Harmon et al. [34], compar-
ing the observed data to a scenario of trait evolution estimated under a
Brownianmotionmodel. Positive deviations of the data from the simulations
indicate a higher overlap in morphospace among subclades than would be
expected under neutral evolution.

Evolutionary PCA
We estimated the ancestral character states for body and LPJ shape at
each node in the phylogeny and calculated the extent and the direction of
shape change along each branch. These branchwise estimates were then
subjected to PCA to find the axes of greatest evolutionary divergence. All
evolutionary PCAs were performed in MORPHOJ.

Supplemental Information

Supplemental Information includes five figures, two tables, Supplemental
Experimental Procedures, and one movie and can be found with this article
online at http://dx.doi.org/10.1016/j.cub.2012.10.048.
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We thank H. Büscher and various past and present members of the Salzbur-
gerLab for help during fieldwork campaigns; S. Koblmüller for discussions
and help with species identifications; B. Aeschbach, N. Boileau, and
F. Münzel for assistance in the lab; M. Lehmann for help with stable isotope
analyses; H. Bichsel, T. Bosia, M. Gschwind, I. Keller, M. Maurer, N. Rose,
and F. Ronco for help with the stomach content analyses; F. Meury, D.
Moser, W. Moser, and C. Mullis for assistance with transect surveys; J.P.
Montoya and S. Chraiti for help with the CT scans; the Department of Fish-
eries, Republic of Zambia, for research permits and technical support; and
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Supplemental Figures and Tables: 
 

 
 

Figure S1. Morphometric Analysis of Lake Tanganyika Cichlid Fishes 
Principal component analysis (PCA) of body shape (A) and LPJ shape (B) on the basis of the 
residuals from regression on centroid size from procrustes aligned landmarks showing a large 
overlap between tribes (see also [S1]). (C) Plot of stable isotope data (δ15N versus δ13C) for Lake 
Tanganyika cichlids. (D) Principal component analysis (PCA) of stomach and gut contents 
showing that the tribes largely overlap in resource use. 
Filled triangles in (A, B, D) represent tribes for which only one species was analyzed; grey bars 
in (C) indicate t-based 95% confidence intervals. 
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Figure S2. Convergence in Lake Tanganyika Cichlids 
(A) Cichlid communities with convergent LPJs. The species in each panel belong to the same 
LPJ shape cluster (Figure 2C) and occur sympatrically (except for Bentri). 
(B) Examples of three sister-species pairs with distinct LPJs. Colors refer to tribes (see Figure 1). 
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Figure S3. Similarity between a Cichlid and  
Frequency plot showing the procrustes distance based on body shape for each cichlid species in 
our core data set (plus Baileychromis centropomoides, Baicen) to Lates stappersi. Baicen shows 
the by far smallest distance of all cichlids examined.  
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Figure S4. Lineage-through-Time Plot on the Basis of 180 Species of Lake Tanganyika 
Cichlids  
From the posterior tree distribution, 200 trees were sampled and lineage through time (LTT) 
plotted individually to illustrate variance due to phylogenetic uncertainty. 
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Figure S5. Distribution of Landmarks for the Morphometric Analyses of Overall Body 
Shape and LPJ Shape 
Distribution for (A) overall body shape and (B) LPJ shape. Landmarks were treated differently in 
statistical analyses according to their color (see below for details).  
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Table S1. List of Specimens Used in This Study  
(A) Core dataset consisting of 71 species. 
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(B) Frequency distribution of the specimens used for body and LPJ shape, and for stable isotope 
and stomach and gut content analyses.  
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(C) Additional ND2 sequences used in the lineage-through-time (LTT) plots. 
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TID Taxon identifier, which is also used in Figures 1 and 2 
LPJ Lower pharyngeal jaw bone 
Nbody Number of specimens used for morphometric analyses of body shape 
NLPJ Number of specimens used for morphometric analyses of the lower pharyngeal jaw bone 
NSIA Number of specimens used for stable isotope analyses 
NSGCA Number of specimens used for stomach and gut content analyses 
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Table S2. Depth Distribution of Species Used in This Study 



41

  Chapter 1

 

  



42

Chapter 1

 

Supplemental Experimental Procedures 
 
Sampling 
Sampling at Lake Tanganyika, East Africa, was performed in autumn 2007, 2008, and 2011, and in spring 
2010 under the permission and with guidance from the Department of Fisheries, Lake Tanganyika 
Research Unit, Mpulungu, Republic of Zambia. Cichlid fishes were caught with gill-nets set by snorkeling 
and scuba diving, by harpooning, by angling, or, in a few cases, obtained from local fishermen. For 
sample preparation in the field, we followed our standard operating procedure (SOP): Fishes were sized 
(total and standard length), weighted, sexed (whenever possible) and photographed in a standardized way 
using either a Nikon Coolpix P5000 or a Nikon D5000 digital camera; then, a fin-clip and a piece of white 
muscle tissue were taken as tissue sample (for DNA extraction and stable isotope analysis) and preserved 
in 96% ethanol; finally, we dissected and sun-dried the lower pharyngeal jaw apparatus and preserved the 
intestines in ethanol for stomach and gut content analyses. Two specimens per species were taken as 
voucher and preserved in ethanol. In total, we sampled more than 1000 specimens for this study (see Table 
S1 for details). The core dataset contains 71, thus covering more than a third of all Tanganyikan cichlid 
species, including all major lineages (‘tribes’), and about 80% of the recognized genera. Note that we use 
a six letter code for the species, with the first three letters indicating the genus name and the last three 
letters abbreviating the species name. 
 
Line Transect Survey 
In order to obtain depth-distribution and habitat data for the most common species in our core data set, we 
performed transect surveys using scuba diving at our three main sampling locations in the South of Lake 
Tanganyika (in August and September 2011; see Table S2). Two independent rounds of fish counts were 
performed at each of the three locations. The sampling sites were: Toby_right_1 (8° 37' 20.97" S 31° 12' 
00.37" E; transect length: 70 m), Toby_right_2 (8° 37' 19.31" S 31° 11' 59.58" E; transect length: 108 m), 
Toby_left_1 (8° 37' 28.79" S 31° 12' 01.75" E; transect length: 98 m), Toby_left_2 (8° 37' 30.40" S 31° 
12' 01.23" E; transect length: 106 m), Mbita_1 (8° 45' 16.57" S 31° 05' 23.74" E; transect length: 60 m), 
and Mbita_2 (8° 45' 16.75" S 31° 05' 21.92" E; transect length: 50 m). 

We used a 120 m rope with markings every 2 m, which was placed in a 90° angle to the shore.  
The end of the transect was determined by the beginning of sandy flats, where fish densities approximate 
null. Before starting with the transect dives, we determined the depth of each 2 m marking with a diving 
computer (Suunto Gekko) and recorded the habitat between two consecutive markings as rocks (R), sand 
(S) and intermediate between sand and rocks (I). Scuba dives were performed in teams of two or three 
divers, who recorded a predefined set of species as they were diving along the transect line and in an area 
of 2 m left and right of the rope. At the end of the rope, the divers rested for a period of 10 min in order to 
leave enough time for the fish to restore. After that, the divers returned to the shore counting the same set 
of species a second time (see [7]). Up to five transect dives were performed at each transect; the more 
shallow areas were partly covered by snorkeling. 
 
Phylogenetic Analyses 
DNA Extraction DNA was extracted from ethanol preserved tissue samples (see above) using a Qiagen 
Biosprint 96 DNA extraction robot and following the manufacturer’s protocol. 
 
Molecular Methods PCR amplification of the entire mitochondrial NADH Dehydrogenase Subunit 2 
(ND2) gene followed the strategy described before [20] – this time, however, using Sigma RedTaq DNA 
polymerase (Sigma Aldrich). For the amplification of the two nuclear gene segments, ednrb1 and phpt, we 
used the Phusion High-Fidelity DNA polymerase (New England BioLabs) in a total volume of 20µl (10µl 
Phusion High-Fidelity DNA master mix, 6µl water, 1µl of each primer [10µM], and 2 µl of diluted DNA 
extract [1:10]). For ednrb1, we used published primers [S8, S9]. The primers for phpt were 38a_F (5’- 
AGC AGG GTT GAC CTT CTC AA - 3’) and 38a_R (5’ – TGG CTA AAA TCC CCG ATG TA – 3’). 
PCR products were purified with the ExoSAP-IT protocol (USB) and used as template for cycle 
sequencing reactions in both directions with the BigDye Terminator v.3.1 kit (Applied Biosystems) in 
10µl reactions. After dye removal with the BigDye XTerminator purification kit (Applied Biosystems), 
samples were run on an ABI3130xl capillary genetic analyzer (Applied Biosystems). All sequences were 
checked by eye and assembled with CODONCODEALIGNER v.3.5.6 (CodonCode Corporation). ND2 
sequences for most of the species were already available from previous studies [20, 21, 34, S10]; all 
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sequences of the nuclear loci have been newly sequenced. GenBank accession numbers of all sequences 
used in this study are shown in Table S1. 
 
Phylogenetic Inference No additional alignment procedure was necessary for ND2 (all sequences had the 
identical length of 1’047 bp); the two nuclear gene segments were aligned with MAFFT [S11] resulting in 
an alignment length of 542 bp for ednrb1 and 424 bp for phpt. We relied on maximum likelihood and 
Bayesian methods for phylogenetic analysis using PAUP* [S12], MRBAYES [S13] and the BEAST 
package [S14]. The appropriate model of molecular evolution for the heuristic tree searches in PAUP* 
was determined with JMODELTEST [S15] and applying the Akaike Information Criterion. MRBAYES 
was run for 10’000’000 generations with a burn-in of 10% (after monitoring the level of convergence). 
Data were partitioned in BEAST. Three rounds of analyses were performed, first with the core data set 
combining the mitochondrial and nuclear DNA sequences in 71 taxa, then with the core data set including 
Baileychromis centropomoides, and third with a mitochondrial data set including the ND2 sequences of 
180 taxa (i.e. ca. 90% of all Tanganyika species). The latter analysis was aimed as starting point for the 
lineage-through-time plots (see below). 
 
Incongruence Testing To statistically test for incongruence between the molecular phylogeny and the 
grouping of taxa according to their overall and trophic morphology (‘cluster analysis’; see below), we 
applied two classic tests implemented in PAUP*, the Kishino-Hasegawa (KH) and the Shimodaira-
Hasegawa (SH) test both under a resampling-estimated log-likelihood (RELL). Note that these tests 
merely inform that the two topologies built from morphological characters are not supported by our 
molecular data and cannot per se be taken as evidence for convergent evolution. Valid tests for evaluating 
convergent evolution (pairwise distance-contrast and disparity-through-time plots) and are described 
below. 
 
Lineage-Through-Time Plots In order to reconstruct diversification rates in the species flock of cichlids 
from Lake Tanganyika, we performed a LTT analysis with our new extensive data set including about 
90% of all species. Such an analysis has been conducted before [21], albeit with a smaller data set. Still, 
we follow the exact same procedure as described before [21] using BEAST and the APE package [S16] in 
R. The main difference to the study of Day et al. [21] is that we refrain from inferring an absolute time 
scale for the Lake Tanganyika radiation, due to the lack of fossil calibrations and uncertainties with 
respect to the onset of the radiation (see discrepancies in previous estimates; [20, 24, 34, S10, S17]). 
Instead, we use a relative timing, just as with the disparity through time plots (see below), allowing for 
maximum compatibility between disparity and diversity plots. 
 
Geometric Morphometric and Morphological Analyses 
Body Shape We assessed the body shape of 1049 individuals using landmark-based geometric 
morphometric methods. The exact numbers of specimen per species are given in Table S1. xy coordinates 
of 17 landmarks, distributed across the whole fish body (see Figure. S7A), and the scale of each picture 
were recorded using TPSDIG [30]. Raw landmark coordinates were procrustes aligned and the resulting 
procrustes coordinates were used for a pooled-within-species regression of shape against centroid size in 
MORPHOJ 1.02d [31]. The resulting residuals were averaged for each species and used for principal 
component analysis (PCA), disparity through time analyses, and for the calculation of pairwise distances 
between species. 

In a second analysis, focusing specifically on the similarity between Baileychromis 
centropomoides and Lates sp., we determinded the landmark configurations of B. centropomoides (N=4) 
and all four endemic Lates species (L. angustifrons, L. mariae, L. microlepis and L. stappersi; based on 
drawings from [S18]). We first performed a canonical variates analysis (CVA) in MORPHOJ with the 
data from B. centropomoides and Lates and then incorporated B. centropomoides and L. stappersi (the 
most similar species) into the core data set and performed another CVA (Figure 3B). We also determined 
procrustes distances of all cichlid species to L. stappersi. B. centropomoides shows the by far smallest 
procrustes distances to L. stappersi. 
 
Pharyngeal Jaw Shape For LPJ assessment we recorded xy coordinates of 28 evenly distributed 
landmarks describing the outline of the bone (Figure S7B). We arranged two sets of nine equidistant lines 
perpendicular to the posterior outline and the anterior-posterior axis respectively. That way, we could treat 
the intersections of these lines with the outline of the jaw as semi-landmarks. Our initial set was composed 
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of 8 true landmarks and 20 semi-landmarks. We subjected this data set to an iterative sliding-process in 
TPSRELW (10 iterations) using the minimum bending energy criterion to retain information of outline 
curve shape and minimize differences in landmark positions along the curve. We then pruned this data set 
to 14 landmarks, comprised of the 8 true landmarks (red dots in Figure S7B) and 6 slid semi-landmarks 
(blue dots in Figure S7B). The subsequent analyses were the same as for body shape, with the exception 
of accounting for the symmetry of the LPJ. 
 
Cluster Analysis We clustered the species for their similarity in body and pharyngeal jaw shape using 
agglomerative hierarchical clustering in R. We used the agnes() function of the package CLUSTER [S19] 
and Ward’s clustering method on Mahalanobis distance matrices derived from CVA in MORPHOJ. 
 
Stomach and Gut Content Analyses 
To assess the trophic specializations of the studied species, we performed stomach and gut content 
analyses in 506 specimens (note: this number is somewhat smaller than the number of specimens used for 
the other analyses, as some of the intestinal tracts were empty). For stomach and gut content analyses, the 
intestinal tracts were opened under a binocular (Leitz) and the entire contents were removed. Stomach and 
gut contents were separated up into one or more of the following categories: sand, aufwuchs (algae), plant 
material, mollusks, insects (imagines and larvae), crustaceans, fish (remains), fish eggs, and fish scales. 
We determined volume (in %) and weight (in µg; using a Kern ALS 120-4 scale) of each category. To 
prevent bias, roughly the same amount of time was spent on the stomach and gut content of each 
specimen, and the samples were blinded, i.e. the assayer was unaware of the species ID. The volumetric 
data, illustrated in Figure 2E, were then used to calculate Schoener’s index of proportional diet overlap 
[S20], and to perform a PCA. We then performed a bootstrap analysis with 10.000 replicates to test 
whether convergent species pairs show greater similarities in Schoener’s index than random pairs of 
species. 
 
Stable Isotope Analyses 
Stomach and gut content analyses as described above have the drawback that they only cover food uptake 
in the last few hours (in case of tropical fish) or days before the capture of the specimens. This problem 
can be overcome by determining the chemical signature of food uptake via the analysis of stable isotopes. 
We here apply a stable isotope analysis (SIA) on the basis of the signature of C and N stable isotopes (13C 
and 15N). To this end, we used white muscle tissue samples from 727 specimen (see Table S1), which 
were kept in ethanol and dried at 60°C for 24h in the laboratory. We pulverized the dried tissue using 
Zirconia beads and a bead-beater, and elutriated the powder in pure ethanol. The suspension was 
centrifuged and the supernatant decanted. The pellet was then dried at 60°C overnight and amounts of 500 
µg were weighed into tin capsules and analyzed on an elemental analyzer (Thermo Finnigan) coupled to a 
Finnigan Delta V Advantage IRMS (Isotope Ratio Mass Spectrometer), with standard setups for N2 and 
CO2 analysis [S21]. The isotopic composition is expressed in the conventional delta notation as permil 
(‰) deviation versus atmospheric N2 and Pee Dee Belemnite. Because of sampling at two different times 
of the year, in three different years and in different localities our sampling captures possible within species 
variation in trophic ecology. 
 
Correlation between Morphological Clusters and Stable Isotope Signatures 
We used distance based redundancy analysis as implemented in the function capscale() in the R package 
VEGAN [S22] and anova.cca() to test for significance of the association between morphological distances 
between species and their stable isotope signatures. We also estimated the phylogenetically independent 
correlations between data sets using phylogenetic canonical correlation analysis. We calculated principle 
components for each data set and used these to find the axes of largest correlation using phyl.cca() from 
the PHYTOOLS package [S23]. This revealed a highly significant (p=0.0000007) correlation (cor=0.68) 
between LPJ shape and stable isotope signatures, corroborating our findings from the disparity through 
time analyses. 
 
Pairwise Distance-Contrast Plots 
To estimate the extent of convergence within the Lake Tanganyika cichlid species flock we compared the 
phylogenetic distance between each pair of species to its morphological distance. We derived the 
phylogenetic distance from our molecular phylogeny using the cophenetic() function in R. The 
morphological distance was calculated as Euclidean distance from the pooled-within-species regressions 
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of shape against centroid size using R’s dist() function. In total we had 2485 species comparisons, 
therefore we used hexagonal binning (x = 10 bins) to overcome problems with overplotting. This also 
allowed us a direct comparison to our modeled trait evolution scenario. To this end we calculated the 
variance-covariance matrix from our data considering the phylogeny by using ic.sigma() function in the R-
package GEIGER [S24]. We then simulated neutral trait evolution on our phylogeny using sim.char() with 
Brownian motion. For a comparison to a Ornstein-Uhlenbeck model of trait evolution, we transformed the 
phylogeny with ouTree() using a wide range of alpha values. The species comparisons that we derived 
from these simulations were then compared to our actual data by subtracting the binning counts of the 
simulations from those of the data. This led to negative combined counts in bins with simulated 
comparisons being in the majority and positive ones in bins with data being in the majority. We tested for 
statistical significance of the difference of pointwise means between simulations and data (each 1/10th of 
the x-axis) by bootstrapping (1000 bootstraps). As both simulations, Brownian motion and Ornstein-
Uhlenbeck revealed highly congruent results, we only show one of them, Brownian motion, in Fig. 4. 

We also estimated the number of convergent species pairs by counting those species comparisons 
falling below the lower 95% confidence threshold of the neutral evolution simulations. This revealed 122 
and 132 species pairs that are convergent in body and LPJ shape, respectively. 
 
Habitat and Depth Overlap 
Based on our transect surveys (see above), further observations and catch-records, and available literature 
[S2-S6, S25], we characterized the depth distribution and the habitat for each species in our core-data set 
(see Table S2). These data were used to assess habitat and depth overlap between convergent forms. 

We also used our transect data on 16 focal species to determine how many species co-occurred at 
least once within a single 2 m transect. Out of 120 comparisons, only a single species pair was never 
found together (Neopul-Simbab). This once more highlights the high degree of sympatry of the species in 
included in this study. 
 
Disparity-through-Time Plots 
Following the method of Harmon et al. [33], we plotted the trajectory of average subclade disparity 
against time for shape and stable isotope data. We compared those trajectories to ones generated from 
Brownian motion simulations of trait evolution using our molecular phylogeny. Positive deviations of the 
data from the simulations indicate a higher overlap in morphospace among subclades than would be 
expected under neutral evolution. As disparity measures we used average squared Euclidean distances. We 
averaged over 100 simulation runs to get a more reliable estimate of Brownian motion trait evolution. The 
plots are shown up to 80% of the time span only (from root age to present), since this analysis is prone to 
be affected by tip overdispersion as it approaches present due to missing terminal taxa. This analysis has 
been performed with the entire core data-set and with a subset of 64 taxa, in which we removed the 
ancestral lineages Bathybatini, Trematocarini, Tilapiini and Tylochromis. Figure 4 depicts the latter 
analysis.   

A potential problem with disparity-through-time analyses is that they might be influenced by 
varying rates of morphological evolution between sub-clades. This is not the case in cichlids from Lake 
Tanganyika, as it has previously been shown that the rate of morphological evolution is relatively constant 
between tribes [23].  
 
Evolutionary PCA 
For body shape and LPJ shape, we estimated the ancestral character states at each node in the phylogeny 
from the regressions against centroid size residuals. This allowed us to calculate the extent and direction 
of shape change along each branch. These branch-wise estimates were then subjected to principal 
component analysis to find the axes of greatest evolutionary divergence within the Tanganyikan species 
flock. All evolutionary principal component analyses were performed in MORPHOJ. We illustrated the 
shape changes along the heaviest loaded axes by contrasting the reconstructed root state with the derived 
state along the respective axis and a scale factor of 0.1. The illustration is a warped outline drawing, with 
interlandmark outlines being estimated and shown for illustration purposes, but for which we have no 
further information on their accuracy. To counteract the distraction by largely distorted outlines, such as 
fins, which we never observed in nature and for which we have no direct morphometric information, we 
manually adjusted those outlines to be more similar in the plots. This did not influence any of our analyses 
or interpretations. 
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CT Scanning of the Pharyngeal Jaw Apparatus 
To illustrate the arrangement of dentigerous bones in the pharyngeal jaw apparatus of Tanganyikan 
cichlids we performed a computed tomography (CT) scan. The head of an adult male Astatotilapia burtoni 
was scanned at 18µm voxel size resolution in a SkyScan 1176 in-vivo hi-res microCT scanner. Cross 
sections were computed from the raw images in NRECON and used to construct a virtual 3D model in 
OSIRIX. We removed all but the tooth-bearing pharyngeal bones from the virtual model and compiled a 
movie showing the phranyngeal jaw apparatus in rotation around the dorsal-ventral axis (see Movie S1). 
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Abstract

The evolution of convergent phenotypes is one of the most interesting outcomes of
replicate adaptive radiations. Remarkable cases of convergence involve the thick-
lipped phenotype found across cichlid species flocks in the East African Great Lakes.
Unlike most other convergent forms in cichlids, which are restricted to East Africa, the
thick-lipped phenotype also occurs elsewhere, for example in the Central American
Midas Cichlid assemblage. Here, we use an ecological genomic approach to study the
function, the evolution and the genetic basis of this phenotype in two independent
cichlid adaptive radiations on two continents. We applied phylogenetic, demographic,
geometric morphometric and stomach content analyses to an African (Lobochilotes
labiatus) and a Central American (Amphilophus labiatus) thick-lipped species. We
found that similar morphological adaptations occur in both thick-lipped species and
that the ‘fleshy’ lips are associated with hard-shelled prey in the form of molluscs and
invertebrates. We then used comparative Illumina RNA sequencing of thick vs. normal
lip tissue in East African cichlids and identified a set of 141 candidate genes that
appear to be involved in the morphogenesis of this trait. A more detailed analysis of
six of these genes led to three strong candidates: Actb, Cldn7 and Copb. The function
of these genes can be linked to the loose connective tissue constituting the fleshy lips.
Similar trends in gene expression between African and Central American thick-lipped
species appear to indicate that an overlapping set of genes was independently
recruited to build this particular phenotype in both lineages.

Keywords: adaptive radiation, cichlid species flocks, convergent evolution, East Africa, ecologi-
cal genomics, RNAseq
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Introduction

Adaptive radiation is the rapid evolution of an array of
species from a common ancestor as a consequence of
the emerging species’ adaptations to distinct ecological
niches (Simpson 1953; Schluter 2000; Gavrilets & Losos
2009). It is typically triggered by ecological opportunity

in form of underutilized resources—just as being pro-
vided after the colonization of a new habitat, the extinc-
tion of antagonists and/or the evolution of a novel trait,
which is then termed an evolutionary ‘key innovation’
(Gavrilets & Vose 2005; Gavrilets & Losos 2009; Losos
& Ricklefs 2009; Losos 2010; Yoder et al. 2010; Matschin-
er et al. 2011). Whatever the circumstances were that
initiated an adaptive radiation, there is always a strong
link between adaptively relevant traits and the habitat
and/or foraging niche (a ‘phenotype–environment
correlation’; Schluter 2000). In the most illustrative
examples of adaptive radiation, the Darwin’s finches on
the Galapagos archipelago, the Anolis lizards on the
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Caribbean islands and the cichlid fishes of the East
African Great Lakes, this correlation exists between
beak-shape and food source (finches), limb morphology
and twig diameter (anoles), and the architecture of the
mouth and jaw apparatus and foraging mode (cichlids)
(Schluter 2000; Butler et al. 2007; Grant & Grant 2008;
Losos 2009; Salzburger 2009).
An interesting aspect of many adaptive radiations is

the frequent occurrence of convergent (or parallel) evo-
lution (Schluter & Nagel 1995; Harmon et al. 2005;
Arendt & Reznick 2008; Losos 2011; Wake et al. 2011).
For example, similar ecotype morphs of anoles lizards
have evolved independently on different Caribbean
islands (Losos et al. 1998; Harmon et al. 2005; Losos &
Ricklefs 2009), benthic–limnetic and lake–stream species
pairs of threespine sticklebacks emerged repeatedly in
and around postglacial lakes (Rundle et al. 2000; Berner
et al. 2010; Roesti et al. 2012), and a whole array of con-
vergent forms of cichlid fish emerged between the lakes
of East Africa (Kocher et al. 1993; Salzburger 2009). Such
instances of convergent evolution are generally inter-
preted as the result of the action of similar selection
regimes in isolated settings (Schluter & Nagel 1995;
Rundle et al. 2000; Nosil et al. 2002; Harmon et al. 2005;
Losos 2011). It has further been suggested that if radia-
tions are truly replicated (i.e. driven by adaptive pro-
cesses), convergence in morphology should tightly be
associated with convergence in ecology and behaviour
(Johnson et al. 2009).
The species flocks of cichlid fishes in the East African

Great Lakes Victoria, Malawi and Tanganyika represent
the most species-rich extant adaptive radiations in
vertebrates (Kocher 2004; Seehausen 2006; Salzburger
2009). Several hundreds of endemic cichlid species
have emerged in each lake within a period of several
millions of years (as is the case for Lake Tanganyika;
Salzburger et al. 2002; Genner et al. 2007) to
<150 000 years (as in Lake Victoria; Verheyen et al.
2003). The various endemic cichlid species differ
greatly in the morphology of the trophic apparatus
(mouth form and shape, jaw structure and dentition) as
well as in coloration and pigmentation, suggesting that
both natural and sexual selection are jointly responsible
for adaptive radiation and explosive speciation in cich-
lids (Salzburger 2009). Interestingly, convergent forms
that emerged in independent cichlid adaptive radia-
tions often show very similar coloration patterns in
addition to matching body shapes and mouth morpho-
logies (Kocher et al. 1993; Stiassny & Meyer 1999;
Salzburger 2009). This has led to speculations whether
selection alone is sufficient to explain convergence, or
whether genetic or developmental constraints have
contributed to the morphogenesis of these matching
phenotypes (Brakefield 2006).

The present study focuses on the morphology, ecol-
ogy and the genetic basis of a peculiar mouth trait in
cichlid fishes, which has evolved multiple times: hyper-
trophied (‘fleshy’) lips (see Box 1 in Salzburger 2009).
The exact function of the thick lips in cichlids is
unknown, although this feature is generally implicated
in a specific foraging mode (Fryer 1959; Fryer & Iles
1972; Arnegard et al. 2001). Fleshy lips are often inter-
preted as an adaptation for feeding on invertebrates
and crustaceans hidden in crannies, with the lips being
used to seal cracks and grooves to facilitate the sucking
of prey (Barlow & Munsey 1976; Ribbink et al. 1983;
Seehausen 1996; Konings 1998). Alternatively, it has
been suggested that hypertrophied lips protect from
mechanical shocks (Greenwood 1974; Yamaoka 1997),
and that they function as taste receptors (Arnegard et al.
2001) or as mechanoreceptors (Fryer 1959; Fryer & Iles
1972). [Note, however, that there is no increase in
sensory cells in lip tissue (Greenwood 1974).]
It is remarkable that thick-lipped species appear to be

a common outcome of cichlid adaptive radiations. For
example, the large cichlid assemblages in East Africa all
contain at least one such taxon (Lake Victoria: Haplochr-
omis chilotes; Lake Malawi: Chilotilapia euchilus, Abact-
ochromis labrosus, Otopharynx pachycheilus, Placidochromis
milomo, Protomelas ornatus; Lake Tanganyika: Lobochilotes
labiatus). In addition, cichlids featuring hypertrophied
lips are known from, for example, the Midas Cichlid
(Amphilophus spp.) assemblage in the large lakes of
Nicaragua, where a thick-lipped species (A. labiatus) is
common in rocky habitats (Fig. 1). Occasionally, hyper-
trophied lips are also observed in other related cichlids
in Nicaragua, such as in the riverine species Tomacichla
tuba (Villa 1982) or in Astatheros rostratus (pers. obs.).
Additional riverine representatives with hypertrophied
lips are also found in South America (Crenicichla tendyb-
aguassu) and Western Africa (Thoracochromis albolabris).
Hypertrophied lips are not unique to cichlids, though.
For example, the adaptive radiation of the sailfin silver-
side fish (Telmatherinidae) in the Malili lakes of Sulaw-
esi (Herder et al. 2006) and the barbs of Lake Tana in
Ethiopia (Sibbing et al. 1998; de Graaf et al. 2008) also
produced thick-lipped species.
Members of the family Cichlidae are distributed in

the Southern hemisphere, with a few ancestral lineages
in India, Sri Lanka and Madagascar and two exception-
ally species-rich clades, one in Central and South Amer-
ica and one in Africa (Salzburger & Meyer 2004). This
biogeographical pattern is consistent with a Gondwanan
origin of the Cichlidae, dating the split between Ameri-
can and African representatives to ~100 Ma (Salzburger
& Meyer 2004; Sereno et al. 2004; Genner et al. 2007).
This set-up opens the possibility to study the ecological
and genetic basis of a convergent trait across one of the
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largest possible phylogenetic and geographical dis-
tances in cichlids and, hence, in the complete absence
of gene flow and outside the influence of ancestral poly-
morphism and/or standing genetic variation.
Here, we applied an integrative approach in two cich-

lid fish radiations, the one of the Tropheini in East Afri-
can Lake Tanganyika and the Midas Cichlid assemblage
in Nicaragua, to uncover the ecological and genetic
basis of the thick-lipped phenotype. More specifically,
we compared the two ‘labiatus’ species to one another
and to their sister species by means of geometric
morphometric and stomach content analyses; we placed
them in their respective radiations by phylogenetic and
demographic analyses; and we provide field observa-
tions on foraging strategies for one of them (L. labiatus).
To study the genetic basis of hypertrophied lips, we
first applied comparative transcriptome analyses (RNA-
seq) on the basis of Illumina next-generation sequencing
of juvenile and adult individuals of the African species
L. labiatus (in comparison with a closely related species
for which a genome sequence is available). In a second
step, we tested candidate genes identified by RNAseq
in representatives of both radiations in a quantitative
real-time PCR environment.

Materials and methods

Study species

This study focuses on two thick-lipped species, Lobochil-
otes labiatus from East African Lake Tanganyika and
Amphilophus labiatus from Nicaragua. Lobochilotes labiatus is

a member of the rock-dwelling Tanganyikan cichlid
tribe Tropheini and therefore part of the most species-
rich group of cichlids, the haplochromines, which
include the Tanganyikan Tropheini, many riverine spe-
cies and the species flocks of Lakes Victoria and Malawi
(Salzburger et al. 2002, 2005). The Tropheini themselves
underwent a subradiation within Lake Tanganyika (see
e.g. Sturmbauer et al. 2003). Amphilophus labiatus is part
of the Midas Cichlid assemblage in Nicaragua and
occurs in the large Central American lakes Managua
and Nicaragua, where it co-occurs with the most com-
mon species in the area, A. citrinellus (Barlow 1976; Bar-
luenga & Meyer 2010). For this study, we sampled a
total of 84 and 74 specimens of the Central American
species Amphilophus citrinellus and A. labiatus, respec-
tively, and 143 specimens of L. labiatus plus 14 addi-
tional Haplochromini/Tropheini specimens from Lake
Tanganyika. Exact sampling locations and dates for
specimens used for the genetic analysis and GenBank
accession numbers are provided in Appendix S1.

Sampling, DNA and RNA extraction

Sampling of L. labiatus and other Tropheini species was
performed between 2007 and 2011 in the Southern part of
Lake Tanganyika, East Africa; A. labiatus and its congen-
ers were collected in September 2009 in the two large Nic-
araguan lakes Managua and Nicaragua (see Appendix S1
for details). Fishes were processed in the field following
our standard operating procedure: fishes were individu-
ally labelled, measured (total and standard length) and
weighted and a photograph was taken from the left side

Lake Tanganyika

Lake Nicaragua (1)
Lake Managua (2)

1

2
Amphilophus citrinellus

Amphilophus labiatus

Lobochilotes labiatus

Astatotilapia burtoni

Interochromis loockii

Petrochromis famula

Fig. 1 Map of the Southern hemisphere showing the two study systems, the Midas Cichlid (Amphilophus sp.) species complex in
Nicaragua, Central America, and the Tropheini in Lake Tanganyika, East Africa.
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of each specimen using a Nikon P5000 or a Nikon D5000
digital camera (fins were spread out using clips); then, a
piece of muscle tissue and a fin-clip were taken as DNA
sample and preserved in ethanol; fishes were then dis-
sected and RNA samples from lip and other tissues were
preserved in RNAlater (Ambion); the whole intestinal
tract was removed and stored in ethanol.
For DNA extraction, we either applied a high-salt

extraction method (Bruford et al. 1998) or used a Mag-
naPure extraction robot (Roche, Switzerland) following
the manufacturer’s protocol. RNA was extracted accord-
ing to the Trizol method with either Trizol (Invitrogen)
or TRI reagent (Sigma). Lip tissue was homogenized
with a PRO200 Homogenizer (PRO Scientific Inc.) or
with a BeadBeater (FastPrep-24; MP Biomedicals).
DNase treatment following the DNA Free protocol
(Ambion) was performed to remove any genomic DNA
from the samples. Subsequent reverse transcription was
achieved by using the High Capacity RNA-to-cDNA kit
(Applied Biosystems). For the A. burtoni samples, up to
two individuals (adults) or up to eight individuals
(juveniles) were used per sample, due to a diminutive
amount of lip tissue extracted from these fishes. All
other samples were taken from a single specimen.

Phylogenetic and demographic analyses

We first wanted to phylogenetically place the thick-
lipped species into the respective clade of East African
and Nicaraguan cichlids. We thus performed a phyloge-
netic analysis of the Tanganyikan cichlid tribe Tropheini
(see also Sturmbauer et al. 2003) and used haplotype
genealogies to reconstruct the evolutionary history in the
much younger Amphilophus species assemblage in Nica-
ragua, where phylogenetic analyses are not expedient
due to the lack of phylogenetic signal (see also Barluenga
et al. 2006; Barluenga & Meyer 2010). We also performed
mismatch analyses within A. citrinellus, A. labiatus and
L. labiatus to compare their demographic histories.
We amplified three gene segments for each of the

three focal species and additional Tropheini/Haplo-
chromini species: the first segment of the noncoding
mtDNA control region and two nuclear loci containing
coding and noncoding DNA (a segment each of the
endothelin receptor 1, ednrb1 and the phosphatidin phospha-
tase 1, phpt1). We used previously published primers
L-Pro-F (Meyer et al. 1994) and TDK-D (Lee et al. 1995)
for the control region and ednrb1F and ednrb1R (Lang
et al. 2006) for ednrb1, and so far unpublished primers
38a_F (5′-AGC AGG GTT GAC CTT CTC AA-3′) and
38a_R (5′-TGG CTA AAA TCC CCG ATG TA-3′) for
phpt1. Polymerase chain reaction (PCR) amplification,
purification and cycle sequencing were performed as
described elsewhere (Diepeveen & Salzburger 2011); an

ABI 3130xl capillary genetic analyzer (Applied Biosys-
tems) was used for DNA sequencing.
The resulting sequences were complemented with

already available sequences. In the case of the Trophe-
ini, we also included available sequences of the mito-
chondrial NADH dehydrogenase subunit 2 gene (ND2)
(see Appendix S1 for GenBank accession numbers).
Sequences were aligned with MAFFT (Katoh & Toh 2008)
resulting in a total length of 2345 bp for the Tropheini
(control region: 371 bp; ND2: 1047 bp; ednrb1: 538 bp;
phpt1: 389 bp) and 1620 bp for Amphilophus (control
region: 371 bp; ednrb1: 743 bp; phpt1: 469 bp). Maxi-
mum-likelihood and Bayesian inference phylogenetic
analyses of the Tropheini were performed for each gene
segment separately (not shown) and for a concatenated
alignment with PAUP* (Swofford 2003) and MRBAYES

(Ronquist & Huelsenbeck 2003), respectively. The
appropriate model of sequence evolution was detected
with JMODELTEST (Posada 2008) applying the Akaike
Information Criterion (AIC). A maximum-likelihood
bootstrap analysis with 100 pseudoreplicates was per-
formed in PAUP*, and MR. BAYES was run for eight mil-
lion generations with a sample frequency of 100 and a
burn-in of 10%. We then used MESQUITE (www.mes
quiteproject.org) to map feeding specializations on the
resulting maximum-likelihood topology and to recon-
struct ancestral character states with parsimony. Data
on feeding mode from the Haplochromini/Tropheini
species other than L. labiatus are based on Brichard
(1989), Nori (1997), Yamaoka (1997) and Konings (1998).
Haplotype genealogies for the Amphilophus data set

were constructed following the method described in the
study by Salzburger et al. (2011) on the basis of a maxi-
mum-likelihood tree and sequences of the mitochon-
drial control region and the nuclear ednrb1 gene (phpt1
was not used here due to the limited number of haplo-
types found). Mismatch analyses were performed on
the basis of mtDNA sequences with ARLEQUIN 3.0
(Excoffier et al. 2005).

Geometric morphometric analyses

In order to test for similarities in overall body shape
between the thick-lipped forms from Central America
and East Africa, we performed geometric morphometric
analyses on the basis of digital images. Body shape was
quantified in a set of 58 A. citrinellus, 27 A. labiatus and 27
L. labiatus using 17 homologous landmarks (see Appen-
dix S2; note that lip shape was not assessed to prevent a
bias). Data acquisition was carried out using TPSDIG (Ro-
hlf 2006), and data were analysed with MORPHOJ (Klingen-
berg 2011). For all shape comparisons, we used the
residuals of a within-species regression of shape on cen-
troid size to reduce allometric effects within species, in
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order to retain shape differences between differently sized
species. For the same reason, we only included L. labiatus
individuals with a body size larger than 12 cm total
length. We then performed a discriminant function analy-
sis between all pairs of species and a principal component
analysis (PCA). To identify morphological changes associ-
ated with the enlarged lip phenotype, we compared
A. labiatus to its closest relative, A. citrinellus. In the case
of L. labiatus, we made use of our new phylogeny of the
Tropheini (Fig. 2a) and body shape data of L. labiatus and
its nine closest relatives [Petrochromis macrognathus,
P. polyodon, P. ephippium, Lobochilotes labiatus, Simochromis
diagramma, S. babaulti, Gnathochromis pfefferi, Pseudosim-
ochromis curvifrons, Limnotilapia dardenni and Ctenochromis
horei (M. Muschick, A. Indermaur & W. Salzburger,
unpublished data)] to reconstruct the landmark configu-
ration of the direct ancestor to L. labiatus. This was carried
out in MORPHOJ using branch length-weighted squared-
change parsimony. The changes in landmark configura-
tions along a discriminant function (Nicaraguan species)
or along the shape-change vector from the estimated
ancestral shape to L. labiatus were increased threefold to
produce Fig. 3. The shape differences between species
shown in Fig. 3 accurately reflect the shape-change vec-
tors for landmark positions. Outlines were interpolated
and added to Fig. 3 to help the reader envision these
shape differences in the context of fish body shape.

Stomach and gut content analyses

To assess trophic specialization of the thick-lipped cich-
lid species, we performed comparative stomach and gut
content analyses. To this end, stomachs and guts were
opened step-by-step. First, the stomach was opened and
emptied under a binocular followed by the remaining
parts of the intestine. All items were grouped into
seven food categories: hard-shelled (crustaceans, snails,
mussels), small arthropods (insects and zooplankton),
fish scales, fish remains, plant seeds and plant material
other than seeds. For each specimen, the wet weight of
each food category was measured on a Kern ALS 120-4
scale (Kern, Germany) and was then used to calculate
Schoener’s index of proportional diet overlap (Schoener
1970). We analysed stomach and gut contents in a total
of 159 specimens: A. citrinellus (N = 58; of which 25 had
contents), A. labiatus (N = 62; 34) and L. labiatus
(N = 39; 29). We note that such an analysis has the
drawback that it only covers food uptake in the last few
hours or days before sampling.

Field observations in Lobochilotes labiatus

The feeding behaviour of L. labiatus was observed at our
field site near Mpulungu, Zambia, in concrete ponds

(1.5 9 1.5 9 1 m). The purpose of these observations
under semi-natural conditions and with wild specimens
was to document if and how the lips are used in process-
ing the main prey item identified in the stomach content
analyses. The ponds were equipped with stones of ~20–
30 cm diameters that covered the ground and formed
caves as they occur naturally in the habitat of L. labiatus.
Each pond was stocked with five to six freshly caught and
unharmed adult individuals of L. labiatus. After an accli-
matization period of at least 4 days, fish were offered
snails of different sizes and their feeding behaviour was
recorded with two underwater cameras (Canon Ixus 65
with WP-DC3 underwater case; Olympus l tough-6000)
for a period of 1 h each.

Comparative gene expression assays using RNAseq

For the identification of differentially expressed genes
in thick-lipped species, we performed RNA sequencing
(RNAseq) comparing lip tissue from a thick-lipped spe-
cies to lip tissue from a reference species. We decided
to perform these experiments in the African species
L. labiatus and to use the closely related species Astatoti-
lapia burtoni as reference taxon for several reasons such
as the availability of laboratory strains and of sufficient
RNA samples from adult and juvenile individuals. Most
importantly, we chose this set-up because of the avail-
ability of various genomic resources for A. burtoni, such
as a whole-genome sequence and a set of ~50 000 partly
annotated expressed sequence tags (ESTs) (Salzburger
et al. 2008; Baldo et al. 2011), which is crucial for the
analysis and interpretation for RNAseq data. Such
resources are currently not publicly available for
Amphilophus.
In a first step, RNA was extracted from adult and

juvenile individuals of L. labiatus and A. burtoni (see
above for the RNA extraction protocol). RNA quality
and quantity were determined on a NanoDrop 1000
spectrophotometer (Thermo Scientific) and by gel elec-
trophoresis. RNA samples were pooled to create four
samples subjected to RNA sequencing (RNAseq):
(i) A. burtoni adult (N = 3); (ii) A. burtoni juvenile (N = 1);
(iii) L. labiatus adult (N = 2); and (iv) L. labiatus juvenile
(N = 3). Five micrograms of RNA per RNAseq sample
was sent for Illumina sequencing at the Department of
Biosystems Science and Engineering (D-BSSE), Univer-
sity of Basel and ETH Zurich. For library construction
and sequencing, standard protocols were applied. Poly-
A mRNA was selected using poly-T oligo-attached
magnetic beads. The recovered mRNA was fragmented
into smaller pieces using divalent cations under
increased temperature. cDNA was produced using
reverse transcriptase and random primers, followed by
second-strand cDNA synthesis using DNA polymerase
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I and RNaseH. cDNA went through an end-repair
process, the addition of a single ‘A’ base and ligation of
the adapters. It was then purified and enriched with
PCR to create the final cDNA library. Each library was
sequenced in one lane on an Illumina Genome Analyzer
IIx (read length was 76 bp). Illumina reads are available
from the Sequence Read Archive (SRA) at NCBI under
the accession number SRA052992.
The Illumina reads were assembled into three different

data sets for further analyses: (i) a quality-filtered data set
(Data set 1), where the quality of the reads was assessed
with the FASTX toolkit tools implemented in GALAXY [ver-
sion September/October 2011; available at http://main.

g2.bx.psu.edu/ (Giardine et al. 2005; Blankenberg et al.
2010; Goecks et al. 2010)]; low-quality reads were
discarded applying quality filter cut-off values of 22–33.
(ii) a quality-filtered plus trimmed data set (Data set 2), in
which all the reads were trimmed to a length of 42 bp to
evaluate the effects of read length (iii) as a control for
the effect of trimming and filtering, a nonquality-filtered,
nontrimmed data set (Data set 3).
The reads of the three data sets were then aligned to

a reference cichlid assembly (Baldo et al. 2011) with
NOVOALIGN 2.07.06 (http://www.novocraft.com/) after
indexing the reference sequences with NOVOINDEX

(http://www.novocraft.com/) using default parame-
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Fig. 2 Evolutionary origin of the thick-lipped species in East African Lake Tanganyika and in the Great Lakes of Nicaragua. (a) Maxi-
mum-likelihood tree of the Tropheini from Lake Tanganyika based on two mitochondrial (control region and ND2) and two nuclear
(ednrb1 and phpt1) gene segments (2345 bp in total) and the GTR+G+I model of molecular evolution. Numbers above the branches
refer to maximum-likelihood bootstrap values, and numbers below are Bayesian posterior probabilities (note that support values are
only shown for branches with bootstrap values >60). Branches are colour-coded according to feeding specializations; the trait values
for internal branches have been reconstructed with MESQUITE. (b) Haplotype genealogies of the two Amphilophus species based on the
mitochondrial control region and the nuclear endrb1 gene. A large fraction of the haplotypes is shared between A. citrinellus and
A. labiatus. (c) Results from the mismatch analysis on the basis of the mitochondrial control region showing the inferred demographic
histories for L. labiatus, A. citrinellus and A. labiatus. Coloured lines represent the observed data, the black line indicates the best-fit
model, and the dashed lines in grey indicate the upper and lower boundaries from the simulations in ARLEQUIN.
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ters. The alignment was performed using default
settings with a maximum alignment score (t) of 180 and
a maximum number of alignments for a single read (e)
of 100; reads with multiple alignment locations were
discarded. Next SAMTOOLS version 0.1.18 (Li et al. 2009)
was used to sort and index the files and to generate
count files, which were subsequently transformed into
count tables and analysed in the R package DESEQ ver-
sion 1.0.5 (Anders & Huber 2010). Differentially
expressed genes between the four experimental groups
were detected using a model based on a negative bino-
mial distribution implemented in DESEQ. Differentially
expressed genes with P-values (adjusted for multiple
testing) >0.05 and/or a quotient of variance >1.00 were
discarded to reduce the number of false positives. The
remaining differentially expressed genes of all pairwise
comparisons were tested for multiple hits. Next the hits
of the three data sets were compared with each other to
create a candidate gene list, consisting of genes that
were found in multiple analyses in all three data sets.
Lastly, these hits were compared to the annotated
A. burtoni ESTs of Baldo et al. (2011).

Comparative gene expression assays using quantitative
real-time PCR

Based on their function according to gene ontology
terms (GO terms; http://www.geneontology.org/) and
their putative involvement in lip formation and/or

hypertrophy in other organisms, six candidate genes
were selected out of the list of differentially expressed
genes for further characterization by means of quantita-
tive real-time PCR (qPCR). These candidate genes are
the Bcl2 adenovirus e1b 19-kda protein-interacting protein 3
(BNIP3), long-chain-fatty-acid(CoA)-ligase 4 (ACSL4),
histone 3.3 (His3), beta actin (Actb), coatomer subunit beta
(Copb) and claudin 7 (Cldn7; see Table 1 for primer
details). qPCR experiments were performed in total of
36 cichlid specimens: L. labiatus (six adults, six juve-
niles), A. burtoni (six adults, six juveniles), A. labiatus
(six adults) and A. citrinellus (six adults). By performing
two pairwise comparisons between a thick-lipped and a
normal-lipped species (a species pair each from Africa
and Nicaragua), we effectively control for species-
specific expression differences, as genes specific to thick-
lip tissue should be upregulated in both comparisons.
The experiments were conducted on a StepOnePlus

Real-Time PCR system (Applied Biosystems) as described
elsewhere (Diepeveen & Salzburger 2011) using the elon-
gation factor 1 (EF1) and the ribosomal protein SA3 (RpSA3)
as endogenous controls. Average relative quantifications
(RQ) were calculated for the six experimental groups and
subsequently analysed with a two-tailed unpaired t-test
using GRAPHPAD PRISM version 5.0a for Mac OS X (www.
graphpad.com). We compared the expression levels
between the two thick-lipped species and a closely related
normally lipped species (i.e. L. labiatus vs. A. burtoni and
A. labiatus vs. A. citrinellus). We also compared adults vs.

(b)(a)

(c) Lobochilotes labiatus Amphilophus citrinellus Amphilophus labiatus

Hard-shelled invertebrates

Small arthropods

Fish scales

Plant seeds

Fish remnants

Plants

Amphilophus labiatus
Amphilophus citrinellus

Lobochilotes labiatus
Tropheini ancestor

Fig. 3 Ecomorphology of the thick-lipped cichlid species in Central America and in Lake Tanganyika. (a) Body shape of L. labiatus in
comparison with a reconstruction of the ancestor of L. labiatus and nine closely related Tropheini species. (b) Differences in body
shape between A. citrinellus and A. labiatus along a discriminate function. In both plots, changes in landmark positions were
increased threefold and interpolated outlines added for illustration purposes. Landmark locations are indicated in black on the recon-
structed outlines in plot (a). (c) Analysis of stomach and gut content in the focal species. The fraction of each food category is shown.
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juveniles in the African species, as hypertrophy in lips is
much less pronounced at juvenile stages, so that this
experiment also captures ontogenetic changes in lip for-
mation. As primer efficiency was lower in the Nicaraguan
samples, no direct comparisons between African and
Nicaraguan tissues were possible.

Results

Phylogenetic and demographic analyses

Our phylogenetic analysis of members of the Tanganyi-
kan cichlid tribe Tropheini based on two mitochondrial
and two nuclear DNA gene segments reveals only lim-
ited phylogenetic resolution between the main lineages
of the tribe (Fig. 2a). This confirms an earlier analysis
based on mitochondrial DNA only, which attributed
the star-like phylogeny of the Tropheini to the rapidity
of lineage formation in the early stages of the adaptive
radiation of this clade (Sturmbauer et al. 2003). Just as
in the previous study, the thick-lipped species L. labiatus
represents a separate lineage (without a closely related
sister-taxon) that branches off relatively early in the
phylogeny, but shows affinities to the algae-eating
genera Petrochromis and Simochromis.
The haplotype genealogies of the Amphilophus sam-

ples based on the mitochondrial control region and the
nuclear ednrb1 gene (Fig. 2b) revealed haplotype shar-
ing between A. citrinellus and A. labiatus (see also Barlu-
enga & Meyer 2010). While all Amphilophus sequences
were identical in phpt1, we detected three shared haplo-
types in ednrb1 and 24 haplotypes in the mitochondrial
control region (two shared, ten unique to A. labiatus
and twelve unique to A. citrinellus).
The mismatch analyses based on the mitochondrial

control region sequences revealed unimodal distribu-
tions for the two sympatrically occurring Amphilophus
species and a bimodal distribution for L. labiatus
(Fig. 2c). According to this analysis, the demographic
expansion of the two Amphilophus species happened at
similar times, with the one of A. citrinellus being slightly
older than that of A. labiatus (mean number of differ-
ences: 3.9 vs. 3.2; τ: 3.9 vs. 3.5; see also Barluenga &

Meyer 2010, who provide a relative time frame for the
evolution of the Midas Cichlid species complex); the
mean number of differences in L. labiatus was 6.4 (τ: 6.5).

Geometric morphometric analyses

The PCA of overall body shape revealed substantial
overlap between the two Nicaraguan species A. citrinel-
lus and A. labiatus (Appendix S3). The African thick-
lipped species L. labiatus is separated from these mainly
by principal component 1 (accounting for 20.2% of the
variance), whereas principal component 2 (covering
16.0% of the variance) did not discriminate much
between species. The discriminant function analysis, in
which we compared species in a pairwise manner,
revealed the main morphological differences between
species. Of the two Nicaraguan species, A. labiatus had
a more acute head, less deep body and a larger mouth
than A. citrinellus (Fig. 3) (see also Klingenberg et al.
2003). These characters were even more pronounced in
L. labiatus, when compared to either of the Amphilophus
species. However, the distance in morphospace between
the two species with fleshy lips was somewhat smaller
than between A. citrinellus and L. labiatus (procrustes
distance 0.08 and 0.1, respectively). We also estimated
the body shape of the ancestor of L. labiatus and the 9
most closely related Tropheini species. A comparison of
this reconstructed shape and the mean shape of our
L. labiatus samples highlighted similar morphological
differences as the comparison of the Nicaraguan species
(Fig. 3), especially in the mouth region.

Stomach and gut content analyses

The fractions of food categories in guts and stomachs
differed between A. citrinellus, A. labiatus and L. labiatus
(Fig. 3c). While the diet of A. citrinellus did not overlap
with that of A. labiatus (Schoener’s index: 0.58) or
L. labiatus (Schoener’s index: 0.38), we found significant
overlap between the two thick-lipped species A. labiatus
and L. labiatus (Schoener’s index: 0.71) (note that any
value >0.6 is considered ‘biologically significant’; see
Wallace 1981). The stomach and gut contents of both

Table 1 Primers used for the quantita-
tive real-time PCR experimentsLocus Forward (5′–3′) Reverse (5′–3′)

Actb CAGGCATCAGGGTGTAATGGTT CAGGCATCAGGGTGTAATGGTT

Copb GAGGCTACCTTGGCTGTCAAAG GTGCTGGATGGTTTGAGGGTAA

His3 CATCTACTGGTGGAGTGAAGAAACC GGATCTCACGCAGAGCAACA

ACSL4 TGGTTCTGCACCGGAGATG TCTTGCGGTCAACAATTTGTAGA

BNIP3 AACAGTCCACCAAAGGAGTTCCT CCTGATGCTGAGAGAGGTTGTG

Cldn7 GACATCATCCGGGCCTTCT CACCGAACTCATACTTAGTGTTGACA

EF1 GCCCCTGCAGGACGTCTA CGGCCGACGGGTACAGT

RpSA3 AGACCAATGACCTGAAGGAAGTG TCTCGATGTCCTTGCCAACA
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thick-lipped species consisted of a substantial fraction
of hard-shelled prey (Lobochilotes labiatus 96%, Amphilo-
phus labiatus 67.6%, Amphilophus citrinellus 35%).

Field observations in Lobochilotes labiatus

A careful inspection of the video material confirmed the
findings from the stomach and gut content analyses that
L. labiatus regularly feeds on snails (more than 90% of
the stomach and gut content of L. labiatus consisted of
snail shells). Small snails were engulfed using suction
feeding without the lips touching the prey item or the
surface (rocks) on which the items were placed. When
feeding on larger snails, however, L. labiatus exhibited a
different feeding strategy and snails were no longer
taken up using suction feeding. Instead, L. labiatus used
their lips to snatch the snails and they turned the snails
a few times before they either swallowed the snails or
spat them out (see Appendix S4).

Comparative gene expression assays using RNAseq

On average, ca. 42 million total reads were retrieved for
each of the four RNAseq samples (A. burtoni adult,
A. burtoni juvenile, L. labiatus adult and L. labiatus juve-
nile). Quality filtering and trimming reduced this num-
ber so that on average 21.9 (Data set 1), 24.6 (Data set 2)
and 23.5 (Data set 3) million reads were aligned to the
reference cichlid assembly. Five different pairwise com-
parisons were made to obtain genes that are differen-
tially expressed between thick lips and normal lips (see
Table 2 for the three comparisons with the highest
number of genes being different). The largest number
of differentially expressed genes between L. labiatus and
A. burtoni was detected in adult lip tissue, with the
majority of the genes being upregulated in L. labiatus.
The total number of differentially expressed genes ran-
ged from 9050 (Data set 3; three pairwise comparisons)
to 15230 (Data set 2; five pairwise comparisons). A sub-
stantial fraction of these differentially expressed genes
appeared in at least two comparisons in each data set
(Data set 1: 2085 [22.1% of all hits]; Data set 2: 8078
[53.0%]; Data set 3: 1693 [18.7%]). Of these ‘multiple

hits’, 1463 were detected in all three data sets and 560
of those could be unequivocally annotated.
A more stringent analysis, in which only loci that

appeared in at least three of five comparisons were
included, resulted in 231 differentially expressed genes.
A functional annotation of these 231 hits with Blast2GO
resulted in a total of 141 annotations (122 upregulated
and 19 downregulated in L. labiatus; see Appendix S3).
Based on their annotations, known functions and/or
exceptional fold change (>1000) between A. burtoni and
L. labiatus, thirteen genes were identified as good candi-
dates for being involved in the morphogenesis of fleshy
lips (Table 3).

Comparative gene expression assays using quantitative
real-time PCR

The results of the comparative gene expression assays
between the thick-lipped species and the normal-lipped
species are depicted in Fig. 4 and Appendix S5. Overall,
the qPCR experiments largely validate differential gene
expression in normal and hypertrophied lip tissue as indi-
cated by RNAseq. In the African species pair L. labiatus
and A. burtoni, which were the two species used for RNA-
seq, differences were highly significant in four of the six
genes tested: Actb (P = 0.0099), Cldn7 (P = 0.004), ACSL4
(P = 0.0005) and His3 (P = 0.0003). However, we would
like to point out one inconsistency between RNAseq and
qPCR. Actb was actually found to be downregulated in
hypertrophied lips by RNAseq, while it shows signifi-
cantly higher expression levels in lip tissue in the qPCR
experiments (Fig. 4).
The comparison between lip tissue in adult and juvenile

L. labiatus and A. burtoni further revealed a trend towards
higher expression in lip tissue of adult L. labiatus in Actb,
BNIP3,Cldn7 andCopb (Appendix S5), whereas, generally,
an opposite trend is observed in A. burtoni, although sta-
tistical support was only found in two cases [Cldn7
(P = 0.0063) and ACSL4 (P = 0.0328)]. This again suggests
that these genes are involved in the formation of fleshy
lips. In the Nicaraguan species pair, a similar trend was
observed as in the African species pair, with four of the
five genes tested appearing to be upregulated in lip tissue

Comparison Data set 1 Data set 2 Data set 3

AB vs. LL 7120 (4606; 2514) 7080 (4689; 2391) 7285 (4665; 2620)
AB vs. LLjuv 3611 (3395; 216) 13747 (10683; 3064) 2618 (2514; 104)
ABjuv vs. LLjuv 1116 (792; 324) 3971 (2710; 1261) 986 (687; 298)
Total 9407 15225 9050

AB, Astatotilapia burtoni; LL, Lobochilotes labiatus; juv, juvenile; numbers in brackets
denote the number of upregulated and downregulated genes in L. labiatus.

Table 2 Pairwise comparisons of differ-
entially expressed genes and total number
of unique differentially expressed genes
in the three data sets compiled in this
study

© 2012 Blackwell Publishing Ltd

THE THICK-LIPPED PHENOTYPE IN CICHLIDS 9



59

  Chapter 2

of A. labiatus as compared to A. citrinellus (Fig. 4; we
could not amplify BNIP3 here). We would like to note,
however, that qPCR efficiency was less good in the
Amphilophus samples, most likely because we used prim-
ers designed for the African species pair based on the

available genomic resources, which also explains the
limited statistical support for these comparisons.
Interestingly, it seems that several loci (i.e. Actb, Cldn7,
Copb, His3) are upregulated in both thick-lipped species
when compared to their normally lipped relatives.

Discussion

The species flocks of cichlid fishes in the East African
Great Lakes Victoria, Malawi and Tanganyika, counting
hundreds of endemic species each, are prime examples
of adaptive radiation and explosive speciation (see e.g.
Kocher 2004; Seehausen 2006; Salzburger 2009). Interest-
ingly, the cichlid adaptive radiations in East Africa have
independently produced ecomorphs with highly similar
colour patterns and (mouth) morphologies (Kocher et al.
1993). Here, we explore the ecological and genetic basis
of one of the particular trophic structures of cichlids,
which has evolved convergently in various cichlid
assemblages: fleshy lips. Instead of focusing on species
with hypertrophied lips between the radiations in the
East African lakes, we compare the thick-lipped pheno-
type between a cichlid assemblage in East African (Lake
Tanganyika) and in Central American (the lake Nicara-
gua/Managua system), where thick-lipped species have
evolved in parallel (see Fig. 1).

Table 3 Thirteen candidate loci for the genetic basis of lip
development in the East African cichlid Lobochilotes labiatus,
based on RNAseq and qPCR in comparison with Astatotilapia
burtoni, in combination with information on gene functions (in
alphabetical order)

Locus Abbreviation

ATPase mitochondrial precursor ATPmp
Bcl2 adenovirus e1b 19-kda
protein-interacting protein 3

BNIP3

Beta actin Actb
Caspase-8 Casp8
Claudin 7 Cldn7
Coatomer subunit beta Copb
Grainyhead-like protein 1 homolog Grhl1
Heat-shock 70-kda protein 12a-like Hspa12al
Histone 3.3 His3
Laminin subunit gamma-2 Lamc2
Long-chain-fatty-acid(CoA)-ligase 4 ACSL4
Sodium-dependent phosphate transporter 1 Slc17a1
Transcription factor ap-2 gamma Tfap2
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Fig. 4 Results from the comparative gene expression experiments via quantitative real-time PCR. The six genes tested in this experi-
ment were selected on the basis of comparative RNA sequencing. All genes tested show a higher expression level in lip tissue of the
Tanganyikan thick-lipped species L. labiatus as compared to A. burtoni (top panel; note that we used both juvenile and adult samples
in these analyses to increase statistical power). A similar trend was found when comparing the Nicaraguan thick-lipped species
A. labiatus to its sister species A. citrinellus (with the exception of ACSL4; lower panel). Note that BNIP3 could not amplified in the
Amphilophus species. Astatotilapia burtoni (AB); Lobochilotes labiatus (LL); Amphilophus citrinellus (AC); Amphilophus labiatus (AL);
*P < 0.05; ***P < 0.01.
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The evolution of hypertrophied lips in cichlid adaptive
radiations

Our phylogenetic and demographic analyses in the
Tanganyikan Tropheini and the Nicaragua Midas
Cichlid species complex reveal that the thick-lipped
species are nested within their respective clade. The
molecular phylogeny of 14 Tropheini species (Fig. 2a)
shows a footprint characteristic for adaptive radiations:
a ‘bottom heavy’ topology with only limited phyloge-
netic resolution at the deeper nodes due to rapid line-
age formation (Gavrilets & Vose 2005). Our new
analysis thus confirms previous results based on
mtDNA only (Sturmbauer et al. 2003) or a combination
of mtDNA and AFLPs (Koblmuller et al. 2010). In all
analyses thus far, the thick-lipped species L. labiatus
forms an independent evolutionary lineage that
branches off deep in the Tropheini. Its exact position
remains unclear, though. In the AFLP phylogeny of
Koblmuller et al. (2010), L. labiatus appears as sister
group to all Tropheini except for the genus Tropheus,
which is sister to all other representatives of that clade
(the topology has very little support, though). In our
new phylogeny and the previous mtDNA trees of Stur-
mbauer et al. (2003), L. labiatus shows affinities to
Simochromis and Petrochromis (with moderate support).
In all phylogenies, however, L. labiatus is nested within
a clade formed by various species that feed on algae
and biocover (see our character state reconstruction in
Fig. 2a).
In the Midas Cichlid species complex from Central

America, a phylogenetic approach is not applicable
with the available molecular markers. There is simply
too little genetic variation, even in the rapidly evolving
mitochondrial control region, as a consequence of the
young age of the assemblage (see Barluenga & Meyer
2004, 2010; Barluenga et al. 2006). The structures of our
haplotype genealogies, which now also include the
analysis of a nuclear gene (Fig. 2b), confirm this
scenario. In combination with the mismatch analyses
(Fig. 2c), these data suggest that A. labiatus underwent
its main demographic expansion soon after the expan-
sion of the sympatric A. citrinellus populations (see
Barluenga & Meyer 2010 for a large-scale analysis of
the Midas Cichlid species complex).
In both species assemblages, the evolution of the

thick-lipped phenotype was associated with similar
modifications of overall body shape (Fig. 3a,b). Reduced
body depth, a more acute head shape and a larger
mouth, along with the prominently enlarged lips, can
be hypothesized to be adaptations to the species’ micro-
habitat and trophic niche. If individuals search for food
in narrow rock crevices, these modifications appear
advantageous. Klingenberg et al. (2003) already sug-

gested that the elongation of the head, as observed in
both ‘labiatus’ species, increases suction power. Other
morphological differences between the two thick-lipped
species, such as eye size or the length of anal fin inser-
tion, might be either due to adaptations to the specific
environments or due to phylogenetic effects. Inclusion
of other thick-lipped species in future studies focusing
on the ecology and morphological evolution of this trait
might answer this question.

The function of hypertrophied lips in cichlids

Hypertrophied lips in cichlids have been implicated in
several functions. For example, it has been suggested
that fleshy lips are used to seal cracks and grooves to
facilitate sucking of invertebrates (Barlow & Munsey
1976; Ribbink et al. 1983; Seehausen 1996; Konings
1998), that they act as bumpers to protect from mechan-
ical shock (Greenwood 1974; Yamaoka 1997) or that
they function as taste (Arnegard et al. 2001) or
mechanoreceptors (Fryer 1959; Fryer & Iles 1972). Previ-
ous food web analyses on L. labiatus identified this
species as mollusc eater (Nori 1997).
Our ecomorphological analysis of the thick-lipped

species L. labiatus from Lake Tanganyika and A. labiatus
from the large lakes in Nicaragua suggests that this
phenotype is indeed associated with feeding on hard-
shelled prey such as snails, mussels and crustaceans in
rocky habitats (Fig. 3c). We cannot, however, conclu-
sively answer the question whether the lips are used to
seal rock crevices or whether they serve as bumpers or
receptors. In the underwater observations at our field
site at Lake Tanganyika, small snails were usually
engulfed by L. labiatus via suction feeding, whereas lar-
ger snails were turned around several times before
being swallowed or spit out (see Appendix S4). This
would classify the lips as instrument to handle hard-
shelled invertebrate food (mostly molluscs). Note, how-
ever, that our observations were made in semi-natural
conditions only, in the form of concrete ponds equipped
with stones from the lake and filled with lake water.
Our experimental set-up could not address the possi-

bility that phenotypic plasticity plays a role in the for-
mation of fleshy lips, as has previously been shown in
certain foraging traits in cichlid fishes (oral jaws: Meyer
1987; pharyngeal jaws: e.g. Greenwood 1965; Huysse-
une 1995; Muschick et al. 2011). Interestingly, it has
been reported that thick-lipped cichlid species lose their
fleshy lips under unnatural conditions in captivity
(when fed with standard food; Barlow & Munsey 1976;
Barlow 1976; Loiselle 1998). So far, there is no evidence
for the opposite process, the plastic development of
fleshy lips due to environmental or feeding properties.
In the common garden experiment of Muschick et al.
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(2011), one group of normally lipped A. citrinellus indi-
viduals was fed with whole snails over a period of sev-
eral months, and—although not formally assessed—no
increase in lip size was apparent (compared to the other
two treatment groups peeled snails and crushed snails).
Another study on a snail crusher (Huysseune 1995) did
not report such changes either, which seems to suggest
that phenotypic plasticity in the lips, if at all present, is
specific to thick-lipped species only. Future common
garden and feeding experiments should thus expand on
this question. Such experiments, combined with molec-
ular analyses, should focus on the plastic component of
this trait and its genomic basis.

Insights into the genetic basis of hypertrophied lips in
cichlids

Our comparative gene expression assays with RNA
sequencing between tissue from thick and normal lips
identified a set of 141 candidate genes that might be
responsible for the morphogenesis or the maintenance
of fleshy lips in (East African) cichlid fish (Appendix
S3). Six genes were tested further by means of quantita-
tive real-time PCR, and these experiments largely con-
firm the results obtained from RNAseq (Fig. 4). While
there is no obvious functional connection to fleshy lips
for three of these differentially expressed genes (ACSL4,
His3 and BNIP3), the observed upregulation of the
remaining three (Actb, Cldn7 and Copb) makes sense in
the light of the structure of hypertrophied lips. These
three genes (together with BNIP3) also show a higher
expression in lip tissue from adult vs. juvenile L. labiatus
(Appendix S5).
It has previously been shown that the ‘fleshy’ lips of

the Lake Malawi cichlid Otopharynx pachycheilus mainly
consist of loose connective tissue covered by dermis
and a layer of epithelial cells (Arnegard et al. 2001).
Interestingly, the known functions of Actb, Cldn7 and
Copb can be directly implicated in cell and/or intercell
or membrane structure. The cytoplasmic Actb is found
in high abundance in nonmuscle cells, where it pro-
motes cell surface and cell thickness (Schevzov et al.
1992), which is also consistent with its upregulation in
the more massive adult compared to juvenile L. labiatus
lips (Appendix S5). The integral membrane protein
Cldn7 (among other claudin gene family members) con-
stitutes the backbone of tide junctions between epithe-
lial cells (Tsukita et al. 2001). The coatomer coat
proteins (such as Copb) are involved in protein and
membrane trafficking via vesicle secreting between the
endoplasmic reticulum and the Golgi apparatus, plus
the intra-Golgi transport (Duden 2003). In addition, they
mediate lipid homoeostasis and lipid storage for energy
use and membrane assembly (Soni et al. 2009). Copb

might thus be involved in cellular (membrane)
development but possibly also in the formation of fat
cells that compose adipose tissue, a specific subtype of
connective tissue. Clearly, much more work will be nec-
essary to unravel the development and genetic basis of
hypertrophied lips in cichlids, for which we herewith
established a valuable starting ground.
Our results, especially the comparison of gene

expression levels between the thick-lipped species in
East Africa and Central America (Fig. 4), allow us to
touch on ongoing discussions related to the genetic
basis of convergent morphologies (reviewed in Brake-
field 2006; Arendt & Reznick 2008; Elmer & Meyer
2011). Although our qPCR results in Midas Cichlid
(Amphilophus spp.) species must be taken with caution
(efficiency was lower as a consequence of using
molecular tools developed for the African species lead-
ing to a lack of statistical power), we find rather simi-
lar trends in gene expression. Our results seem to
indicate that a largely overlapping set of genes was
recruited to develop the hypertrophied lips in Nicara-
guan and African species, which are—according to
most authors—separated by ~ 100 million years of evo-
lution. This important question about the basis of con-
vergent phenotypes should be addressed in future
studies, and thick-lipped fish species, including those
outside the family Cichlidae, appear as an excellent
model system.

Conclusion

Our integrative evolutionary, ecological, morphological,
observational and genomic analysis of thick-lipped spe-
cies in East Africa and in Nicaragua reveals stunning
similarities between these convergent morphs. Both
thick-lipped species appear to have evolved early in the
respective clade, they seem to have adapted to the same
habitat (rocks) and food source (hard-shelled prey), and
their evolution was associated with comparable mor-
phological trajectories, especially in the mouth and head
region. Importantly, we also show that the expression
patterns of at least some genes are similar, too. We thus
provide valuable resource for future studies focusing
on the development of this trait and genetic basis of
convergence.
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Blast2GO annotations of genes with differential expression between lip-tissue

from thick-lipped and normal-lipped cichlid species
26s protease regulatory subunit 8
3-hydroxyanthranilate -dioxygenase
60s acidic ribosomal protein p2
actin-related protein 2-a
actin-related protein 3
activating transcription factor 4
acyl carrier mitochondrial precursor
acyl- -binding protein
adaptor-related protein complex mu 1 isoform cra_a
adaptor-related protein complex mu 1 subunit
adp-dependent glucokinase-like
adp-ribose mitochondrial-like
atp synthase subunit mitochondrial precursor
atpase mitochondrial precursor
baculoviral iap repeat-containing protein 4
bcl2 adenovirus e1b 19 kda protein-interacting protein 3
bcl2 adenovirus e1b 19 kda protein-interacting protein 3-like
beta actin
calpastatin
carboxypeptidase z-like
caspase-8
chaperonin containing subunit 6a (zeta 1)
chromobox protein homolog 3
claudin 7
cmp-n-acetylneuraminate-beta-galactosamide-alpha- -sialyltransferase 1-like
coatomer subunit beta
comm domain-containing protein 9
complement c1q tumor necrosis factor-related protein 3-like
cop9 signalosome complex subunit 8
coproporphyrinogen oxidase
cystathionine gamma-lyase
cystatin precursor
cysteine and glycine-rich protein 1
cytochrome c oxidase polypeptide viia-liver mitochondrial precursor
dcn1-like protein 1
dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase mitochondrial
dnaj homolog subfamily c member 9-like
dynactin subunit 5
ectonucleoside triphosphate diphosphohydrolase 3
estradiol 17-beta-dehydrogenase 12-b
eukaryotic translation initiation factor 3 subunit i
eukaryotic translation initiation factor 3 subunit k
eukaryotic translation initiation factor 3 subunit l
eukaryotic translation initiation factor 3 subunit m
eukaryotic translation initiation factor 4 gamma 2-like
eukaryotic translation initiation factor 4h
excitatory amino acid transporter 1 isoform 1
fk506-binding protein 2 precursor
forkhead box q1
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glutamate dehydrogenase
glyoxalase domain-containing protein 4-like
grainyhead-like protein 1 homolog
granulins precursor
gtpase imap family member 4-like
gtpase imap family member 7-like
gtpase imap family member 8-like
gtpase imap family member 8-like
h1 histone
heat shock 70 kda protein 12a-like
histone
iars protein
importin-7
integrin beta-4-like
interferon-induced protein 35
isocitrate dehydrogenase
l _3
lamin b1
laminin subunit gamma-2
loc100127300 protein
long-chain-fatty-acid-- ligase 4
low quality protein: coronin-1c-like
lrr and pyd domains-containing protein 3-like
magnesium transporter 1
major vault protein
membrane magnesium transporter 1-like
methylmalonyl epimerase
microfibril-associated glycoprotein 4-like
mortality factor 4 like 1
myosin regulatory light chain smooth muscle isoform
nadh dehydrogenase
nadh dehydrogenase 1 alpha subcomplex subunit 11
nedd4 family-interacting protein 1
nedd4 family-interacting protein 1
nuclear factor erythroid 2-related factor 1-like
ornithine decarboxylase
pancreatic progenitor cell differentiation and proliferation factor
peptidylprolyl isomerase b (cyclophilin b)
phosphoglycerate kinase 1
piggybac transposable element-derived protein 4-like
pre-mrna splicing factor
PREDICTED: galectin-3-like [Oreochromis niloticus]
PREDICTED: hypothetical protein LOC100704514 [Oreochromis niloticus]
prefoldin subunit 4
probable glutathione peroxidase 8-like
programmed cell death 6-interacting protein
proteasome subunit alpha type-1
proteasome subunit alpha type-6
protein disulfide isomerase family member 4
protein fam100a-like
protein fam176b-like
protein kiaa0664-like
protein rer1
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rab acceptor 1
ras-related protein rab-11b
regulator of g-protein signaling 2
renin receptor isoform 3
ribosomal l1 domain-containing protein 1-like
rilp-like protein 1
scinderin like a
scinderin like a
secretory carrier-associated membrane protein 2-like
septin 10
signal peptidase complex catalytic subunit sec11a
signal peptide peptidase-like 2a-like
small 1
sodium-dependent phosphate transporter 1
solute carrier family facilitated glucose transporter member 11-like
solute carrier family member 30
splicing factor 3b subunit 1
subfamily member 11
syntaxin 12
t-cell receptor type 1
t-complex protein 1 subunit alpha-like
t-complex protein 1 subunit theta
tbc1 domain member 15
thioredoxin domain containing 4 (endoplasmic reticulum)
threonyl-trna cytoplasmic
transaldolase
transcription factor ap-2 gamma (activating enhancer binding protein 2 gamma)
transmembrane protein 214
transmembrane protein 59 precursor
transmembrane protein 79
transposon tx1 uncharacterized 149 kda
tumor protein 63
tumor-associated calcium signal transducer 2 precursor
u6 snrna-associated sm-like protein lsm8
uap56-interacting factor-like
uncharacterized protein c22orf25-like
upf0510 protein inm02 precursor
v-type proton atpase catalytic subunit a
v-type proton atpase subunit d 1
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Depth-dependent abundance of Midas Cichlid fish
(Amphilophus spp.) in two Nicaraguan crater lakes

Marie Theres Dittmann • Marius Roesti • Adrian Indermaur • Marco Colombo •

Martin Gschwind • Isabel Keller • Robin Kovac • Marta Barluenga •

Moritz Muschick • Walter Salzburger
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Abstract The Midas Cichlid species complex

(Amphilophus spp.) in Central America serves as a
prominent model system to study sympatric speciation

and parallel adaptive radiation, since small arrays of

equivalent ecotype morphs have evolved independently

in different crater lakes. While the taxonomy and

evolutionary history of the different species are well
resolved, little is known about basic ecological param-

eters of Midas Cichlid assemblages. Here, we use a line

transect survey to investigate the depth-dependent abun-
dance of Amphilophus spp. along the shores of two

Nicaraguan crater lakes, Apoyo and Xiloá. We find a
considerable higher density of Midas cichlids in Lake

Xiloá as compared to Lake Apoyo, especially at the

shallowest depth level. This might be due to the higher
eutrophication level of Lake Xiloá and associated

differences in food availability, and/or the presence of a

greater diversity of niches in that lake. In any case,
convergent forms evolved despite noticeable differences

in size, age, eutrophication level, and carrying capacity.

Further, our data provide abundance and density esti-
mates for Midas Cichlid fish, which serve as baseline for

future surveys of these ecosystems and are also relevant

to past and future modeling of ecological speciation.

Keywords Sympatric speciation !
Parallel adaptive radiation ! Fish density estimates !
Crater Lake Apoyo ! Crater Lake Xiloá ! Ecology

Introduction

The species flocks of cichlid fishes in the East African

Great Lakes Victoria, Malawi, and Tanganyika are

prime model systems in evolutionary biology and,
particularly, in research focusing on speciation,
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Universitätsstrasse 2, 8092 Zurich, Switzerland

I. Keller
IFM-Geomar, Evolutionsbiologie, Düstenbrooker Weg
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adaptive radiation, and parallel evolution (reviewed in
Kocher, 2004; Salzburger, 2009; Sturmbauer et al.,

2011). One of the most outstanding features of the East

African cichlid assemblages is their species richness,
with each of the Great Lakes harboring hundreds of

endemic species. The downside of this unparalleled

diversity is that these species flocks are notoriously
difficult to study in their entirety, which makes it

attractive to study simpler cichlid communities in

smaller water bodies. In the last years surveys of crater
lakes cichlids proved especially fruitful, mostly due to

the degree of isolation of their cichlid assemblages

(Schliewen et al., 1994; Barluenga & Meyer, 2004;
Barluenga et al., 2006). The probably best-studied

cichlids in volcanic crater lakes belong to the Midas

Cichlid species complex (Amphilophus spp.), which is
native to Central America. Midas cichlids are abun-

dant in the large lakes of Nicaragua (Lake Nicaragua

and LakeManagua) and associated rivers in Nicaragua
and northern Costa Rica. Interestingly, Midas Cichlids

have also colonized various volcanic crater lakes in the

area (Barlow, 1976; Barluenga &Meyer, 2004, 2010),
which emerge when calderas of extinct volcanoes of

the ‘Pacific Ring of Fire’ become filled with water.

This study focuses on the Amphilophus assemblages
in two of these crater lakes, Apoyo and Xiloá, which

contain two independent, yet ecologically and morpho-

logically very similar sets of Midas cichlid species
(Elmer et al., 2010; Geiger et al., 2010a). The lakes are

similar in someaspects, such as their volcanic origin, but

they do differ in others (Barlow, 1976; Sussman, 1985;
Waid et al., 1999; McKaye et al., 2002; Barluenga &

Meyer, 2010): With a surface area of 21.1 km2 and a

maximum depth of 142 m, Lake Apoyo is larger and
deeper than Lake Xiloá, which has a surface area of

3.8 km2 and amaximum depth of 89 m (Table 1). Also,

compared to the nutrient-rich Lake Xiloá, Lake Apoyo
is oligotrophic. Furthermore, they differ in the number

of cichlid species. Crater Lake Apoyo is suggested to

harbor six endemic species of theAmphilophus complex
(Barlow, 1976; Stauffer et al., 2008; Geiger et al.,

2010b) (Supplementary Table 1), which most likely go
back to a seeding lineage from adjacent Lake Nicaragua

(Barluenga et al., 2006); together with Parachromis
managuense and the recently introduced African
species Oreochromis aureus and O. niloticus, these
are the only cichlids found in this lake. In Lake Xiloá

three to four endemic species of the Amphilophus
species complex are described (McKaye et al., 2002;

Stauffer & McKaye, 2002) (Supplementary Table 1),
which derive from the close-by Lake Managua stocks

(Barluenga & Meyer, 2010). In addition to the Midas

Cichlid fish, Lake Xiloá is inhabited by eight additional
cichlid species, which either migrated naturally from

nearby Lake Managua, or were introduced by humans,

as might be the case for Parachromis managuense
(Kullander & Hartel, 1997).

Here, we present a comparative study of cichlid

abundance and density estimates in the two Central
American calderas Lake Apoyo and Lake Xiloá. The

set-up consisting of two rather similar crater lakes

seeded independently by more or less the same
ancestral line that subsequently radiated in parallel

appears ideal to disentangle the biotic and abiotic factors

influencing parallel adaptive radiation, particularly
in its early stages. Many adaptive radiations appear

to proceed in discrete stages starting with an initial

diversification into macrohabitats (Streelman &
Danley, 2003; Gavrilets & Losos, 2009), which—in

fishes—is often associated with differentiation along

the benthic-limnetic (pelagic) axis (Schluter & McP-
hail, 1992; Gı́slason et al., 1999; Barluenga et al., 2006;

Rutschmann et al., 2011). That independent adaptive

radiations of the same group of organisms in similar
ecological settings often result in similar morphologies

is generally taken as strong evidence for natural

selection (and the importance of ecology in speciation)
(see Schluter &Nagel, 1995; Losos et al., 1998). On the

other hand, the degree of similarity observed in

convergent species pairs of cichlids has led some
authors to question whether natural selection alone is

sufficient to produce such matching morphologies, or

whether genetic or developmental constraints have

Table 1 General descriptors of size, depth, age, visibility, fish
density, and population size of the crater lakes Apoyo and
Xiloá

Apoyo Xiloá

Surface area (km2) 21.1a 3.8a

Maximum depth (m) 142a 89a

Age (year) \23.000a ca. 10.000a

Secchi depth (m) 5–7 3

Cichlid density along shore
(individuals per 10 m transect)

11.3 19.9

Total number of Amphilophus spp.
along shore (estimated)

83.000 66.000

a Barluenga & Meyer (2010)
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contributed to the evolution of convergent forms (see,
e.g., Brakefield, 2006). Even in the genomic era it is

difficult to determine the relative contribution of natural

selection and developmental channeling to parallel
evolution. One possibility is to apply genetic and

genomic experiments (reviewed in: Brakefield, 2006;

Arendt & Reznick, 2008). In addition, one should
inspect parallel radiationswith respect to key ecological

parameters. Under the assumption that ecology is the

driving force behind parallel adaptive radiation, it is
expected that not only the outcome of the radiations

should be the same, but that the radiations should also

follow the same steps and should show the same
(ecological) characteristics. In the case of the parallel

radiations of the Midas Cichlid in crater lakes Apoyo

and Xiloá, the outcome in form of morphologically
equivalent species is obviously quite similar (Fig. 1)

and there is evidence that the radiations progressed in a

similar fashion (Barluenga et al., 2006; Barluenga &
Meyer, 2010; Elmer et al., 2010). It is not known,

however, whether the communities in the seemingly

similar crater lakes Apoyo and Xiloá are also similar in
terms of ecological parameters such as fish densities

and depth distributions.

In this study, we applied transect surveys to record
the abundance of Amphilophus spp. in crater lakes

Apoyo and Xiloá. Applying SCUBA diving and

snorkeling, fish were counted at different locations
and depth levels to provide data on densities of

cichlids in both lakes. We hypothesized that the

Fig. 1 Convergent phenotypes that evolved independently in
the two Nicaraguan crater lakes Apoyo and Xiloá. Three species
pairs are shown: benthic species using the shallow areas of the

lakes; benthic species using the deeper areas of the lakes; and
limnetic species inhabiting the open water column

Hydrobiologia (2012) 686:277–285 279

123



81

  Chapter 3 

density and distribution of Midas cichlids should be
rather similar in both crater lakes due to their similar

mode of origin and structure. In addition, this study

aims to add ecological data in the form of abundance
estimates for Amphilophus spp. to theoretical studies

on sympatric and/or ecological speciation. Gavrilets

et al. (2007), for example, investigated under which
biological conditions rapid colonization of a new

niche followed by sympatric or parapatric speciation

in Lake Apoyo is theoretically possible. However, in
their models, Gavrilets et al. (2007) were lacking

empirical data on several important biological param-

eters (including abundance estimates). Finally, knowl-
edge of the natural abundance of a population, species,

or species group is fundamental not only to biological

research but also to the management of wildlife
populations. This is important in the case of crater

lakes Apoyo and Xiloá, too, where cichlid fishes make

up the main fraction of the ichthyofauna and provide a
valuable food resource for local people (Schuster,

1957; Lin, 1961; Barlow, 1976). Importantly, through

the recent introduction of African tilapiine cichlid
species (Oreochromis spp.), the endemic cichlids of

Lake Apoyo are thought to be threatened (McKaye

et al., 1995; McCrary et al., 2001; Barluenga &Meyer,
2004), calling for an evaluation of the conservation

status of the endemic faunas in the two crater lakes.

Our data should, thus, provide important baseline
references, with which upcoming impacts on the

native cichlid abundance can be assessed.

Materials and methods

Study area and period

Field work was carried out in the two crater lakes
Apoyo and Xiloá in Nicaragua, Central America, in

September 2009. Diving was performed during the

day by almost invariably good weather conditions. At
the time of the study, water temperatures ranged

between 29 and 31!C on all surveyed depth levels in
both lakes. Transect sites were chosen randomly in

both lakes, balanced, however, for different geograph-

ical locations within each lake (Supplementary
Table 2). As crater lakes have a relatively homoge-

nous habitat structure, the transects are representative

of the habitat composition in each lake.

Transect surveys

We used fish counts along line transects to compare
the depth-dependent abundance and density of Am-
philophus spp. between the two lakes. Six transects

were studied in the larger Lake Apoyo and four
transects in the smaller Lake Xiloá. The start and end

coordinates of each transect were taken with a

handheld GPS from a boat (Supplementary Table 2).
Depth levels at 10, 15, and 20 mwere covered for each

transects by a SCUBA diving buddy pair, whereas the

5 m depth level was covered by snorkelers (whenever
the visibility was sufficient).

Transect length was determined by the distance

covered during 10–15 min of diving (depending on the
available air). Diving pace was moderate but varied

between transects according to visibility and the quan-

tity of fish that had to be counted, leading to variation in
the lengths of the different transects. After having

covered a transect one way, buddy pairs remained at

their set depth level for 10 min to leave enough time for
the fish to restore an undisturbed distribution. The end of

each transect was marked with a buoy, which enabled

the recording of the GPS coordinates. Buddy pairs then
returned along the line transect back to the starting point.

Diving was performed at 2 m above the substrate

whereby dive buddies were swimming beside each
other, individually counting all Amphilophus spp.

individuals larger than ca. 5 cm within a visual field of

about 4 m distance and 2 m to either side of the transect
line. Snorkelers covering the 5 m depth used the same

method and tried to remain at a depth of 3 m asmuch as

possible. Owing to the difficulty to clearly identify
species in sub-adult or non-breeding life stages under-

water and the ongoing debate and steady changes in

species classification, the overall number of Amphilo-
phus spp. individuals was counted and no attempts were

made to distinguish species, hybrids, or morphotypes

(e.g., Barlow, 1976; McKaye et al., 2002; Bunje et al.,
2007; Stauffer et al., 2008). In this visual survey a

minimal bias among and within observers is expected

due to individual survey differences (Thompson &
Mapstone, 1997). To remove such potential confound-

ing effects, observers alternated between different depth

levels and in buddy pair partners at consecutive
transects. The total number of dives over all transects

was 36 (including each two persons diving back and

forth), resulting in 144 single transect records.
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In addition, Secchi depth measurements were taken
from a boat to determine the water transparency at

several random locations in both lakes.

Data analysis

To determine the average number of Amphilophus spp.
individuals for every transect at each depth level

separately, we averaged the fish counts by the two

buddy team partners including the replicates from
diving back and forth (Supplementary Table 3). We

then calculated the average numbers of individuals per

10 m transect length for each depth level for every
transect (Fig. 2), which we tested for normal distribu-

tion by applying a Shapiro–Wilk test. Using this data

we tested for an overall difference in the density of
Amphilophus spp. between lakes using Mann–Whit-

ney U tests. We further applied a linear mixed model

(LMM, LME4 package, Bates et al., 2011) to test for a
difference in number and depth-distribution of indi-

viduals between the lakes by including the number of

individuals counted per 10 m as the dependent vari-
able, and lake and depth level as predictors. Assump-

tions of the LMM were visually checked. Since we

assumed a potential difference in the depth-distribu-
tion of individuals between lakes, we included the

interaction of lake and depth in the model. Further-

more, to correct for dependence in our data, we
included transect as random factor. To further explore

the data for effects not captured by the LMM, we

applied separate Mann–Whitney U Tests for each
depth level to test for depth-dependent differences in

fish abundance between lakes. To roughly estimate the

total number of Midas cichlids for both lakes, the
numbers of fish per 10 mwere extrapolated to the total

circumference of the lake. This was calculated by

summing up the average number of individuals at all
four depth levels (Suppl. Table 3) multiplied by the

circumference of the lake. All analyses was performed

using R 2.9.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

The average number of Amphilophus spp. individuals
per 10 m transect length in Apoyo across all transects

and depth levels was 11.3 (min = 0, max = 37,

SD = 9.5), which did not differ significantly from
Lake Xiloá with 19.9 fish per 10 m transect length

(min = 3, max = 55, SD = 15.7) (Mann–Whitney U

test, N = 36, p = 0.112). The LMM did not reveal a
significant interaction between lake and depth

(t = 0.1692, p = 0.169) (Fig. 2). However, testing

for single depth levels between the lakes revealed a
marginally significant difference at the 5 m depth

level (Mann–Whitney U test, N = 10, W = 18,

p = 0.050). The pairwise comparison of numbers of
fish per 10 m transect at the other depth levels

exhibited no significant difference between the lakes

(Mann–Whitney U test, 10 m: N = 10, p = 0.394;
15 m: N = 10, p = 0.796; 20 m: N = 8, p = 0.180).

Extrapolating the average number of Amphilophus
spp. individuals of all transects and depth levels to the
total circumference in both lakes (Apoyo approx.

18.2 km; Xiloá approx. 8.3 km) revealed a similar

Fig. 2 Average number of
Amphilophus spp.
individuals per 10 m
transect at each depth level
for Lake Xiloá and Lake
Apoyo. ‘‘*’’ denotes a
marginally significant
difference in cichlid fish
density between the lakes
(Mann–Whitney U test,
N = 10, p = 0.050)
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total number of fish in both lakes along the shoreline:
ca. 83.000 individuals (13.000 to 150.000) in Lake

Apoyo and ca. 66.000 individuals (13.000 to 120.000)

in Lake Xiloá.
The Secchi depth, measured randomly several

times in both lakes, ranged between 5 and 7 m in

Lake Apoyo, compared to an approximately constant
Secchi depth of 3 m in Lake Xiloá.

Discussion

Benefits of fish abundance estimates are diverse. The
comparison of fish abundances between comparable

ecosystems (e.g., between lakes) that differ in only few

and well-defined ecological factors, allows to draw
general conclusions on the possible impact of these

factors on fish abundances and the composition and

evolution of communities. This is especially the case
when members of the same lineage radiated in

parallel. Furthermore, in conservation biology and

wildlife management, for example, changes in abun-
dance of a fish species or population in a specific area

may give an estimate for its ‘‘ecological health’’. This

allows to define appropriate conservation strategies as
well as to evaluate the (long-term) effects of habitat or

species-specific conservation actions (Cheal &

Thompson, 1997; Witmer, 2005). To estimate the
impact of naturally induced (e.g., by a hurricane) or

human-induced (e.g., by industrial fishery) changes on

fish abundance, a baseline abundance needs to be
established against which future levels of impact can

be assessed (Jennings & Blanchard, 2004; Silvano

et al., 2009). Then, abundance estimates are valuable
to evaluate the relative importance and status of a fish

species in an ecosystem, such as in a predator–prey

relationship in the food web. Finally, mathematical
modeling in fields such as evolutionary biology

provides more accurate, theoretical insights into

biological processes. Most often, however, theoretical
approaches lack data from empirical work such as

abundance estimates that would allow to make
biologically reasonable assumptions and to apply

mathematical models to particular case studies (see,

e.g., Gavrilets et al., 2007).
The above reasons have been the motivation for this

comparative study of Midas cichlid fish (Amphilophus
spp.) abundance and density estimates in the two
comparable Nicaraguan crater lakes, Apoyo and

Xiloá. Despite the lack of statistical significance, our
data reveal an almost twofold higher density of cichlid

fish along the shoreline in Lake Xiloá as compared to

Lake Apoyo. At a depth of 5 m, we found a more than
fourfold higher density of Midas cichlids in Lake

Xiloá (Fig. 2). Overall, however, as a consequence of

the higher density of fish in the smaller lake Xiloá, the
absolute numbers of Amphilophus spp. are relatively

similar in both lakes—at least along the shore habitat

covered by our survey.
Differences in food availability could explain the

different densities of Amphilophus spp. between the

two crater lakes. Indeed, the two lakes differ in their
level of eutrophication: Lake Apoyo is an oligotrophic

environment, whereas Lake Xiloá is relatively more

eutrophic. But why would higher fish densities then
only be found at shallow areas and not throughout

Lake Xiloá? Eutrophication leads to a considerable

reduction of ambient light at deeper waters (e.g. Koch,
2001), which can restrict photosynthesis to the shallow

waters where sufficient ambient light is available for

primary production (see Secchi depth in Table 1). This
can directly (e.g., algae-feeders) or indirectly (e.g.,

through the food web) lead to higher fish densities in

the shallow area. Higher fish densities in more turbid
waters may also be explained by the reduced perfor-

mance of predators, such as birds, which under turbid

conditions have more difficulties to spot fish. It has
previously been shown that reduced visibility can

influence color-recognition in cichlids, and, hence,

may have an impact on intraspecific (and interspecific)
species recognition and communication (see, e.g.,

Seehausen, 1997, 2008). Whether this is also the case

in Nicaraguan crater lakes remains to be tested.
An alternative explanation for the higher density of

cichlids in Lake Xiloá could be the availability of

ecologically more diverse niches in this lake, e.g., in
the shallow area where differences in the densities of

Amphilophus spp. are greatest. This could also explain
the higher variance in fish counts at the 5 m depth
level in Lake Xiloá compared to the other depth levels.

Perhaps it is a combination of both factors, eutrophi-
cation and habitat complexity, that leads to higher fish

densities in Lake Xiloá. A more thorough analysis of

the habitat structure would be necessary to clarify this
point. Furthermore, there is no knowledge on fish

densities in deeper and open waters, which would

allow a comprehensive comparison of both lakes.
Such fish counts at deeper waters seem particularly
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interesting, since we observed a distinct and clear
water layer below a depth of 35 m in Lake Xiloá.

Crater lakes Apoyo and Xiloá are inhabited by a

similar set of convergent Amphilophus ecotype mor-
phs (Fig. 1) making the Midas Cichlid complex an

ideal system to study parallel evolution (see, e.g.,

McKaye et al., 2002; Barluenga et al., 2006; Elmer
et al., 2010). While taxonomy, morphology, and

evolutionary history of the species complex is largely

resolved (see Barluenga et al., 2006; Barluenga &
Meyer, 2010; Elmer et al., 2010; Geiger et al., 2010a,

b), little is known about basic ecological parameters

such as the relative densities of the different species.
Our study is the first to provide such data. We uncover

a rather similar overall number of Amphilophus spp.
individuals in both lakes, but also account differences
in densities, especially in the shallow area (see above).

Interestingly, the shallow areas of Lake Xiloá are not

only characterized by larger densities of Midas
cichlids, but also by the presence of additional cichlid

species (see Supplementary Table 1). It remains

unclear whether these never arrived in Lake Apoyo
(e.g., because of the larger distance to a large lake), or

whether these could not establish themselves there

(e.g., because of the eutrophic situation). In any case,
convergent phenotypes evolved in both crater lakes

despite noticeable differences in size and age of the

respective lake (see Table 1), in community structure
(the presence/absence of other cichlid species; Sup-

plementary Table 1), and in fish densities (Fig. 2).

This corroborates the view that the initial steps of
ecological speciation in fish species flocks follow

similar pathways in form of a splitting into benthic and

limnetic types (see, e.g., Schluter & McPhail, 1992;
Salzburger, 2009), which does not seem to be depen-

dent on phylogenetic background and parameters such

as size or age of a lake or level of eutrophication.
Apparently, it is enough that a benthic-limnetic axis is

present in a lake (see Barluenga et al., 2006).

The Midas cichlid fauna from Lake Apoyo repre-
sents one of the most famous examples for sympatric

speciation (Barluenga et al., 2006), and has attracted
theoretical modeling work. Gavrilets et al. (2007), for

example, investigated whether at all and under which

ecological conditions sympatric speciation is likely to
have occurred in lake Apoyo. One of the parameters

incorporated into the model of Gavrilets et al. (2007)

was the carrying capacity (K) of Lake Apoyo.
Carrying capacity stands for the maximum number

of individuals that can live in a particular environment
given the available nutrients and without causing

detrimental effects. Gavrilets et al. (2007) concluded

that intermediate carrying capacities (K = 16.000) are
propensive for sympatric speciation, whereas large

carrying capacities (K = 32.000–51.200, depending

on the model) would rather lead to the evolution of a
single, generalistic species. Our estimates of K (ca.

83.000 and ca. 66.000 individuals in Lakes Apoyo and

Xiloá, respectively) lie above these numbers, although
these estimates refer to counts at four depth levels

along the shoreline only and nothing is known about

fish densities below 20 m. One also has to consider
that Gavrilets et al. (2007) assumed the presence of a

single age class (i.e., generation) at a given time. Our

counts certainly included members from different age
classes, although we lack detailed information on age

distribution. Taken together, the carrying capacities

assumed by Gavrilets et al. (2007) to model sympatric
speciation in Lake Apoyo seem to be slightly—

however not substantially—underestimated compared

to our findings and it would now be interesting to
evaluate what effect this has on available models.

Although a reproducing population of invasive

Oreochromis spp. (tilapias) has been reported for Lake
Apoyo in previous studies (McKaye et al., 1995;

McCrary et al., 2001), we did not observe any tilapiine

species during our fieldwork. These African cichlids
were reported to feed on stonewort beds (Chara spp.)

and are likely to account for the temporal elimination

of these algae in Lake Apoyo (McKaye et al., 1995;
McCrary et al., 2001, Canonico et al., 2005). However,

we found extensive stonewort beds in Lake Apoyo.

This suggests that tilapia populations might have
failed to establish permanently in an oligotrophic

environment such as Lake Apoyo.

Conclusions

Our study gives estimates of cichlid fish densities in

two crater lakes in Nicaragua, Apoyo and Xiloá. We
find that parallel ecotype morphs evolved despite

noticeable differences in size, age, eutrophication

level, and carrying capacity. We provide ecological
data for understanding the carrying capacity of the

systems in order to apply it to modeling sympatric/

parapatric speciation. Furthermore, it sets baseline
abundance estimates for cichlid fish in Nicaraguan
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crater lakes, to which future ecological health assess-
ments of these lakes can be compared.
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Supplementary Table 1: Cichlid fish diversity in lakes Apoyo and Xiloá.  

Lake Apoyo – Midas cichlid species (endemic) 

Amphilophus zaliosus Barlow and Munsey 1976!

Amphilophus flaveolus Stauffer et al. 2008 

Amphilophus chancho Stauffer et al. 2008 

Amphilophus astorquii Stauffer et al. 2008 

Amphilophus globosus Geiger et al. 2010 

Amphilophus supercilius Geiger et al. 2010 

 
Lake Apoyo – other cichlid species (introduced) 
Parachromis managuense Kallander 1997 
Oreochromis aureus Steindachner 1864 
Oreochromis niloticus Linnaeus 1758 
 
Lake Xiloá – Midas cichlid species (endemic) 

Amphilophus xiloaensis Stauffer and McKaye 2002 

Amphilophus amarillo Stauffer and McKaye 2002 

Amphilophus sagittae Stauffer and McKaye 2002 

Amphilophus sp. “Fat lips” (Stauffer and McKaye  2002, 
undescribed) 
 

Lake Xiloá – other cichlid species (native) 

Astatoheros longimanus Jordan et al. 1930 

Archocentrus centrarchus Jordan et al. 1930!

Amphilophus rostratus Kullander 1996 

Parachromis dovii Kullander et al. 1997 

Hypsophrys nicaraguensis Kullander et al. 1997 

Parachromis managuense Kullander et al. 1997 

Hypsophrys nematopus Chakrabarty et al. 2007 
Amantitlania siquia Schmitter-Soto 2007 
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Supplementary Table 2: Coordinates and length of the transects in lakes Apoyo and Xiloá. Lengths 

were calculated by measuring start and end coordinates of each transect with a GPS device. 

Lake Transect Start coordinate Length [m] 

Apoyo 

1 11°54,554’ N / 86°02,467’ W 120 

2 11°54,183’ N / 86°01.791’ W 115 
3 11°55,626’ N / 86°00,854’ W 80 
4 11°56,196’ N / 86°01,371’ W 80 
5 11°56,002’ N / 86°03,391’ W 80 
6 11°92,538’ N / 86°05,557’ W 80 

Xiloá 

1 12°23,120’ N / 86°31,857’ W 40 

2 12°23,081’ N / 86°32,259’ W 40 
3 12°21.483’ N / 86°32,548’ W 50 
4 12°21.428’ N / 86°31,510’ W 50 
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Supplementary Table 3: Averaged numbers of cichlid fish per 10 m transect for each transect and 

depth level. Numbers are the averaged fish counts by the two buddy team partners including the 

replicates from diving back and forth. 

Lake Transect 
Depth [m] 

5 10 15 20 total 

Apoyo 

1 - 7.0 6.6 5.7 6.4 

2 12.3 21.7 9.9 13.2 14.3 
3 2.4 23.0 37.3 - 20.9 
4 16.2 21.8 20.4 20.1 19.6 
5 4.3 0.0 0.6 3.2 2.0 
6 1.6 6.9 6.8 7.2 5.6 

total 7.4 14.7 15.0 8.7 11.4 

Xiloá 

1 43.3 12.6 29.1 9.6 23.7 

2 55.0 5.5 - 37.3 32.6 
3 19.4 20.9 11.2 - 17.2 
4 9.7 3.2 6.4 15.1 8.6 

total 31.9 10.6 15.6 20.7 19.7 
 

 

!
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1. Summary
The species flocks of cichlid fishes in the East African Great
Lakes are the largest vertebrate adaptive radiations in the
world and illustrious textbook examples of convergent evolution
between independent species assemblages. Although recent
studies suggest some degrees of genetic exchange between
riverine taxa and the lake faunas, not a single cichlid species
is known from Lakes Tanganyika, Malawi and Victoria that is
derived from the radiation associated with another of these lakes.
Here, we report the discovery of a haplochromine cichlid species
in Lake Tanganyika, which belongs genetically to the species
flock of haplochromines of the Lake Victoria region. The new
species colonized Lake Tanganyika only recently, suggesting that
faunal exchange across watersheds and, hence, between isolated
ichthyofaunas, is more common than previously thought.

2. Introduction
Adaptive radiation, the rapid evolution of novel species as a
consequence of adaptation to distinct ecological niches, is thought
to have played an important role in the origin of phenotypic
diversity [1]. The species flocks of cichlid fishes in the African
Great Lakes; Tanganyika, Malawi and Victoria are the most

2015 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.



98

Chapter 4

2

rsos.royalsocietypublishing.org
R.Soc.opensci.2:140498

................................................

species-rich vertebrate adaptive radiations, consisting of hundreds of endemic species each [2–4]. Lake
Tanganyika, the oldest lake, harbours the genetically and phenotypically most diverse cichlid assemblage
comprising 12–16 ‘tribes’ [5]. The radiations in Lakes Malawi and Victoria involve only one of these
tribes, the Haplochromini, making this the most species-rich cichlid lineage [4].

The haplochromines probably originated in the area of Lake Tanganyika, from where they colonized
water bodies in large parts of Africa, including Lakes Malawi and Victoria [6–8]. This ‘out of Tanganyika’
scenario [6] implies that the seeding events of the haplochromine radiations in Lakes Malawi and Victoria
date back to 1–5 and less than 0.25 Ma, respectively [6–9]. The latter radiation is not confined to only the
basin of Lake Victoria, but includes the cichlid faunas of other lakes and rivers in the area, including
Lakes Edward, George, Kivu and the Lake Rukwa drainage; it is hence referred to as the ‘Lake Victoria
region superflock’ (LVRS) [6,7,10].

While Lake Tanganyika’s cichlid assemblage has long been regarded as polyphyletic [11], the
haplochromines from Lake Malawi and the LVRS were considered reciprocally monophyletic [7,12,13].
This view has recently been challenged with the analysis of large sets of nuclear DNA markers, which
uncovered a polyphyletic origin of Lake Malawi’s haplochromines [14,15], and high levels of shared
genetic polymorphisms between the cichlid faunas of all three lakes [15,16]. These findings, together with
the identification of similar or even identical genotypes across large geographical scales [17,18], suggest
that the hydrologic systems in East Africa are more permeable for cichlids than previously thought. It
has even been proposed that riverine species have ‘transported’ polymorphisms between lakes [15].

Interestingly, however, not a single case of a recent colonization of a Great Lake through a riverine
lineage has been documented, and none of these lakes is known to contain a species belonging to a
lineage associated with another Great Lake’s radiation. Here we report the discovery of a haplochromine
cichlid species in Lake Tanganyika, which belongs genetically to the LVRS.

3. Material and methods
In 2011 and 2012, we collected 12 specimens of a new haplochromine species (named Haplochromis
sp. ‘Chipwa’ hereafter) in a shoreline habitat within Lake Tanganyika at Chipwa Village, between 500
and 1000 m south from the Kalambo River mouth. Five additional specimens were sampled in 2011 in
the Lufubu River delta on Lake Tanganyika’s western shoreline (open water distance between these
locations: more than 55 km; figure 1a, b). In both localities, the new species co-occurs with the widespread
haplochromine Astatotilapia burtoni found within Lake Tanganyika and in affluent rivers [20]. The new
taxon was identified as undescribed species in the field by A.I.

For comparative reasons, we sampled additional haplochromines, including a morphologically
similar species (Haplochromis stappersii) from rivers Malagarasi (n = 4) and Rusizi (n = 1) (electronic
supplementary material, tables S1–S3). Sampling was performed using our standard operating
procedure [21]; vouchers were deposited at the University of Basel or the Royal Museum of Central
Africa, Tervuren.

In order to place the new taxon into a phylogenetic context, we amplified and sequenced two nuclear
(ednrb1: 524 bp; phpt1: 434 bp) and two mitochondrial (mtDNA) loci (d-loop: 373 bp; ND2: 1047 bp),
following the protocols described elsewhere [21,22]. These markers were chosen on the basis of the
existence of large quantities of reference data on GenBank. The newly obtained sequences were inspected
by eye in CODONCODEALIGNER, combined with available data from GenBank, aligned with MAFFT

[23], and the appropriate models of molecular evolution were determined with JMODELTEST [24]. All
specimens of the new species were identical in all four loci.

To identify the placement of the new species in the haplochromine phylogeny, we performed a step-
wise approach using three different datasets: first, we wanted to confirm our ad hoc assumption that
the new taxon does not belong to any of the Tanganyikan cichlid lineages (and genera) known to date.
To this end, we combined the nuclear and ND2 sequences of the new species with a representative set
including all East African cichlid lineages [21], resulting in a total of 83 taxa. The concatenated data
(2001 bp) was analysed using Bayesian inference with MRBAYES [25] (10 000 000 generations, four chains,
two runs, 25% burn-in, three partitions: GTR + I + Γ ; GTR + I + Γ ; GTR + Γ ) and maximum likelihood
(ML) with GARLI (http://garli.nescent.org) (50 runs, 500 bootstrap replicates; three partitions: TIM3 +
I + Γ ; TVM + I + Γ ; TPM2uf + Γ ). In a second step, we focused on ND2 only, as many more reference
data are available for this common marker in cichlids [6,8]. We again combined our data with available
sequences from GenBank (216 taxa in total) and used MRBAYES (3 000 000 generations, four chains, two
runs, 25% burn-in; GTR + I + Γ ) and GARLI (50 runs, 500 bootstraps; TIM2 + I + Γ ). On the basis of this
tree, we selected 86 taxa for an in-depth analysis focusing on the species belonging to the LVRS and its
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Figure 1. (a) Map of the study area indicating sample locations and potential watershed connections. (b) Haplochromis sp. ‘Chipwa’
(male) from LT. (c) ML phylogeny of haplochromine cichlids based on the mitochondrial ND2. Haplochromis sp. ‘Chipwa’ is firmly placed
within the LVRS (grey box); the specimens from LT are depicted in blue. (d) Mitochondrial haplotype genealogy of representative
haplotypes of the LVRS and the new species (see also the electronic supplementary material, figure S3) based on a 365 bp segment
of the control region. The identification of a shared haplotype between the Malagarasi and the LR basin (M2/LR1) corroborates a recent
connection between these watersheds, e.g. via ‘Ugalla–Rungwa’ or ‘Nkululu–Rungwa’ connections [19]. Colour-codes correspond to (a)
and (c), haplotype numbers refer to [7].

closest sister taxa (MRBAYES: 10 000 000 generations, four chains, two runs, 25% burn-in, GTR + I + Γ ;
GARLI: 50 runs, 500 bootstraps, TrN + I + Γ ). Finally, we integrated the mitochondrial control region
sequences of H. sp. ‘Chipwa’ in the largest available dataset of members of the LVRS [7]. We performed an
analysis using 178 unique mitochondrial haplotypes [7], representing about 900 specimens of the LVRS
plus outgroup taxa, using GARLI (50 runs; 500 bootstraps; K81uf + I + Γ ). On the basis of the resultant
tree, we chose a representative subset of 27 sequences to construct a haplotype genealogy following the
method described in [19] and using the first segment of the mitochondrial control region (373 bp).

4. Results
The analysis of the concatenated nuclear and mtDNA dataset resulted in highly congruent trees
(electronic supplementary material, figure S1), in which H. sp. ‘Chipwa’ formed a strongly supported
clade with four taxa representing the LVRS (ML bootstrap = 100, posterior probability = 1), thus
confirming previous results based on a large set of nuclear DNA markers [26].

In the more inclusive ND2 phylogeny, the new species was firmly placed within the LVRS sensu
[7] (electronic supplementary material, figure S2; ML bootstrap = 100, posterior probability = 1). Within
this clade, the single ND2 haplotype of the new species from Lake Tanganyika clustered with
H. stappersii from the Malagarasi River plus another undescribed species from Tanzania (figure 1c).
Interestingly, two H. stappersii were not part of this clade: the sample from Rusizi River in Burundi
and the one with unknown sampling location used by Schwartzer et al. [18], suggesting that specimens
previously identified as H. stappersii are not reciprocally monophyletic and belong to at least two distinct
mitochondrial lineages.

In the mtDNA haplotype genealogy, the new species was grouped into a clade of riverine taxa derived
from the central haplotype of the LVRS (haplotype 25 in [7]; see the electronic supplementary material,
figure S3). The reduced dataset (figure 1d) highlights that the single haplotype found in H. sp. ‘Chipwa’
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from Lake Tanganyika is derived from the central haplotype of this riverine clade (M2/LR1) by one
mutation (nucleotide divergence: 0.29%). We refrained from performing a molecular clock analysis here,
which is problematic with just one mutational difference. However, a single difference in the cichlids’
mitochondrial control region is typically interpreted as recent and in the range of a maximum of tens of
thousands of years [7,9].

5. Discussion
In this study, we report the discovery of a haplochromine species in Lake Tanganyika, which belongs to
a clade of riverine haplochromines that is part of the LVRS (figure 1; electronic supplementary material,
figures S1–S3). The phylogenetic position of the new species and the existence of identical mtDNA
haplotypes on both sides of Lake Tanganyika suggest that this taxon colonized this lake recently and
spread across its southern basin. Accidental translocation, e.g. with aquacultured tilapia, seems unlikely
given the absence of farmed tilapia at the sampling localities. Instead, it appears likely that the new
species entered Lake Tanganyika naturally.

East Africa is a geologically active area and it has been assumed that river captures mediated by
tectonic movements, erosion and fluctuations in precipitation allowed for past connections between
watersheds [27–30]. Since the mtDNA haplotype of the new species (HLT in figure 1) is derived from the
central haplotype (M2/LR1) found in the Malagarasi and in the Lake Rukwa drainage, two alternative
dispersal scenarios emerge: either via the Malagarasi River followed by southward coastal migration,
or from the Lake Rukwa drainage. Given the large geographical distance between the Malagarasi River
and the collection sites and that we never caught any specimen in the coastline north of the Kalambo
estuary, the latter scenario appears more plausible—especially, since geological evidence suggests that
Lake Rukwa was connected to Lake Tanganyika in the Early Holocene via the Karema Gap [29]. The
existence of such a connection has further been corroborated with fossil molluscs and ostracods in
Lake Rukwa, which resemble extant taxa from Lake Tanganyika [28]. Another recent Lake Rukwa–Lake
Tanganyika connection has been hypothesized in the Kalambo-Mwimbi fault, where rivers Kalambo and
Mfiwizi run, in close proximity and in opposite direction, through a swampy depression [27]. Any fish
migrating downstream the Kalambo River would, however, face the challenge of a 221 m high waterfall.

With the finding of a member of the LVRS in Lake Tanganyika, we provide, to our knowledge, the
first record of a cichlid species in an East African Great Lake that features genetic affinities to the fauna
of another Great Lake. More precisely, we show that a haplochromine species belonging to the most
recent large-scale cichlid adaptive radiation, the LVRS dated at less than 0.25 Ma [6–9], managed to
migrate into the much older Lake Tanganyika, and to establish itself alongside the existing lake endemics.
Haplochromis sp. ‘Chipwa’ thus represents yet another cichlid lineage that independently colonized Lake
Tanganyika. Our discovery thus lends empirical support to the hypothesis that occasional migration
of riverine taxa into lakes might have ‘transported’ genetic polymorphism between the cichlid species
flocks in the East African Great Lakes [15]. Note, however, that we only demonstrated the first step
required by the ‘transporter hypothesis’, i.e. the arrival of a distantly related haplochromine species into
an established cichlid radiation. Whether this resulted in the second step, i.e. gene-flow from a divergent
lineage into an established lacustrine species, remains unanswered and should be examined in the future.

Taken together, we demonstrate that recent faunal exchange occurred between the otherwise non-
overlapping cichlid assemblages of the LVRS and Lake Tanganyika, thereby extending the area covered
by LVRS taxa to now also include the southern part of Lake Tanganyika and affluent rivers. Our
findings are in line with recent reports of shared mtDNA haplotypes across large geographical scales
in haplochromines [17,18] and, particularly, with the view that faunal exchange between cichlid faunas
of rivers and lakes is more common than previously thought [15]. We thus suggest that more attention
should be directed towards the survey of riverine cichlid communities, which are understudied
compared to the endemic faunas of Lakes Tanganyika, Malawi and Victoria.
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Species nd2 ednrb phpt1 Locality Coordinates

Altolamprologus calvus EF462256 JF900248 JF900177 Lake Tanganyika -

Altolamprologus compressiceps EF462257 JF900249 JF900178 Lake Tanganyika -

Asprotilapia leptura KJ955424 JF900251 JF900180 Lake Tanganyika -

Haplochromis sp. nov. "Kalambo" KJ955419 KJ955401 KJ955436 Kalambo River, Zambia S08°36'06.34"; E031°11'12.73"

Haplochromis sp. nov. "Lufubu" KJ955420 KJ955402 KJ955437 Lufubu River, Zambia S08°33'41.25"; E030°43' 26.54"

Astatoreochromis alluaudi KJ955410 KJ955393 KJ955429 Aquaria Stock, Lake Victoria -

Astatotilapia burtoni KJ955411 KJ955394 KJ955430 Aquaria Stock, Lake Tanganyika -

Astatotilapia burtoni JF900319 JF900252 JF900181 Lake Tanganyika -

Astatotilapia calliptera KJ955412 KJ955398 KJ955431 Aquaria Stock, Lake Malawi -

Aulonocranus dewindti AY337782 JF900253 JF900182 Lake Tanganyika -

Baileychromis centropomoides KJ955423 KJ955406 KJ955432 Mpulungu Market, Zambia S8° 45' 56.737" E31° 6' 49.715"

Bathybates graueri AY663726 JF900254 JF900183 Lake Tanganyika -

Bathybates vittatus AY663728 JF900255 JF900184 Lake Tanganyika -

Benthochromis tricoti AF317264 JF900256 JF900185 Lake Tanganyika -

Boulengerochromis microlepis AF317229 JF900257 JF900186 Lake Tanganyika -

Callochromis macrops AY337795 JF900258 JF900187 Lake Tanganyika -

Chalinochromis brichardi EF679241 JF900259 JF900188 Lake Tanganyika -

Cyphotilapia gibberosa EF679242 JF900260 JF900189 Lake Tanganyika -

Ctenochromis horei EU753935 JF900262 JF900191 Lake Tanganyika -

Cyathopharynx furcifer AY337781 JF900263 JF900192 Lake Tanganyika -

Cyprichromis leptosoma AY740337 JF900264 JF900193 Lake Tanganyika -

Ectodus descampsii AY337790 JF900265 JF900195 Lake Tanganyika -

Enantiopus melanogenys AY682517 JF900266 JF900194 Lake Tanganyika -

Eretmodus cyanostictus AF398220 JF900267 JF900196 Lake Tanganyika -

Gnathochromis permaxillaris JF900321 JF900268 JF900197 Lake Tanganyika -

Gnathochromis pfefferi U07248 JF900269 JF900198 Lake Tanganyika -

Grammatotria lemairii AY337787 JF900270 JF900199 Lake Tanganyika -

Greenwoodochromis christyi AY682528 JF900272 JF900201 Lake Tanganyika -

Haplotaxodon microlepis EF437497 JF900273 JF900202 Lake Tanganyika -

Haplochromis obliquidens KJ955416 KJ955403 KJ955433 Aquaria Stock, Lake Victoria -

Haplochromis rockkribensis KJ955418 KJ955404 KJ955434 Aquaria Stock, Lake Victoria -

Haplotaxodon trifasciatus EF437492 JF900274 JF900203 Lake Tanganyika -

Interochromis loocki JF900322 JF900303 JF900232 Lake Tanganyika -

Julidochromis ornatus EF462229 JF900275 JF900204 Lake Tanganyika -

Lamprologus callipterus AF398226 JF900276 JF900205 Lake Tanganyika -

Lamprologus lemairii EF462271 JF900277 JF900206 Lake Tanganyika -

Lamprologus ornatipinnis EF462260 JF900278 JF900207 Lake Tanganyika -

Limnochromis abeelei AY682533 JF900279 JF900208 Lake Tanganyika -

Lepidiolamprologus attenuatus EF462274 JF900282 JF900211 Lake Tanganyika -

Lepidiolamprologus elongatus EF462268 JF900283 JF900212 Lake Tanganyika -

Lepidiolamprologus cf. profundicola EF462276 JF900284 JF900213 Lake Tanganyika -

Limnotilapia dardennii GQ995724 JF900285 JF900214 Lake Tanganyika -

Lobochilotes labiatus U07254 JX402345 JF900215 Lake Tanganyika -

Microdontochromis tenuidentatus AY337784 JF900287 JF900216 Lake Tanganyika -

Neolamprologus furcifer EF679252 JF900288 JF900217 Lake Tanganyika -

Neolamprologus modestus DQ055012 JF900289 JF900218 Lake Tanganyika -

GenBank accession 
numbers

Supplementary table 1: List of 83 cichlid specimens, their mitochondrial ND2 and their nuclear gene (ednrb, phpt1) accession numbers and their sample locations.

Sampling information
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Neolamprologus prochilus EF462248 JF900290 JF900219 Lake Tanganyika -

Neolamprologus pulcher EF462244 JF900291 JF900220 Lake Tanganyika -

Neolamprologus savoryi HM623796 JF900292 JF900221 Lake Tanganyika -

Neolamprologus sexfasciatus HM623828 JF900293 JF900222 Lake Tanganyika -

Neolamprologus tetracanthus EF462220 JF900294 JF900223 Lake Tanganyika -

Ophthalmotilapia ventralis AY337774 JF900295 JF900224 Lake Tanganyika -

Oreochromis tanganicae AF317240 JF900296 JF900225 Lake Tanganyika -

Paracyprichromis brieni AY740378 JF900297 JF900226 Lake Tanganyika -

Perissodus microlepis AF398222 JF900298 JF900227 Lake Tanganyika -

Plecodus paradoxus EF437500 JF900299 JF900228 Lake Tanganyika -

Petrochromis famula JF900324 JF900301 JF900230 Lake Tanganyika -

Petrochromis fasciolatus JF900325 JF900302 JF900231 Lake Tanganyika -

Petrochromis macrognathus AY930068 JF900304 JF900233 Lake Tanganyika -

Petrochromis polyodon JF900326 JF900305 JF900234 Lake Tanganyika -

Pharyngochromis acuticeps KJ955421 KJ955396 KJ955438 Kafue, Zambia -

Plecodus straeleni EF437481 JF900306 JF900235 Lake Tanganyika -

Pseudosimochromis curvifrons GQ995777 JF900307 JF900236 Lake Tanganyika -

Pseudotropheus sp. „acei“ KJ955413 KJ955399 KJ955439 Aquaria Stock, Lake Malawi -

Pseudocrenilabrus multicolor KJ955425 KJ955395 KJ955440 Aquaria Stock, Lake Malawi -

Cynotilapia pulpican KJ955414 KJ955400 KJ955442 Aquaria Stock, Lake Malawi -

Pundamilia nyererei KJ955417 KJ955405 KJ955441 Aquaria Stock, Lake Malawi -

Reganochromis calliurus AY682544 JF900308 JF900237 Lake Tanganyika -

Rhamphochromis sp. KJ955415 KJ955407 KJ955443 Aquaria Stock, Lake Malawi -

Sarotherodon sp. "Barombi Mbo" KJ955426 KJ955407 KJ955435 Barombi Mbo, Cameroon -

Serranochromis macrocephalus KJ955422 KJ955397 KJ955444 Kafue, Zambia S14° 58' 25.315" E25° 55' 14.642"

Simochromis diagramma AY930087 JF900310 JF900239 Lake Tanganyika -

Telmatochromis dhonti/temporalis EF679266 JF900311 JF900240 Lake Tanganyika -

Oreochromis sp. KJ955427 KJ955408 KJ955445 Kafue, Zambia S14° 58' 25.315" E25° 55' 14.642"

Tilapia zillii KJ955428 KJ955409 KJ955446 Daylan, Turkey N36° 49' 56.349" E28° 38' 13.746"

Trematocara marginatum JF900327 JF900312 JF900241 Lake Tanganyika -

Trematochromis benthicola JF900320 JF900261 JF900190 Lake Tanganyika -

Trematocara nigrifrons JF900328 JF900313 JF900242 Lake Tanganyika -

Tropheus moorii AY930093 JF900314 JF900243 Lake Tanganyika -

Tylochromis polylepis U07268 JF900315 JF900244 Lake Tanganyika -

Variabilichromis moorii DQ055016 JF900316 JF900245 Lake Tanganyika -

Xenotilapia flavipinnis AY337794 JF900317 JF900246 Lake Tanganyika -

Xenotilapia spiloptera AY337788 JF900318 JF900247 Lake Tanganyika -
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Species Published in  Accession number Locality Coordinates Collected by Fig1c FigS2

Haplochromis sp. "Chipwa" Present  study KJ955419 Kalambo River Delta, Zambia 08°36'6.34"S; 031°11'12.73"E ZIUB NS_CH4 + +

Haplochromis sp. "Chipwa" Present  study KJ955420 Lufubu River Delta, Zambia 8°33'41.25"S; 030°43' 26.54"E ZIUB NS_LU2 + +

Haplochromis stappersii "Malagarasi 1" Present  study KJ955389 Malagarasi River 03°50'56.9''S; 030°18'01.3''E Gaspard Banyankimbona, MRAC1840 + +

Haplochromis stappersii "Malagarasi 2" Present  study KJ955390 Malagarasi River 03°51'25.2''S; 030°17'53.5''E Gaspard Banyankimbona, MRAC1847 + +

Haplochromis stappersii "Malagarasi 3" Present  study KJ955391 Muvumu-Nkobokobo 03°53'10.8''S; 030°15'16.1''E Gaspard Banyankimbona, MRAC12034 + +

Haplochromis stappersii "Malagarasi 4" Present  study KJ955392 SOSUMO-Amont 03°59'33.8''S; 030°12'52.9''E Gaspard Banyankimbona, MRAC12087 + +

Haplochromis stappersii "Rusizi" Present  study KJ955388 Gatumba marsh, Rusizi River 03°20'21,6''S; 029°13'56,9''E Gaspard Banyankimbona, MRAC6334 + +

Boulengerochromis microlepis Klett & Meyer 2002 AF317229 n/a n/a n/a +

Haplochromis burtoni  Kobelmüller et al. 2010 GQ995714 Kalambo, above falls n/a Kobelmüller et al. 2010, 7055 +

Astatoreochromis alluaudi Koblmüller et al. 2008 EU753923 Lake Kanyaboli, Kenya n/a n/a +

Chetia brevicauda Koblmüller et al. 2008 EU753924 Buzi River n/a n/a +

Chetia brevis Koblmüller et al. 2008 EU753925 Incomati River n/a n/a +

Chetia flaviventris Koblmüller et al. 2008 EU753926 Limpopo river n/a n/a +

Chetia flaviventris Koblmüller et al. 2008 EU753927 Limpopo river n/a n/a +

Haplochromini sp. 'Lufubu' Koblmüller et al. 2008 EU753928 Lufubu river, Zambia n/a n/a +

Thoracochromis albolabris Koblmüller et al. 2008 EU753929 Cunene River n/a n/a + +

Haplochromis bloyeti Koblmüller et al. 2008 EU753930 Nyumba ya Mungu, Tanzania n/a n/a + +

Thoracochromis brauschi Koblmüller et al. 2008 EU753931 Lake Fwa, DRC n/a n/a +

Haplochromis burtoni Koblmüller et al. 2008 EU753932 Kalambo River n/a n/a + +

Thoracochromis buysi Koblmüller et al. 2008 EU753933 Cunene River n/a n/a +

Astatotilapia calliptera Koblmüller et al. 2008 EU753934 Lake Kisiba, Tanzania n/a n/a + +

Ctenochromis horei Koblmüller et al. 2008 EU753935 Lake Tanganyika n/a n/a +

Orthochromis machadoi Koblmüller et al. 2008 EU753936 Cunene River n/a n/a +

Haplochromis oligacanthus Koblmüller et al. 2008 EU753937 Ngoko River, Congo n/a n/a +

Ctenochromis pectoralis Koblmüller et al. 2008 EU753938 Nyumba ya Mungu, Tanzania n/a n/a + +

Ctenochromis pectoralis Koblmüller et al. 2008 EU753939 Nyumba ya Mungu, Tanzania n/a n/a +

Haplochromis phytophagus Koblmüller et al. 2008 EU753940 Lake Kenyaboli, Kenia n/a n/a + +

Haplochromis polli Koblmüller et al. 2008 EU753941 Lower Congo River n/a n/a +

Haplochromis rudolfianus Koblmüller et al. 2008 EU753942 Lake Turkana n/a n/a + +

Haplochromis squamipinnis Koblmüller et al. 2008 EU753943 Lake Edward Uganda n/a n/a + +

Haplochromis sp. 'Lake Kanyaboli' Koblmüller et al. 2008 EU753944 Lake Kenyaboli, Kenia n/a n/a + +

Haplochromis sp. El Fayoum Koblmüller et al. 2008 EU753945 El Fayoum Oasis, Egypt n/a n/a + +

Haplochromis sp. 'Mburo Black' Koblmüller et al. 2008 EU753946 Lake Mburo, Uganda n/a n/a + +

Nimbochromis venustus Koblmüller et al. 2008 EU753947 Lake Malawi n/a n/a + +

Nimbochromis livingstonii Koblmüller et al. 2008 EU753948 Lake Malawi n/a n/a + +

Pharyngochromis acuticeps Koblmüller et al. 2008 EU753949 Rundu, Namibia n/a n/a +

Pseudocrenilabrus sp. Lufubu Koblmüller et al. 2008 EU753950 Lufubu river, Zambia n/a n/a + +

Pseudocrenilabrus sp. Lunzua blue Koblmüller et al. 2008 EU753951 Lunzua River, Zambia n/a n/a +

Pseudocrenilabrus sp. Mweru orange Koblmüller et al. 2008 EU753952 Lake Mweru n/a n/a +

Pseudocrenilabrus sp. Olushandja Koblmüller et al. 2008 EU753953 Cunene River, Olushandjia, Namibia n/a n/a +

Sargochromis coulteri Koblmüller et al. 2008 EU753954 Cunene River, Olushandjia, Namibia n/a n/a +

Sargochromis coulteri Koblmüller et al. 2008 EU753955 Olushandja, Namibia n/a n/a +

Sargochromis aff. carlottae SK-2008 Koblmüller et al. 2008 EU753956 Kafue Flats, Zambia n/a n/a + +

Schwetzochromis neodon Koblmüller et al. 2008 EU753957 Lake Fwa, Congo n/a n/a +

Serranochromis angusticeps Koblmüller et al. 2008 EU753958 Cunene River n/a n/a +

Serranochromis angusticeps Koblmüller et al. 2008 EU753959 Cunene River n/a n/a +

Serranochromis stappersi Koblmüller et al. 2008 EU753960 Lake Bangwuelu, Zambia n/a n/a +

Serranochromis thumbergi Koblmüller et al. 2008 EU753961 Lake Bangwuelu, Zambia n/a n/a +

Benthochromis horii Koblmüller et al. 2008 EU753962 Lake Tanganyika n/a n/a +

Tylochromis polylepis Kocher et al. 1995 U07268 Fish market, Uvira, Kongo n/a n/a +

Haplochromis burtoni Muschick et al. 2012 JF900319 Kalambo River, Zambia n/a ZIUB + +

Trematochromis benthicola Muschick et al. 2012 JF900320 Lake Tanganyika n/a ZIUB +

Gnathochromis permaxillaris Muschick et al. 2012 JF900321 Lake Tanganyika n/a ZIUB +

Interochromis loocki Muschick et al. 2012 JF900322 Lake Tanganyika n/a ZIUB + +

Petrochromis  ephippium Muschick et al. 2012 JF900323 Lake Tanganyika n/a ZIUB +

Petrochromis famula Muschick et al. 2012 JF900324 Lake Tanganyika n/a ZIUB +

Petrochromis fasciolatus Muschick et al. 2012 JF900325 Lake Tanganyika n/a ZIUB + +

Petrochromis polyodon Muschick et al. 2012 JF900326 Lake Tanganyika n/a ZIUB +

Trematocara marginatum Muschick et al. 2012 JF900327 Lake Tanganyika n/a ZIUB +

Trematocara nigrifrons Muschick et al. 2012 JF900328 Lake Tanganyika n/a ZIUB +

Serranochromis macrocephalus "Cutato" Musilovà et al. 2013 KC146709 Cutato River, Angola n/a Musilovà et al. C71 +

Serranochromis macrocephalus Musilovà et al. 2013 KC146710 Angola n/a Musilovà et al. Z80_2 +

Serranochromis macrocephalus Musilovà et al. 2013 KC146711 Angola n/a Musilovà et al. Z80_1 +

Serranochromis macrocephalus "Cuchi" Musilovà et al. 2013 KC146712 Cuchi River, Angola n/a Musilovà et al. K03 +

Serranochromis macrocephalus "Cuchi" Musilovà et al. 2013 KC146713 Cuchi River, Angola n/a Musilovà et al. K05 +

Serranochromis macrocephalus "Cuchi" Musilovà et al. 2013 KC146714 Cuchi River, Angola n/a Musilovà et al. K07 +

Serranochromis macrocephalus "Cuito" Musilovà et al. 2013 KC146715 Cuito River, Angola n/a Musilovà et al. K16 +

Serranochromis macrocephalus "Cuito" Musilovà et al. 2013 KC146716 Cuito River, Angola n/a Musilovà et al. B51n +

Serranochromis macrocephalus "Cuito" Musilovà et al. 2013 KC146717 Cuito River, Angola n/a Musilovà et al. Z05 +

Serranochromis macrocephalus "Cuito" Musilovà et al. 2013 KC146718 Cuito River, Angola n/a Musilovà et al. Z09 +

Serranochromis macrocephalus "Lomba" Musilovà et al. 2013 KC146719 Lomba, Angola n/a Musilovà et al. C05n +

Serranochromis macrocephalus "Lomba" Musilovà et al. 2013 KC146720 Lomba, Angola n/a Musilovà et al. C11n +

Serranochromis macrocephalus "Lomba" Musilovà et al. 2013 KC146721 Lomba, Angola n/a Musilovà et al. C16n +

Serranochromis macrocephalus "Lomba" Musilovà et al. 2013 KC146722 Lomba, Angola n/a Musilovà et al. C17n +

Serranochromis macrocephalus "Lomba" Musilovà et al. 2013 KC146723 Lomba, Angola n/a Musilovà et al. C27n +

Serranochromis macrocephalus "Cuemba" Musilovà et al. 2013 KC146724 Cuemba River, Angola n/a Musilovà et al. V33 +

Serranochromis macrocephalus "Cuemba" Musilovà et al. 2013 KC146725 Cuemba River, Angola n/a Musilovà et al. V35 +

Serranochromis macrocephalus "Cutato" Musilovà et al. 2013 KC146726 Cutato River, Angola n/a Musilovà et al. C70 +

Haplochromis sp. Luando Musilovà et al. 2013 KC146727 Luando River, Angola n/a Musilovà et al. Z38 +

Supplementary table 2: List of 218 cichlid specimens and their mitochondrial ND2 sequence accession numbers. Specified are the original publications, their sample information and in which analysis there were used.
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Haplochromis sp. Luando Musilovà et al. 2013 KC146728 Luando River, Angola n/a Musilovà et al. Z35 +

Haplochromis sp. Lomba Musilovà et al. 2013 KC146729 Lomba, Angola n/a Musilovà et al. C52 +

Haplochromis sp. Lomba Musilovà et al. 2013 KC146730 Lomba, Angola n/a Musilovà et al. C50n +

Serranochromis sp. Musilovà et al. 2013 KC146731 Angola n/a Musilovà et al. Z81 +

Thoracochromis sp. Huando Musilovà et al. 2013 KC146732 Huando River, Angola n/a Musilovà et al. Z21 +

Tilapia sp. Musilovà et al. 2013 unpublished Z85 +

Haplochromis. stappersii Salzburger et al. 2005 AY930046 Malagarasi River, Tanzania n/a L. De Vos (5-6/25/92) + +

Pseudocrenilabrus philander Salzburger et al. 2005 AY930047 Zambezi River, Zambia n/a aquarium trade + +

Orthochromis uvinzae Salzburger et al. 2005 AY930048 Malagarasi River, Tanzania n/a L. Seegers (TZ94-112b) +

Orthochromis kasuluensis Salzburger et al. 2005 AY930049 Tanzania n/a L. De Vos (T2-July 94) +

Orthochromis rugufuensis Salzburger et al. 2005 AY930050 Rugufu River, Tanzania n/a L. Seegers (TZ94-121) +

Orthochromis rubrolabialis Salzburger et al. 2005 AY930051 Tanzania n/a L. Seegers (TZ94-108) +

Orthochromis luichensis Salzburger et al. 2005 AY930052 Mkuti River, Luiche Basin, Tanzania n/a L. De Vos (T94/3) +

Orthochromis mazimeroensis Salzburger et al. 2005 AY930053 Nanganga, Burundi n/a L. De Vos (T1-5/27/93) +

Orthochromis malagaraziensis Salzburger et al. 2005 AY930054 Nyarungunga River, Burundi n/a L. De Vos (T5-5/28/93) +

Orthochromis mosoensis Salzburger et al. 2005 AY930055 Ruisseau Gytinya, Burundi n/a L. De Vos (T7-5/28/93) +

Orthochromis malagaraziensis Salzburger et al. 2005 AY930056 Nyarungunga River, Burundi n/a L. De Vos (7-2/19/93) +

Orthochromis stormsi Salzburger et al. 2005 AY930057 Kisangani (Lualaba River), DR Congo n/a L. De Vos (5/5/95) +

Haplochromis bloyeti Salzburger et al. 2005 AY930058 Lukaware River, Kenia n/a L. De Vos (F2A-12/93) + +

submitted as Ptyochromis sauvagei  Haplochromis fischeri Salzburger et al. 2005 AY930059 Lake Victoria (Kisumu, Kenya) n/a L. De Vos (F2B-12/93) + +

Haplochromis burtoni Salzburger et al. 2005 AY930060 Lake Tanganyika n/a L. De Vos (31-02/6/92). T34 + +

Maylandia livingstonii Salzburger et al. 2005 AY930061 Lake Malawi n/a I. Kornfield + +

Haplochromis sp. 'Kisangani' Salzburger et al. 2005 AY930062 Kisangani, (Lualaba River), DR Congo n/a L. De Vos (6/13/95) +

submitted as Ptyochromis sauvagei  Haplochromis fischeri Salzburger et al. 2005 AY930063 Lake Victoria n/a A. Meyer, T44 + +

Platytaeniodus degeni Salzburger et al. 2005 AY930064 Lake Victoria n/a A. Meyer (Pd1) + +

Haplochromis sp. V7 Salzburger et al. 2005 AY930065 Lake Victoria n/a A. Meyer (V7-Feb 93) + +

Tropheus moorii Salzburger et al. 2005 AY930066 Lake Tanganyika n/a E. Verheyen; T66 +

Tropheus moorii Salzburger et al. 2005 AY930067 Lake Tanganyika n/a E. Verheyen; T67 +

Petrochromis macrognathus Salzburger et al. 2005 AY930068 Lake Tanganyika n/a J. Snoeks, MRAC +

Melanochromis auratus Salzburger et al. 2005 AY930069 Lake Malawi n/a aquarium + +

Pseudocrenilabrus multicolor victoriae Salzburger et al. 2005 AY930070 Lake Kanyaboli, Kenya n/a R. Abila (R082-2002) +

Astatoreochromis alluaudi Salzburger et al. 2005 AY930071 Lake Kanyaboli, Kenya n/a R. Abila (R101-2002) + +

Astatotilapia sp. R184 Salzburger et al. 2005 AY930072 Lake Kanyaboli, Kenya n/a R. Abila (R184-2002) + +

Astatotilapia sp. R185 Salzburger et al. 2005 AY930073 Lake Kanyaboli, Kenya n/a R. Abila (R185-2002) + +

Haplochromis sp. 'dwarf big eye' Salzburger et al. 2005 AY930074 Lake Kanyaboli, Kenya n/a R. Abila (R280-2002) + +

Astatoreochromis alluaudi Salzburger et al. 2005 AY930075 Lake Kanyaboli, Kenya n/a R. Abila (R281-2002) +

Xystichromis phytophagus Salzburger et al. 2005 AY930076 Lake Kanyaboli, Kenya n/a R. Abila (R670-2002) + +

Haplochromis insidiae Salzburger et al. 2005 AY930077 Lake Kivu n/a E. Verheyen + +

Haplochromis gracilior Salzburger et al. 2005 AY930078 Lake Kivu n/a E. Verheyen; K8 + +

Thoracochromis brauschi Salzburger et al. 2005 AY930080 Lake Fwa n/a R. Paul/E. Schraml (9792) +

Serranochromis sp. 9793 Salzburger et al. 2005 AY930081 Lake Mweru-Wantipa, Zambia n/a T. Reuter / E. Schraml (9793) +

Haplochromis sp. 9796 Salzburger et al. 2005 AY930082 Lake Mburo, Uganda n/a E. Schraml (9796) + +

Haplochromis squamipinnis Salzburger et al. 2005 AY930083  Lake Edward n/a  E. Schraml (9813) + +

Tropheus polli Salzburger et al. 2005 AY930084 Lake Tanganyika n/a E. Verheyen +

Tropheus duboisi Salzburger et al. 2005 AY930085 Lake Tanganyika n/a E. Verheyen; M7 + +

Tropheus brichardi Salzburger et al. 2005 AY930086 Lake Tanganyika n/a E. Verheyen; M85 +

Simochromis diagramma Salzburger et al. 2005 AY930087 Lake Tanganyika n/a E. Verheyen +

Simochromis marginatus Salzburger et al. 2005 AY930088 Lake Tanganyika n/a E. Verheyen + +

Cyrtocara moorii Salzburger et al. 2005 AY930089 Lake Malawi n/a I. Kornfield + +

Astatotilapia calliptera Salzburger et al. 2005 AY930090 Lake Malawi n/a I. Kornfield (A22) + +

Tropheus moorii Salzburger et al. 2005 AY930091 Lake Tanganyika n/a E. Verheyen; 97 + +

Cheilochromis euchilus Salzburger et al. 2005 AY930092 Lake Malawi n/a I. Kornfield + +

Tropheus moorii Salzburger et al. 2005 AY930093 Lake Tanganyika n/a E. Verheyen, 116 +

Pharyngochromis acuticeps Salzburger et al. 2005 AY930094 Zambezi River, Zambia n/a C. Katongo / C. Sturmbauer +

Thoracochromis brauschi Salzburger et al. 2005 AY930095 Lake Fwa , Congo n/a Aquarium trade +

Haplochromis sp. T13 Salzburger et al. 2005 AY930096 Upper Rusizi, Burundi n/a L. De Vos (T13-Aug 93) + +

Haplochromis obliquidens Salzburger et al. 2005 AY930097 Lake Victoria n/a Aquarium trade + +

Sargochromis giardi Salzburger et al. 2005 AY930098 Zambezi River, Zambia n/a C. Katongo / C. Sturmbauer +

Cyclopharynx fwae Salzburger et al. 2005 AY930099 Lake Fwa, Congo n/a U. Schliewen +

Ctenochromis horei Salzburger et al. 2005 AY930100 Lake Tanganyika n/a C. Sturmbauer/W. Salzburger +

Haplochromis sp. 62 Salzburger et al. 2005 AY930101 Tanzania n/a L. De Vos (H62) + +

Haplochromis sp. 63 Salzburger et al. 2005 AY930102 Tanzania n/a L. De Vos (H63) + +

Haplochromis sp. 93/3 Salzburger et al. 2005 AY930103 Tanzania n/a L. Seegers (93/3) + +

Haplochromis sp. 93/40 Salzburger et al. 2005 AY930104 Tanzania n/a L. Seegers (93/40) + +

Haplochromis sp. 93/8 Salzburger et al. 2005 AY930105 Tanzania n/a L. Seegers (93/8) + +

Pseudocrenilabrus multicolor Salzburger et al. 2005 AY930106 Tanzania n/a L. Seegers (91/137) +

Haplochromis paludinosus Salzburger et al. 2005 AY930107 Nanganga, Burundi n/a L. De Vos (T2-5/27/93) + +

Haplochromis gracilior Salzburger et al. 2006 AY930079 Lake Kivu n/a E. Verheyen; K9 + +

Congolapia bilineata Schwarzer et al. 2011 JX157060 Itimbiri, DRC n/a ZSM +

Lamprologus tigripictilis Schwarzer et al. 2011 JX157061 Lower Congo, DRC n/a ZSM +

Pseudocrenilabrus multicolor Schwarzer et al. 2011 JX157062 Nile Delta, Egypt n/a ZSM + +

Orthochromis stormsi Schwarzer et al. 2011 JX157063 Pool Malebo, DRC n/a ZSM +

Orthochromis stormsi Schwarzer et al. 2011 JX157064 Pool Malebo, DRC n/a ZSM +

Orthochromis cf. stormsi 'Kisangani' Schwarzer et al. 2011 JX157065 around Kisangani, DRC n/a ZSM +

Orthochromis cf. stormsi 'Kisangani' Schwarzer et al. 2011 JX157066 around Kisangani, DRC n/a ZSM +

Orthochromis polyacanthus Schwarzer et al. 2011 JX157067 LakeMweru, Zambia n/a EAWAG +

Orthochromis aff. kalungwishiensis Schwarzer et al. 2011 JX157068 LakeMweru, Zambia n/a EAWAG + +

Ctenochromis horei Schwarzer et al. 2011 JX157069 Lake Tanganyika n/a CU +

Ctenochromis horei Schwarzer et al. 2011 JX157070 Lake Tanganyika n/a CU + +

Tropheus moorii Schwarzer et al. 2011 JX157071 Lake Tanganyika n/a CU +

Astatoreochromis alluaudi Schwarzer et al. 2011 JX157072 Nile / Lake Victoria n/a EAWAG + +

Haplochromis burtoni Schwarzer et al. 2011 JX157073 Lake Tanganyika n/a ZSM + +

Pseudotropheus socolofi Schwarzer et al. 2011 JX157074 Lake Malawi n/a EAWAG + +
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Labidochromis caeruleus Schwarzer et al. 2011 JX157075 Lake Malawi n/a ZSM + +

Rhamphochromis sp. Schwarzer et al. 2011 JX157076 Lake Malawi n/a ZSM + +

Sciaenochromis fryeri Schwarzer et al. 2011 JX157077 Lake Malawi n/a ZSM + +

Astatotilapia desfontanii Schwarzer et al. 2011 JX157078 Sahara, Tunesia n/a ZSM + +

Neochromis rufocaudalis Schwarzer et al. 2011 JX157079 Nile / Lake Victoria n/a ZSM + +

Haplochromis sp. 'Kyoga' Schwarzer et al. 2011 JX157080 Lake Kyoga, Uganda n/a ZSM + +

Haplochromis stappersii Schwarzer et al. 2011 JX157081 Lake Tanganyika drainage, Burundi n/a ZSM + +

Haplochromis sp. 'Yaekama' Schwarzer et al. 2011 JX157082 around Kisangani, DRC n/a ZSM + +

Haplochromis sp. 'Lake Rakai' Schwarzer et al. 2011 JX157083 Nile / L. Rakai, Uganda n/a ZSM + +

Haplochromis sp. 'Lake Kijanebalola' Schwarzer et al. 2011 JX157084 Nile / Lake Kijanebalola, Uganda n/a ZSM + +

Haplochromis thereuterion Schwarzer et al. 2011 JX157085 Lake Victoria n/a ZSM + +

Haplochromis cf. polli 'Lefini' Schwarzer et al. 2011 JX157086 Lefini River, ROC n/a MRAC +

Haplochromis cf. polli 'Lefini' Schwarzer et al. 2011 JX157087 Lefini River, ROC n/a MRAC +

Haplochromis polli Schwarzer et al. 2011 JX157088 Lower Congo River n/a ZSM +

Haplochromis polli Schwarzer et al. 2011 JX157089 Lower Congo River n/a ZSM +

Haplochromis oligacanthus Schwarzer et al. 2011 JX157090 Ubangi River, CAR n/a ZSM +

Haplochromis oligacanthus Schwarzer et al. 2011 JX157091 Ubangi River, CAR n/a ZSM +

Haplochromis fasciatus Schwarzer et al. 2011 JX157092 Lower Congo River n/a ZSM +

Haplochromis fasciatus Schwarzer et al. 2011 JX157093 Lower Congo River n/a ZSM + +

Haplochromis demeusii Schwarzer et al. 2011 JX157094 Lower Congo River n/a ZSM +

Haplochromis demeusii Schwarzer et al. 2011 JX157095 Lower Congo River n/a ZSM + +

Haplochromis sp. 'Sanzikwa' Schwarzer et al. 2011 JX157096 Sanzikwa River, DRC n/a ZSM +

Haplochromis sp. 'Sanzikwa' Schwarzer et al. 2011 JX157097 Sanzikwa River, DRC n/a ZSM + +

Haplochromis cf. bakongo Schwarzer et al. 2011 JX157098 Kwilu River, DRC n/a ZSM +

Haplochromis cf. bakongo Schwarzer et al. 2011 JX157099 Kwilu River, DRC n/a ZSM +

Haplochromis snoeksi Schwarzer et al. 2011 JX157100 Inkisi River, DRC n/a MRAC + +

Thoracochromis callichromus Schwarzer et al. 2011 JX157101 Lake Fwa, DRC n/a AMNH +

Thoracochromis callichromus Schwarzer et al. 2011 JX157102 Lake Fwa, DRC n/a AMNH +

Cyclopharynx schwetzi Schwarzer et al. 2011 JX157103 Lake Fwa, DRC n/a AMNH +

Thoracochromis brauschi Schwarzer et al. 2011 JX157104 Lake Fwa, DRC n/a AMNH +

Schwetzochromis neodon Schwarzer et al. 2011 JX157105 Lake Fwa, DRC n/a AMNH +

Haplochromis stigmatogenys Schwarzer et al. 2011 JX157106 Kasai River, DRC n/a AMNH +

Haplochromis stigmatogenys Schwarzer et al. 2011 JX157107 Kasai River, DRC n/a AMNH +

Haplochromis sp. 'Kwango' Schwarzer et al. 2011 JX157108 Kwango River, DRC n/a ZSM +

Haplochromis sp. 'Kwango' Schwarzer et al. 2011 JX157109 Kwango River, DRC n/a ZSM +

Orthochromis torrenticola Schwarzer et al. 2011 JX157110 Lufira, DRC n/a ZSM +

Orthochromis torrenticola Schwarzer et al. 2011 JX157111 Lufira, DRC n/a ZSM +

Pharyngochromis sp. 'yellow lip' Schwarzer et al. 2011 JX157112 Kwanza / Middel Kwanza (Angola) n/a SAIAB +

Pharyngochromis sp. 'yellow lip' Schwarzer et al. 2011 JX157113 Kwanza / Middel Kwanza, Angola n/a SAIAB +

Pharyngochromis sp. 'yellow lip' Schwarzer et al. 2011 JX157114 Kwanza / Middel Kwanza, Angola n/a SAIAB +

Pharyngochromis sp. 'white tip' Schwarzer et al. 2011 JX157115 Kwanza / Upper Lucalla, Angola n/a SAIAB +

Pharyngochromis sp. 'white tip' Schwarzer et al. 2011 JX157116 Kwanza / Upper Lucalla (Angola) n/a SAIAB +

Serranochromis sp. 'red scales' Schwarzer et al. 2011 JX157117 Kwanza / Upper Lucalla, Angola n/a SAIAB +

Serranochromis sp. 'red scales' Schwarzer et al. 2011 JX157118 Kwanza / Upper Lucalla, Angola n/a SAIAB +

Pharyngochromis sp. 'yellow fins' Schwarzer et al. 2011 JX157119 Kwanza / Upper Kwanza, Angola n/a SAIAB +

Serranochromis sp. 'yellow fins' Schwarzer et al. 2011 JX157120 Kwanza / Upper Kwanza, Angola n/a SAIAB + +

Serranochromis sp. 'black and white' Schwarzer et al. 2011 JX157121 Kwanza / Upper Kwanza, Angola n/a SAIAB +

Pharyngochromis acuticeps Schwarzer et al. 2011 JX157122 Zambezi, Namibia n/a ZSM +

Serranochromis robustus Schwarzer et al. 2011 JX157123 Zambezi, Namibia n/a ZSM +

Serranochromis macrocephalus Schwarzer et al. 2011 JX157124 Zambezi, Namibia n/a ZSM +

Serranochromis angusticeps Schwarzer et al. 2011 JX157125 Zambezi, Namibia n/a ZSM +

Serranochromis altus Schwarzer et al. 2011 JX157126 Zambezi, Namibia n/a ZSM +

Haplochromis elegans Wagner et al. 2012 JQ950379 n/a n/a EAWAG, KAT_10 +

Astatotilapia flaviijosephi   Wagner et al. 2012 JQ950380 n/a n/a EAWAG, voucher 14 +

Haplochromis tweddlei Wagner et al. 2012 JQ950384 n/a n/a EAWAG, voucher 2_B6 +

Haplochromis paludinosus Weiss et al. unpublished KJ176274 n/a n/a ZSM, P-AA-0595 +
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Species Published in Accession number Locality Collected by SampleID Haplotype in Verheyen et al. 2003 /  this study

Haplochromis  simpsoni Nagl et al. 2000 AF213518 Lake Nabugabo - Gasi589 77

Haplochromis  beadlei Nagl et al. 2000 AF213519 Lake Nabugabo - Pabe593 77

Haplochromis  laparogramma Nagl et al. 2000 AF213520 Lake Victoria - Yila179 89

Haplochromis  laparogramma Nagl et al. 2000 AF213521 Lake Victoria - Yila335 80

Haplochromis  laparogramma Nagl et al. 2000 AF213522 Rusinga / Lake Victoria - Yila6937 25

Haplochromis  lividus Nagl et al. 2000 AF213523 Lake Victoria - Hali327 93

Haplochromis  nubila Nagl et al. 2000 AF213524 Lakes Nabugabo, Kayina and Kayania - Asnu 92*

Haplochromis chilotes Nagl et al. 2000 AF213525 Rusinga / Lake Victoria - Pach 98

Haplochromis cinctus Nagl et al. 2000 AF213526 Lake Victoria - Enci 77*

Haplochromis melanopterus Nagl et al. 2000 AF213527 Lake Victoria - Lime 95

Neochromis nigricans Nagl et al. 2000 AF213528 Lake Victoria - Neni 121

Haplochromis plagiodon Nagl et al. 2000 AF213529 Lake Victoria - Papl 105

Haplochromis riponianus Nagl et al. 2000 AF213530 Lake Victoria - Psri 102

Haplochromis fischeri Nagl et al. 2000 AF213531 Lake Victoria - Ptsa 122

Haplochromis xenognathus Nagl et al. 2000 AF213532 Anyanga / Lake Victoria - Ptxe6864 113

Haplochromis xenognathus Nagl et al. 2000 AF213533 Anyanga / Lake Victoria - Ptxe6865 110

Haplochromis xenognathus Nagl et al. 2000 AF213534 Mwanza Gulf / Lake Victoria - Ptxe326 109

Haplochromis xenognatus Nagl et al. 2000 AF213535 Lake Victoria - Ptxe350 118*

Haplochromis nubilus Nagl et al. 2000 AF213536 Lake Victoria - Asnu586 117

Prognathochromis venator Nagl et al. 2000 AF213537 Lakes Nabugabo, Kayina and Kayania - Prve687 81

Prognathochromis venator Nagl et al. 2000 AF213538 Lakes Nabugabo, Kayina and Kayania - Prve691 81

Haplochromis chilotes Nagl et al. 2000 AF213539 Anyanga / Lake Victoria - Pach5721 79

Haplochromis chilotes Nagl et al. 2000 AF213540 Lake Victoria - Pach5722 90

Haplochromis sp.'rockkribensis' Nagl et al. 2000 AF213541 Lake Victoria - Haro486 108

Haplochromis sp.'rockkribensis' Nagl et al. 2000 AF213542 Muhuru / Lake Victoria - Haro6745 75

Haplochromis sp.'velvetblack' Nagl et al. 2000 AF213543 Lake Victoria - Havb21 115

Neochromis nigricans Nagl et al. 2000 AF213544 Lake Victoria - Neni309 99

Neochromis nigricans Nagl et al. 2000 AF213545 Lake Victoria - Neni817 96

Haplochromis plagiodon Nagl et al. 2000 AF213546 Lake Victoria - Papl73 104

Haplochromis plagiodon Nagl et al. 2000 AF213547 Lake Victoria - Papl160 91

Haplochromis plagiodon Nagl et al. 2000 AF213548 Lake Victoria - Papl201 92

Haplochromis fischeri Nagl et al. 2000 AF213549 Lake Victoria - Ptsa320 106

Haplochromis velifer Nagl et al. 2000 AF213550 Lakes Nabugabo, Kayina and Kayania - Asve616 88

Haplochromis velifer Nagl et al. 2000 AF213551 Lakes Nabugabo, Kayina and Kayania - Asve605 94

Haplochromis velifer Nagl et al. 2000 AF213552 Lakes Nabugabo, Kayina and Kayania - Asve619 114

Haplochromis velifer Nagl et al. 2000 AF213553 Lakes Nabugabo, Kayina and Kayania - Asve663 107

Haplochromis sp.'rockkribensis' Nagl et al. 2000 AF213554 Lake Victoria - Haro6747 76*

Haplochromis sp. Nagl et al. 2000 AF213555 WogoRiver / LakeRukwa - 1514 27*

Haplochromis sp. Nagl et al. 2000 AF213556 MyungaRiver / LakeRukwa - 1605 28*

Haplochromis sp. Nagl et al. 2000 AF213557 Kasenyi / Lake George - 8831 73*

Haplochromis sp. Nagl et al. 2000 AF213558 Kasenyi / Lake George - HT-8833 68

Haplochromis sp. Nagl et al. 2000 AF213559 Kasenyi / Lake George - HT-87868786 5

Haplochromis sp. Nagl et al. 2000 AF213560 Kasenyi / Lake George - HT-8801 64

Haplochromis sp. Nagl et al. 2000 AF213561 Kasenyi / Lake George - HT-8837 1

Haplochromis sp. Nagl et al. 2000 AF213562 Kasenyi / Lake George - HT-88348834 41

Haplochromis sp. Nagl et al. 2000 AF213563 Kashaka / Lake George - HT-8924 43

Haplochromis sp. Nagl et al. 2000 AF213564 Katwe / LakeEdward - HT-8880 26

Haplochromis sp. Nagl et al. 2000 AF213566 Katwe / LakeEdward - HT-8879 71

Haplochromis sp. Nagl et al. 2000 AF213567 Katwe / LakeEdward - HT-87688768 40

Haplochromis sp. Nagl et al. 2000 AF213568 Katwe / LakeEdward - HT-8773 45

Haplochromis sp. Nagl et al. 2000 AF213569 Katwe / LakeEdward - 8777 46*

Haplochromis sp. Nagl et al. 2000 AF213570 Katwe / LakeEdward - HT-8778 2

Haplochromis sp. Nagl et al. 2000 AF213571 Bugoigo / LakeAlbert - HT-9049 66

Haplochromis sp. Nagl et al. 2000 AF213572 Butiaba / LakeAlbert - HT-8990 69

Haplochromis sp. Nagl et al. 2000 AF213573 Butiaba / LakeAlbert - HT-9003 44

Haplochromis sp. Nagl et al. 2000 AF213574 Butiaba / LakeAlbert - HT-9019 42

Haplochromis sp. Nagl et al. 2000 AF213575 LakeLutoto / Uganda - HT-8692 30

Haplochromis sp. Nagl et al. 2000 AF213576 LakeLutoto / Uganda - HT-8694 31

Haplochromis sp. Nagl et al. 2000 AF213577 LakeLutoto / Uganda - HT-8687 32

Haplochromis sp. Nagl et al. 2000 AF213578 LakeChibwera / Uganda - HT-8947 62

Haplochromis sp. Nagl et al. 2000 AF213579 LakeChibwera / Uganda - HT-8950 60

Haplochromis sp. Nagl et al. 2000 AF213580 LakeChibwera / Uganda - HT-8948 61

Haplochromis sp. Nagl et al. 2000 AF213581 LakeWamala / Lake VictoriaRegion - HT-8632 111

Supplementary table 3: List of the 182 haplochromine specimens and their mitochondrial control region (d-loop) accession numbers. Specified are the original publications and their sample information including haplotype number 
following Verheyen et al. 2003 and this study. Haplotypes used in figure 1(d) are indicated with an asterisk.
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Haplochromis sp. Nagl et al. 2000 AF213582 KatongaRiver / Lake VictoriaRegion - HT-8678 116

Haplochromis sp. Nagl et al. 2000 AF213583 KatongaRiver / Lake VictoriaRegion - HT-8680 112

Haplochromis sp. Nagl et al. 2000 AF213584 Kazinga Channel / L.Edward and George - HT-8741 70

Haplochromis sp. Nagl et al. 2000 AF213585 Kazinga Channel / L.Edward and George - HT-8711 4

Haplochromis sp. Nagl et al. 2000 AF213586 Kazinga Channel / L.Edward and George - HT-8718 3

Haplochromis sp. Nagl et al. 2000 AF213587 Kazinga Channel / L.Edward and George - HT-87228722 39

Haplochromis sp. Nagl et al. 2000 AF213588 MigoriRiver / Lake Victoria - HT-6701 87

Haplochromis sp. Nagl et al. 2000 AF213589 Malagarazi River - HT-1006 na

Haplochromis sp. Nagl et al. 2000 AF213590 Malagarazi River - HT-1011 na

Haplochromis sp. Nagl et al. 2000 AF213591 Malagarazi River - HT-1510 na

Haplochromis sp. Nagl et al. 2000 AF213592 Malagarazi River - HT-1531 na

Haplochromis sp. Nagl et al. 2000 AF213593 Malagarazi River - HT-1590 na

Haplochromis sp. Nagl et al. 2000 AF213594 Malagarazi River - HT-1591 na

Haplochromis sp. Nagl et al. 2000 AF213595 Lupa River - HT-1597 na

Haplochromis sp. Nagl et al. 2000 AF213596 Piti River - HT-1598 na

Haplochromis sp. Nagl et al. 2000 AF213597 Piti River - HT-1546 na

Haplochromis sp. Nagl et al. 2000 AF213598 Piti River - HT-1547 na

Haplochromis sp. Nagl et al. 2000 AF213599 Pangani River - HT-1076 na

Haplochromis sp. Nagl et al. 2000 AF213600 Pangani River - HT-1501 na

Haplochromis sp. Nagl et al. 2000 AF213601 Wogo River / Lake Rukwa - HT-1636 na

Haplochromis sp. Nagl et al. 2000 AF213602 Wogo River / Lake Rukwa - HT-1635 na

Haplochromis sp. Nagl et al. 2000 AF213603 Wogo River / Lake Rukwa - HT-1515 na

Haplochromis sp. Nagletal.2002 AF213604 Pangani River - HT-1530 na

Haplochromis sp. Nagletal.2001 AF213605 Lake Chala - HT-1738 na

Haplochromis sp. Nagletal.2003 AF213606 Lake Babati - HT-6249 na

Haplochromis sp. Nagl et al. 2000 AF213607 Lake Manyara - HT-1537 na

Haplochromis sp. Nagl et al. 2000 AF213608 Malagarazi River - HT-1601 na

Haplochromis sp. Nagl et al. 2000 AF213609 Kazinga Channel / L. Edwardand George - HT-8746 na

Haplochromis sp. Nagl et al. 2000 AF213610 Lake George - HT-8785 na

Haplochromis sp. Nagl et al. 2000 AF213611 Lake George - HT-8903 na

Haplochromis sp. Nagl et al. 2000 AF213612 Lake George - HT-8911 na

Haplochromis sp. Nagl et al. 2000 AF213613 Malagarazi River - HT-1533 na

Haplochromis sp. Nagl et al. 2000 AF213614 Malagarazi River - HT-1609 na

Astatoreochromis alluaudi Nagl et al. 2000 AF213616 Lake Victoria - Asal6744 na

Astatoreochromis alluaudi Nagl et al. 2000 AF213617 Lake Victoria - Asal5928 na

Pseudotropheus sp.'msobo' Nagl et al. 2000 AF213622 Lake Malawi - Psms5170 na

Labeotropheus trewavasae Nagl et al. 2000 AF213623 Lake Malawi - Latr5493 na

Haplochromis burtoni Stiassny et al. 1994 AF400710 - - 8153 na

Limnochromis auritus Sturmbauer & Meyer 1992 AF400728 Lake Tanganyika - 27749 na

Petrochromis orthognathus Stiassny et al. 1994 AF400734 Lake Tanganyika - 28818 na

Haplochromis astatodon Verheyen et al. 2003 AY226611 Lake Kivu E.Verheyen K114 7

Haplochromis astatodon Verheyen et al. 2003 AY226611 Lake Kivu E.Verheyen K114 7*

Haplochromis insidiae Verheyen et al. 2003 AY226627 Lake Kivu E.Verheyen K080 8

Haplochromis sp.nigroides / scheffersi Verheyen et al. 2003 AY226629 Lake Kivu E.Verheyen K146 9

Haplochromis astatodon Verheyen et al. 2003 AY226631 Lake Kivu E.Verheyen K119 10

Haplochromis astatodon Verheyen et al. 2003 AY226632 Lake Kivu E.Verheyen K131 11

Haplochromis paucidens Verheyen et al. 2003 AY226633 Lake Kivu E.Verheyen K112 12

Haplochromis paucidens Verheyen et al. 2003 AY226640 Lake Kivu E.Verheyen K022 13

Haplochromis paucidens Verheyen et al. 2003 AY226641 Lake Kivu E.Verheyen K034 14

Haplochromis sp.crebridens / olivaceusVerheyen et al. 2003 AY226642 Lake Kivu E.Verheyen K036 15

Haplochromis astatodon Verheyen et al. 2003 AY226643 Lake Kivu E.Verheyen K127 16

Haplochromis sp.crebridens / olivaceusVerheyen et al. 2003 AY226646 Lake Kivu E.Verheyen K060 17

Haplochromis scheffersi Verheyen et al. 2003 AY226647 Lake Kivu E.Verheyen K111 18

Haplochromis graueri Verheyen et al. 2003 AY226648 Lake Kivu E.Verheyen K118 19

Haplochromis graueri Verheyen et al. 2003 AY226649 Lake Kivu E.Verheyen K012 20

Haplochromis astatodon Verheyen et al. 2003 AY226650 Lake Kivu E.Verheyen K115 21

Haplochromis astatodon Verheyen et al. 2003 AY226651 Lake Kivu E.Verheyen K124 22

Haplochromis astatodon Verheyen et al. 2003 AY226652 Lake Kivu E.Verheyen K076 23

Haplochromis astatodon Verheyen et al. 2003 AY226654 Lake Kivu E.Verheyen K132 24

Haplochromis astatodon Verheyen et al. 2003 AY226655 Lake Kivu E.Verheyen K51 25*

Haplochromis occultidens Verheyen et al. 2003 AY226666 Lake Kivu E.Verheyen K030 33

Haplochromis graueri Verheyen et al. 2003 AY226668 Lake Kivu E.Verheyen K001 36

Haplochromis astatodon Verheyen et al. 2003 AY226669 Lake Kivu E.Verheyen K116 37

Haplochromis sp.crebridens / olivaceusVerheyen et al. 2003 AY226670 Lake Kivu E.Verheyen K057 38

Haplochromis astatodon Verheyen et al. 2003 AY226671 Lake Kivu E.Verheyen K135 47*

Haplochromis paucidens Verheyen et al. 2003 AY226687 Lake Kivu E.Verheyen K056 48
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Haplochromis nigroides Verheyen et al. 2003 AY226688 Lake Kivu E.Verheyen K028 49

Haplochromis astatodon Verheyen et al. 2003 AY226691 Lake Kivu E.Verheyen K152 50

Haplochromis astatodon Verheyen et al. 2003 AY226692 Lake Kivu E.Verheyen K138 51

Haplochromis paucidens Verheyen et al. 2003 AY226694 Lake Kivu E.Verheyen K058 53

Haplochromis microchrysomelas Verheyen et al. 2003 AY226695 Lake Kivu E.Verheyen K113 54

Haplochromis astatodon Verheyen et al. 2003 AY226697 Lake Kivu E.Verheyen K120 55

Haplochromis microchrysomelas Verheyen et al. 2003 AY226699 Lake Kivu E.Verheyen K142 56*

Haplochromis paucidens Verheyen et al. 2003 AY226712 Lake Kivu E.Verheyen K174 57

Haplochromis crebridens Verheyen et al. 2003 AY226714 Lake Kivu E.Verheyen K177 58

Haplochromis adolfifrederici Verheyen et al. 2003 AY226715 Lake Kivu E.Verheyen K169 59

Haplochromis crebridens Verheyen et al. 2003 AY226716 Lake Kivu E.Verheyen K063 74

Haplochromis sp. Verheyen et al. 2003 AY226719 Cohoha / Bugesera Lakes J.Snoeks D9 82*

Haplochromis sp. Verheyen et al. 2003 AY226720 Cohoha / Bugesera Lakes J.Snoeks B4 83

Haplochromis sp. Nagl et al. 2000 AY226723 Rweru / Bugesera Lakes - R1 84

Haplochromis sp. Verheyen et al. 2003 AY226726 Cohoha / Bugesera Lakes J.Snoeks D8 85

Haplochromis sp. Verheyen et al. 2003 AY226727 Kachera / Uganda E.Schraml 9803 6

Haplochromis sp. Verheyen et al. 2003 AY226734 Victoria Nile E.Schraml 9791 29

Haplochromis sp. Verheyen et al. 2003 AY226735 Mugogo / Uganda E.Schraml 9784 32

Haplochromis sp. Verheyen et al. 2003 AY226736 aquarium trade E.Schraml 9808 63

Haplochromis squamipinnis Verheyen et al. 2003 AY226747 Lake Edward E.Schraml 9813 65

Haplochromis sp. Verheyen et al. 2003 AY226752 Nyamusingire / Uganda E.Schraml 9765 67

Haplochromis sp. Verheyen et al. 2003 AY226758 Nakivali / Uganda E.Schraml 9721 72

Haplochromis sp. Verheyen et al. 2003 AY226759 Lake Victoria E.Schraml 9707 77

Haplochromis sp. Verheyen et al. 2003 AY226761 Nawampasa / Lake Kyoga E.Schraml 9788 78

Haplochromis sp. Verheyen et al. 2003 AY226762 Lake Victoria E.Schraml 9801 86

Haplochromis sp. Verheyen et al. 2003 AY226763 Lake Victoria E.Schraml 9713 91*

Haplochromis sp. Verheyen et al. 2003 AY226764 Lake Victoria E.Schraml 9706 92

Haplochromis sp. Verheyen et al. 2003 AY226765 Lake Victoria E.Schraml 9715 92

Haplochromis sp. Verheyen et al. 2003 AY226766 Nawamapasa / Lake Kyoga E.Schraml 9789 97*

Haplochromis sp. Verheyen et al. 2003 AY226767 Lake Victoria E.Schraml 9812 100

Haplochromis sp. Verheyen et al. 2003 AY226768 Mulehe / Kabale Lakes E.Schraml 9764 101*

Haplochromis sp. Verheyen et al. 2003 AY226769 Lake Victoria E.Schraml 9704 101

Haplochromis sp. Verheyen et al. 2003 AY226779 Lake Victoria E.Schraml 9703 103

Haplochromis sp. Verheyen et al. 2003 AY226781 Bunyoni / Kabale Lakes - 9727 119

Haplochromis sp. Verheyen et al. 2003 AY226784 Bunyoni / Kabale Lakes E.Schraml 9741 120

Haplochromis burtoni Verheyen et al. 2003 AY226785 Cohoha / Bugesera Lakes J.Snoeks B6 na

Astatoreochromis alluaudi Verheyen et al. 2003 AY226787 Cohoha / Bugesera Lakes J.Snoeks E9 na

Haplochromis gracilior Verheyen et al. 2003 AY226788 Lake Kivu - K008 na

Haplochromis gracilior Verheyen et al. 2003 AY226789 Lake Kivu - K009 na

Haplochromis gracilior Verheyen et al. 2003 AY226790 Lake Kivu - K010 na

Thoracochromis brauschi Verheyen et al. 2003 AY226791 Lac Fwa Paul 9792 na

Serranochromis sp.WWS-2003 Verheyen et al. 2003 AY226792 Lake Mweru-Wantipa T.Reuter 9793 na

Haplochromis stappersii Salzburgeretal.2005 AY929941 Malagarazi River L.DeVos 5-6 / 25 / 92 M3*

Haplochromis sp. Salzburgeretal.2005 AY929992 Tanzania L.Seegers 93 / 8 LR2*

Haplochromis sp. Salzburgeretal.2005 AY930015 Tanzania L.Seegers 92 / 12 LR1*

Cyrtocara moorii Sturmbauer & Meyer 1992 U12554 Lake Tanganyika - 30882 na

Haplochromis stappersii "Malagarasi1" this study KJ955382 Malagarazi River / Burundi G.Banyankimbona MRAC1840 M1*

Haplochromis stappersii "Malagarasi2" this study KJ955384 Malagarazi River / Burundi G.Banyankimbona MRAC1847 M1*

Haplochromis stappersii "Malagarasi3" this study KJ955385 Malagarazi River / Burundi G.Banyankimbona MRAC12034 M1*

Haplochromis stappersii "Malagarasi4" this study KJ955383 Malagarazi River / Burundi G.Banyankimbona MRAC12087 M2*

Haplochromis sp. "Chipwa" this study KJ955386 Kalambo River / Zambia W.Salzburger CH4 HLT*

Haplochromis sp. "Chipwa" this study KJ955387 Lufubu River / Zambia W.Salzburger LU2 HLT*

Haplochromis stappersii "Rusizi" this study KJ955381 Gatumbamarsh, Rusizi River G.Banyankimbona MRAC6334 RR*
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(a) GARLI
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Maximum likelihood (a) and Bayesian (b) tree based on the concatenated dataset (table 
S1). All bootstrap support values and posterior probabilities are plotted. The geo-
graphical origin of the specimen is indicated in color (blue = Lake Tanganyika; 
yellow = Lake Victoria; other locations are not further indicated). 
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Haplochromis stappersii “Malagarasi 3”
Haplochromis sp. 93/8 (AY930105)

Haplochromis sp. “Chipwa”
Haplochromis sp.  “Chipwa”

Haplochromis stappersii “Malagarasi 1”
Haplochromis stappersii “Malagarasi 2”
Haplochromis stappersii “Malagarasi 4”
Haplochromis stappersii (AY930046)

Haplochromis stappersii “Rusizi”

1/97

1/96
0,97/65

Pseudocrenilabrus sp. Lunzua blue (EU753951)

: MrBayes 50% majority rule consensus tree with branch lengths based on the ND2 data 
set (table S2). Posterior probabilities ≥ 0.5 are plotted. The grey box represents the Lake Victoria Region superflock.
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Adaptive divergence between lake and stream
populations of an East African cichlid fish

ANYA THEIS , 1 FABRIZIA RONCO,1 ADRIAN INDERMAUR, WALTER SALZBURGER and
BERND EGGER
Zoological Institute, University of Basel, Vesalgasse 1, 4051 Basel, Switzerland

Abstract

Divergent natural selection acting in different habitats may build up barriers to gene
flow and initiate speciation. This speciation continuum can range from weak or no
divergence to strong genetic differentiation between populations. Here, we focus on
the early phases of adaptive divergence in the East African cichlid fish Astatotilapia
burtoni, which occurs in both Lake Tanganyika (LT) and inflowing rivers. We first
assessed the population structure and morphological differences in A. burtoni from
southern LT. We then focused on four lake–stream systems and quantified body shape,
ecologically relevant traits (gill raker and lower pharyngeal jaw) as well as stomach
contents. Our study revealed the presence of several divergent lake–stream populations
that rest at different stages of the speciation continuum, but show the same morpho-
logical and ecological trajectories along the lake–stream gradient. Lake fish have higher
bodies, a more superior mouth position, longer gill rakers and more slender pharyn-
geal jaws, and they show a plant/algae and zooplankton-biased diet, whereas stream
fish feed more on snails, insects and plant seeds. A test for reproductive isolation
between closely related lake and stream populations did not detect population-assorta-
tive mating. Analyses of F1 offspring reared under common garden conditions indicate
that the detected differences in body shape and gill raker length do not constitute pure
plastic responses to different environmental conditions, but also have a genetic basis.
Taken together, the A. burtoni lake–stream system constitutes a new model to study
the factors that enhance and constrain progress towards speciation in cichlid fishes.

Keywords: adaptive divergence, Astatotilapia burtoni, East African cichlid fishes, Lake Tanganyika,
lake–stream system, speciation continuum
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Introduction

Different environmental conditions constitute a major
source of divergent natural selection between popula-
tions (reviewed in Schluter 2000; Nosil 2012). Adapta-
tion to divergent habitats may ultimately lead to
speciation, for example when reproductive isolation
builds up as by-product of adaptive divergence
(‘ecological speciation’), or when different mutations
become fixed in geographically separated populations
adapting to similar environments (‘mutation-order

speciation’) (Rundle & Nosil 2005; Schluter 2009). Both
scenarios imply that speciation is a gradual process,
which is evidenced by empirical data demonstrating
substantial variation in the level of divergence between
adjacent populations, even along environmental clines
that are free of geographical barriers (Hendry et al.
2000; Schluter 2000; Rundle & Nosil 2005; Butlin et al.
2008; Mallet 2008; Berner et al. 2009; Nosil et al. 2009).
This so-called speciation continuum can range from
weak or no divergence between populations to
strong genetic differentiation between what might then
be novel pairs of sister species (Hendry et al. 2009;
Nosil et al. 2009). What determines the strength of
divergence between populations remains poorly under-
stood, though.

Correspondence: Walter Salzburger and Bernd Egger, Fax:
+41 61 267 0301; E-mails: walter.salzburger@unibas.ch and
bernd.egger@unibas.ch
1These authors contributed equally to this work.
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Adaptive divergence has mainly been studied in set-
tings involving populations that differ in their degree of
reproductive isolation, such as in stick insects (Nosil &
Sandoval 2008), mosquitofish (Langerhans et al. 2007) or
Heliconius butterflies (Mallet & Dasmahapatra 2012).
Important model systems in fishes are three-spine stick-
lebacks and salmonids, which often occur along discrete
environmental gradients such as marine–freshwater
and/or lake–stream habitats (e.g. Hendry et al. 2000;
Berner et al. 2008; Jones et al. 2012; Roesti et al. 2012).
Stickleback lake–stream populations, for example, differ
with regard to resource use and are morphologically
distinct, with limnetic-foraging lake forms typically dis-
playing shallower bodies and more and longer gill rak-
ers than the benthic-foraging stream types (Schluter &
McPhail 1992; Berner et al. 2008). The extent of diver-
gence between lake and stream population pairs
depends on the strength of divergent selection, on the
level of gene flow and on the time since divergence
(Hendry & Taylor 2004; Berner et al. 2010; Roesti et al.
2012; Hendry et al. 2013; Lucek et al. 2013). Studies in
sticklebacks and salmonids also uncovered that diversi-
fication may proceed rapidly (see e.g. Hendry et al.
2007). In the sockeye salmon (Oncorhynchus nerka), for
example, it took about a dozen of generations only until
reproductive isolation occurred between two adjacent
beach and stream populations that diverged after an
introduction event (Hendry et al. 2000). However, eco-
logical divergence might also fail to generate the evolu-
tion of reproductive isolation barriers (Raeymaekers
et al. 2010).
In this study, we focus on the early phases of adap-

tive divergence in a prime model system for evolution-
ary biology, the East African cichlid fishes (see e.g.
Kocher 2004; Salzburger 2009; Santos & Salzburger
2012). More specifically, we examine eco-morphological
and genetic divergence in Astatotilapia burtoni (G€unther
1894), which occurs both in East African Lake Tangany-
ika (LT) and inflowing rivers. Although A. burtoni is
one of the most important cichlid model species in vari-
ous fields of research including developmental biology,
neurobiology, genetics and genomics, and behavioural
biology (see e.g. Wickler 1962; Robison et al. 2001; Hof-
mann 2003; Lang et al. 2006; Salzburger et al. 2008;
Baldo et al. 2011; Theis et al. 2012; Santos et al. 2014)
and represents one of the five cichlid species whose
genome has recently been sequenced (Brawand et al.
2014), surprisingly little is known about its ecology,
phylogeographic distribution, population structure or
genetic and phenotypic diversity in the wild.
Taxonomically, A. burtoni belongs to the Haplochro-

mini, the most species-rich group of cichlids. Within the
haplochromines, A. burtoni is nested in the derived
‘modern’ clade (as defined in Salzburger et al. 2005), the

members of which are characterized by a pronounced
sexual colour dimorphism with typically brightly col-
oured males and inconspicuous females, a polygynan-
drous mating system with maternal mouthbrooding, as
well as egg-spots on the anal fin of males. The vast
majority of haplochromines is endemic to a specific lake
or river system, respectively, and specialized to certain
habitat types therein. Only very few cichlid species exist
that commonly occur in both truly riverine and lacus-
trine habitats. Astatotilapia burtoni is such a habitat gen-
eralist, inhabiting the shallow zones of LT as well as
rivers and streams surrounding LT (Fernald & Hirata
1977; De Vos et al. 2001; Kullander & Roberts 2011), and
thus represents an ideal species to study adaptive
divergence across an environmental gradient in cichlid
fishes.
So far, adaptive divergence in cichlids has mainly

been investigated within lakes, for example along depth
or habitat gradients (see e.g. Barluenga et al. 2006; See-
hausen et al. 2008). In our study, we targeted diver-
gence along a lake–stream environmental gradient to
test whether similar mechanisms are involved in diver-
gence along this habitat gradient as in other groups of
fishes. To this end, we first established phylogeographic
relationships and assessed the population structure in
A. burtoni from the southern part of the LT drainage
using mtDNA and microsatellite markers. Second, we
examined morphological differences between these pop-
ulations by analysing body shape, a complex quantita-
tive trait encompassing morphological variation
associated with multiple ecological factors (Webb 1984).
We then focused on four lake–stream systems in detail.
In addition to the body shape and population-genetic
analyses, we quantified several ecologically relevant
traits in these replicate lake–stream population groups,
including the gill raker apparatus, which is known to
respond to distinct feeding modes in fishes. The num-
ber and length of gill rakers have been identified as key
elements influencing prey capture and handling in
stickleback (Bentzen & McPhail 1984; Lavin & McPhail
1986; Schluter 1993, 1995; Robinson 2000). Furthermore,
we examined the pharyngeal jaw apparatus, a highly
diverse trait in cichlids linked to trophic diversification
(Galis & Drucker 1996; Hulsey et al. 2006; Muschick
et al. 2012), and used stomach content analysis as a
proxy for divergent selection acting on foraging mor-
phology. We then tested whether there were associa-
tions between shifts in resource use and trophic
morphology along the lake–stream gradient that might
reflect ecologically based adaptive divergence (Berner
et al. 2009; Harrod et al. 2010). Finally, we conducted a
mating experiment to test for reproductive isolation
among a lake and stream populations. Additionally, off-
spring from this common garden setting was used to

© 2014 John Wiley & Sons Ltd
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evaluate levels of phenotypic plasticity in adaptive
traits such as body shape and gill raker morphology.

Materials and methods

Study populations and sampling

Sampling of A. burtoni was carried out between Febru-
ary 2010 and July 2013 in the southern basin of LT and
in inflowing rivers and streams, with a particular
emphasis on four river systems, the Kalambo River, the
Chitili Creek, the Lunzua River and the Lufubu River
(Figs 1A and 2A) (see Appendix S1, Supporting infor-
mation for a detailed description of these river sys-

tems). Specimens were collected using hook and line
fishing, minnow traps and gill nets under the permis-
sion of the LT Research Unit, Department of Fisheries,
Republic of Zambia. In total, we sampled 22 popula-
tions (several of these multiple times), resulting in a
data set comprising 1425 individuals (see Tables S1 and
S2A, Supporting information for details). Specimens
were anaesthetized using clove oil (2–3 drops clove oil
per litre water) and photographed in a standardized
manner for morphometric analyses; a fin clip was taken
and stored in ethanol (96%) for a DNA sample; speci-
mens for gill raker measurements, pharyngeal jaw and
stomach content analyses were preserved in ethanol
(96%).
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Fig. 1 Sampling locations and genetic differentiation among all populations revealed by microsatellite and mtDNA analyses. (A) The
22 sampling localities indicated by numbers on the southern part of LT (squares represent lake and circles stream populations; bathy-
metric lines are placed at every 100 m water depth, after Coulter 1991). Names of localities are listed in the grey box. (B) Haplotype
genealogy based on mtDNA showing the 16 haplotypes (A–P) and the deep split between eastern (populations 2–14; haplotypes
A–H) and western (populations 15–17, 19–20; haplotypes L and M) populations. Each colour represents a locality, which correspond
to the colours on the map. (C) Structure plot based on nine microsatellite loci for all populations: the 29 population samples from 22
localities (names in the grey box; ‘a’ and ‘b’ refer to different sampling years, note that not all sampling years were analysed) group
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Tanganyika.
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Macro-invertebrates
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Water current measurements

Surface water current and microhabitat current (mea-
sured directly where the fish were sighted) were deter-
mined at 10 sampling sites in July 2013. The flow
regime differs between dry and wet season; however,
relative differences between sampling sites are likely to
be consistent. Surface current was estimated by measur-
ing the time a float (0.5 L plastic bottle filled with
0.25 L water) travelled 10 m downstream. Measure-
ments were taken five times at each site, and the veloc-
ity was calculated from the average of these
measurements. For microhabitat current, we determined
the relative level of water motion in lake and stream
habitats as a proxy. To this end, we used Life Savers
candies (wint-o-green flavour, individually wrapped
variety; N = 5) to measure the relative rate of dissolu-
tion (which is directly related to water current), follow-
ing the method described by Koehl & Alberte (1988).
Life Savers were either tied to plants or were hand-held
into the underwater habitat using a stick and line and
left to dissolve for 6 min. Additionally, a baseline disso-
lution rate was determined by placing a candy in a
bucket filled with water from the respective site (no
current) for 6 min. We determined the weight of each
candy before and after treatment (dried at ambient tem-
perature for at least 2 h) to calculate the mass (g) lost
relative to the baseline.

Genetics

Total DNA was extracted from fin clips preserved in
ethanol applying a proteinase K digestion followed by
either a high-salt (Bruford et al. 1998) or a MagnaPure
extraction using a robotic device (MagnaPure LC; Roche
Diagnostics), following the manufacturer’s protocol
(Roche, Switzerland). We first determined the DNA
sequence of a 369-bp segment of the mitochondrial con-
trol region for 5–40 samples per location (total N = 359,
Table S1, Supporting information) using published
primers (Kocher et al. 1989; Salzburger et al. 2002). The

PCR fragments of the control region were purified
using ExoSAP-IT (USB), directly sequenced with the
BigDye sequencing chemistry (Applied Biosystems) and
analysed on an ABI 3130xl genetic analyzer (Applied
Biosystems). Mitochondrial DNA sequences were
aligned using CODONCODE ALIGNER (v.3.5; CodonCode
Corporation). A maximum-likelihood analysis, using
the GTR + G + I as suggested by JMODELTEST (Posada
2008), was carried out in PAUP*4.0b10 (Swofford 2002) to
construct an unrooted mitochondrial haplotype geneal-
ogy following the method described in Salzburger et al.
(2011).
A total of 786 individuals (Table S1, Supporting

information) were genotyped at the following nine
microsatellite loci: Ppun5, Ppun7, Ppun21 (Taylor et al.
2002), UNH130, UNH989 (Lee & Kocher 1996), Abur82
(Sanetra et al. 2009), HchiST46, HchiST68 (Maeda et al.
2009) and Pzeb3 (Van Oppen et al. 1997). Fragment size
calling was carried out on an ABI 3130xl genetic ana-
lyzer (Applied Biosystems) in comparison with the LIZ
500(!250) internal size standard. Genotypes were deter-
mined manually using PEAK SCANNER (v.1.0; Applied
Biosystems). Microsatellite scoring data were examined
and rounded to valid integers using TANDEM (Matschiner
& Salzburger 2009). The microsatellite data were used
to calculate population pairwise FST values in ARLEQUIN

(v.3.5.1.2; Schneider et al. 1999) and DEST (Jost 2008)
using the package DEMETICS (Gerlach et al. 2010) in R

(v.3.1.0; R Development Core Team 2014). STRUCTURE

(v.2.3.3; Pritchard et al. 2000) was then used to infer
population structure. First, all 29 populations (22 locali-
ties, seven of which were sampled twice in different
years) were run in a joint analysis (Markov chain Monte
Carlo simulations were run for 500 000 replications,
burn in = 50 000, admixture and correlated allele fre-
quency options). Ten replicated simulations were per-
formed for K = 1–16, and the most likely number of
genetic clusters was inferred using the ∆K method (Ev-
anno et al. 2005) implemented in the software HARVESTER

(Earl & von Holdt 2012). Then, each lake–stream system

Fig. 2 Divergence between lake and stream habitats in four systems. (A) Maps showing sampling localities for each lake–stream sys-
tem (see grey box in Fig. 1 for full names of localities). (B) Structure plots for each lake–stream system (shades of grey represent dif-
ferent genetic clusters; K = number of genetic clusters). (C) Discriminant scores of body shape comparisons and corresponding
landmark shifts from the discriminant function analyses (DFA) between the lake population and the most upstream population for
each lake–stream system show that lake fish generally have a deeper body and a more superior mouth position compared with
stream fish. DF differences are always increased threefold in the outlines, which are drawn for illustration purposes only. DFA
results are indicated with Mahalanobis distances on top of the DF score plots. (D) Discriminant scores of lower pharyngeal jaw (LPJ)
shape comparisons and corresponding landmark shifts from the DFA between the lake population and the most upstream popula-
tion for each lake–stream system show that lake fish generally have a slender and more elongated LPJ compared with stream fish.
(E) Differences in size corrected male gill raker length and number between populations within each lake–stream system. Error bars
represent 95% confidence intervals of the means. Lake fish generally have longer gill rakers compared with stream fish (Table S6,
Supporting information). (F) Averaged proportions of the different stomach content categories for each population. Generally, lake
fish feed more on softer and smaller food particles, whereas stream populations feed more on hard-shelled and larger food items.
Significance levels: *P < 0.05, **P < 0.01 and ***P < 0.0001.
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was analysed separately using the same parameters as
described above and K = 1–10 for Kalambo, K = 1–6 for
Lufubu, Chitili and Lunzua.
To test for isolation by distance, we conducted a sim-

ple Mantel test in R (package ecodist, Goslee & Urban
2007) using the genetic distance (pairwise FST values)
and the geographic distance in metres between sites
measured along the shoreline on Google Earth. For this
analysis, only populations from the LT shoreline were
used (Npop = 13) and all riverine populations (2, 4–6, 9,
13, 18, 19; see Fig. 1) and the population from Lake
Chila (22) were excluded.

Body shape

The photographs of 791 individuals (Table S1, Support-
ing information) were used for geometric morphometric
analyses by recording the coordinates of 17 homologous
landmarks (Fig. S1A, Supporting information; for
details see Muschick et al. 2012) using TPSDIG2 (v.2.11;
Rohlf 2008). The x and y coordinates were transferred
to the program MORPHOJ (v.1.05f; Klingenberg 2011) and
superimposed with a Procrustes generalized least
squares fit (GLSF) algorithm to remove all nonshape
variation (Rohlf & Slice 1990). Additionally, the data
were corrected for allometric size effects using the
residuals of the regression of shape on centroid size for
further analyses. Canonical variate analyses (CVA; Mar-
dia et al. 1979) were used to assess shape variation
when several populations were compared, and discrimi-
nant function analyses (DFA) were performed for com-
parisons between two populations only (i.e. within
some lake–stream systems). The mean shape distances
of CV and DF analyses were obtained using permuta-
tion tests (10 000 permutations). Although males and
females show strong body shape differences, the pooled
data revealed the same results as the separate analyses
for each sex (data not shown), presumably because
intersexual within-population differences are smaller
than intrasexual differences among populations (Fig. S2,
Supporting information). Therefore, both sexes were
combined in the analyses presented.
In a first step, we conducted a CVA for 20 populations

and another one for the 11 shoreline populations only to
test whether the clustering in morphospace shows signs
of isolation by distance. Further tests for morphological
isolation by distance were conducted with a simple
Mantel test in the ecodist package in R using the morpho-
logical (Mahalanobis) and the geographic distance
(measured in metres along the shoreline). In a second
step, the lake–stream populations were tested within
each system as well as in a combined data set.
Finally, we also performed a CVA focusing on the

mouth position (landmarks 1, 2, 7 and 12, capturing

mouth angle; Fig. S1A, Supporting information). We
only used male individuals here, as this trait shows a
much stronger sexual dimorphism compared with, for
example, body shape.

Gill raker morphology

Following Berner et al. (2008), we counted gill raker
number and measured the length of the 2nd, 3rd and
4th gill raker of the right first branchial arch and calcu-
lated the mean for each of 281 individuals collected
from the four lake–stream systems (Table S1, Support-
ing information). As average gill raker length correlated
positively with standard length (SL) in both sexes
(males: regression, R2 = 0.8432, P < 0.0001; females:
regression, R2 = 0.5477, P < 0.0001), mean gill raker
length was regressed to SL for size correction. The indi-
vidual residuals from the common within-group slope
were then added to the expected gill raker length at
grand mean SL (male = 0.879 mm, female = 0.783 mm)
to maintain the original measurement unit. These val-
ues represent a size-independent gill raker length and
were used for the comparisons between populations
within each lake–stream system separately applying an
ANOVA. For the Kalambo and Lufubu systems, for which
we had more than two populations, a TukeyHSD was
performed to adjust for multiple testing. Male (N = 155)
and female (N = 126) data were analysed separately
because size corrected gill raker length differed between
the sexes (gill rakers are longer in females; ANOVA using
size corrected values, P = 0.0095), and the sex ratios dif-
fered among populations. As we obtained similar
results for males and females, we present the results of
male data only. All statistical analyses were conducted
in R.

Lower pharyngeal jaw morphology

Geometric morphometric analyses were applied on 224
lower pharyngeal jaw bones (LPJ) from the four lake–
stream systems (Table S1, Supporting information). Pic-
tures of the cleaned jaws were generated using an office
scanner (EPSON perfection V30/V300, resolution:
4800 dpi) with a ruler on every scan to maintain size
information. Following Muschick et al. (2012), x and y
coordinates of eight homologous landmarks and 20
semilandmarks plus the image scales were acquired in
TPSDIG2. After a sliding process with TPSRELW (Rohlf
2007), we reduced the initial data set to 16 landmarks
consisting of eight true landmarks and eight semiland-
marks (Fig. S1C, Supporting information; for details see
Muschick et al. 2012). The symmetric components of the
procrustes-aligned coordinates (GLSF algorithm) were
then regressed against centroid size to correct for
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allometry. The residuals of the regression were used to
perform DFA for each lake–stream system by compar-
ing each lake population with the geographically most
distant stream population. Further, we conducted sev-
eral CVAs comparing multiple populations within each
system and over all populations of the lake–stream sys-
tems. The significance levels of the obtained mean
shape distances were computed using permutation tests
(10 000 permutations). As we found smaller intersexual
within-population differences in LPJ shape than intra-
sexual differences among populations (Fig. S2, Support-
ing information), all analyses were conducted with
pooled sexes. Statistical analyses of the morphometric
data were performed in MORPHOJ.

Stomach and gut content

To investigate whether the populations differ with
respect to food resource use, we inspected gut and stom-
ach contents. To this end, the intestines of 102 male indi-
viduals (Table S1, Supporting information) were opened
under a binocular (LEICA, MZ75) and the content was
separated into the following five categories: plant mate-
rial and algae, sand, macro-invertebrates (insects and
insect larvae), hard-shelled items (mollusc shells and
plant seeds), and zooplankton and micro-invertebrates
(mainly small shrimps of the LT endemic genus Limnoca-
ridina, cladocerans and copepods). The volume (in %) of
each category was determined by comparison with serial
volume units. For the illustration of the proportions of
food items only, the category ‘sand’ was excluded.

Testing for associations between genetic differentiation,
morphometric traits and environment

Partial Mantel tests were applied to compare pairwise
differences of morphometric traits (Mahalanobis dis-
tances for body shape, mouth position and LPJ, metric
measurements for gill rakers) from lake–stream popula-
tions with the corresponding FST values, while correct-
ing for geographic distances. In a second step, the
influences of several environmental parameters (micro-
habitat current, proportion of hard-shelled food items
and proportion of macro-invertebrates) and geographic
distance on the same morphometric differences were
analysed with a multiple regression on distance matri-
ces (MRM). MRM is an extension of the partial Mantel
analysis and allows multiple regression of the response
matrix on any number of explanatory matrices (Licht-
stein 2007). Of 10 000 permutations were performed, as
recommended by Jackson & Somers (1989). All analyses
were performed using the package ecodist in R. Note
that we had to exclude Lf1 in these analyses due to the
lack of environmental data.

Testing for reproductive isolation and trait plasticity

We evaluated reproductive isolation among lake and
stream A. burtoni populations in triadic mating trials.
The common garden setting of this pond experiment
also allowed us to test for plasticity in body shape and
gill raker morphology in F1 offspring.
The experiment was carried out between July 2013

and January 2014 in five concrete ponds at Kalambo
Lodge, Zambia. Experimental ponds (dimensions:
3.2 9 1.4 9 0.5 m) were stocked with seven females
and four males each from two stream populations (Ka3
and Lz1) and one lake population (KaL). Wild-caught
adults were photographed and fin-clipped before start-
ing the experiment. Males were selected for size to
achieve a similar size distribution among the three pop-
ulations within each pond. Concrete ponds were sup-
plied with lake water; fish were fed with commercial
flake food two times a day.
After a period of six months, we collected and fin-

clipped all offspring plus all remaining adult fish (55
out of 165 initially introduced) from the ponds. Fish
weighting more than 1 g were photographed and mea-
sured. We then genotyped all putative parental individ-
uals and 593 offspring (i.e. all free living juveniles plus
5 individuals from each brood within a females’ mouth)
at five microsatellite loci (Ppun5, Ppun7, Ppun21,
UNH130 and Abur82), following the methods described
above. Parentage was inferred using the software CERVUS

(Kalinowski et al. 2007), with no mismatch allowed. Off-
spring that were assigned to the same mother and
father were combined as a single mating event, except
if they belonged to different size classes (free-swim-
ming young vs. wrigglers). In case of the detection of
more than one father in broods collected from mouthb-
rooding females, these were treated as two mating
events. Multiple paternity in A. burtoni has been
detected previously in mate choice experiments under
laboratory conditions in ~7% of genotyped broods
(Theis et al. 2012).
We then used F1-offspring to test for a heritable

component of body shape (N = 130) and gill raker
(N = 132) morphology. F1 individuals were categorized
as offspring resulting from the following mating com-
binations: KaL-KaL, Ka3-Ka3, Lz1-Lz1, Ka3-Lz1, KaL-
Ka3 and KaL-Lz1 (Table S2B, Supporting information).
Body shape was analysed using the same methods as
described above. Due to low sample size in some of
the crosses, we reduced the number of landmarks to 6
(landmarks 1, 2, 8, 12, 14 and 15; Fig. S1A, Supporting
information). We first conducted CVAs for the three
interpopulation crosses (KaL-Ka3, KaL-Lz1, Lz1-Ka3)
and their corresponding within-population crosses
(KaL-KaL, Ka3-Ka3, Lz1-Lz1) separately to test
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whether (i) within-population crosses are differentiated
and (ii) whether interpopulation crosses show interme-
diate body shape with respect to within-population
crosses. Additionally, within-population F1 offspring
were analysed in a CVA together with their corre-
sponding wild-type populations to detect plastic shifts
in body shape induced by the common garden setup.
Moreover, we conducted a CVA to compare body
shape of introduced specimens before and after the
experiment, to test for plastic responses in adults. Gill
raker length and number of F1 offspring were mea-
sured and analysed using the same methods as
described above for wild populations. Mean gill raker
length correlated positively with SL (R2 = 0.58,
P < 0.0001) and was corrected for body size. As with
body shape, the three interpopulation crosses (KaL-
Ka3, KaL-Lz1 and Lz1-Ka3) and their corresponding
within-population crosses (KaL-KaL, Ka3-Ka3 and Lz1-
Lz1) were first analysed separately. Then, within-popu-
lation crosses were compared with their corresponding
wild-type populations after applying a common size
correction.

Results

Water current measurements

Water current was generally stronger at upstream local-
ities, with the exception of Kalambo (water current was
stronger at Ka2 than Ka3; see Table 1A for values and
Appendix S1, Supporting information for habitat
descriptions). As surface and microhabitat current are
significantly correlated (R2 = 0.6155, P = 0.0072), we
used only microhabitat current for further analyses.

Genetics

Sequencing of the mitochondrial control region of 359
specimens revealed the presence of 16 haplotypes. The
haplotype genealogy (Fig. 1B) indicates a deep split
between the eastern (1–14, haplotypes A–I) and the
western (15–17, 19–20, haplotypes L and M) popula-
tions. Moreover, the most upstream Lufubu population
(18) comprises three haplotypes (N–P), which are
clearly distinct from all other lineages. The haplotypes
found at the western shoreline of LT at Ndole Bay (21,
haplotypes J and K) group with the ones from the
northernmost population at the eastern shoreline of LT
at Ninde (1, haplotype I). The Lake Chila fish (22) con-
tain the major mtDNA haplotype of the western haplo-
type lineage (haplotype M).
The analysis of nine microsatellite loci revealed mod-

erate to strong differentiation between populations,
even within lake–stream systems (Table S3A, Support-
ing information for population pairwise FST and DEST).
FST and DEST values are highly congruent, and P-values
(FST) and confidence intervals (DEST) indicate significant
differentiation between most population pairs except
for some geographically adjacent populations (15 and
16 for both FST and DEST, 16 and 17 for FST but not
DEST) and some of the populations sampled twice in
two different years (4a and 4b, 7a and 7b, 15a and 15b).
Based on FST and DEST values, population 22 (Lake
Chila) and 16 (Fisheries Department, LT) are not signifi-
cantly differentiated.
Bayesian clustering with STRUCTURE of the entire data

set resulted in a most likely number of K = 10 (Fig. 1C).
The three Tanzanian populations (1–3) cluster together,
despite rather large geographic distances between them.

Table 1 Microhabitat current as well as stomach and gut content information. (A) Microhabitat current (represented by dissolution
rate in mg/s) at the localities from the lake–stream systems with 95% confidence intervals in brackets. (B) Average values with corre-
sponding 95% confidence intervals in brackets for the proportions of the different stomach content categories (plant and algae, zoo-
plankton, sand, macro-invertebrates, and hard-shelled items)

A B

Locality
Microhabitat current:
dissolution rate (mg/s) Population

Plants and
algae Zooplankton Sand

Macro-
invertebrates

Hard-shelled
items

KaL 0.032 (!0.039) KaL (N = 10) 0.954 (!0.036) 0.018 (!0.015) 0.020 (!0.037) 0.008 (!0.006) 0 (!0)
Ka1 0.280 (!0.356) Ka1 (N = 10) 0.605 (!0.120) 0 (!0) 0.148 (!0.070) 0.228 (!0.095) 0.019 (!0.017)
Ka2 4.842 (!0.986) Ka2 (N = 10) 0.179 (!0.090) 0.001 (!0.002) 0.009 (!0.018) 0.749 (!0.102) 0.061 (!0.031)
Ka3 2.962 (!0.888) Ka3 (N = 10) 0.359 (!0.098) 0.004 (!0.005) 0.018 (!0.017) 0.618 (!0.105) 0.001 (!0.001)
ChL 1.029 (!0.223) ChL (N = 5) 0.877 (!0.101) 0.039 (!0.021) 0.069 (!0.094) 0.015 (!0.010) 0 (!0)
Ch1 4.311 (!0.542) Ch1 (N = 10) 0.613 (!0.148) 0.001 (!0.001) 0.064 (!0.046) 0.253 (!0.138) 0.069 (!0.053)
LzL 0.094 (!0.096) LzL (N = 10) 0.565 (!0.226) 0.027 (!0.034) 0.313 (!0.227) 0.087 (!0.096) 0.008 (!0.009)
Lz1 2.749 (!0.685) Lz1 (N = 10) 0.441 (!0.091) 0 (!0) 0.259 (!0.121) 0.224 (!0.099) 0.076 (!0.036)
LfL 0.693 (!0.604) LfL (N = 10) 0.628 (!0.233) 0.240 (!0.257) 0.007 (!0.007) 0.047 (!0.061) 0.077 (!0.081)
Lf1 n/a Lf1 (N = 7) 0.935 (!0.039) 0 (!0) 0.031 (!0.026) 0.023 (!0.031) 0.011 (!0.011)
Lf2 4.261 (!0.763) Lf2 (N = 10) 0.433 (!0.164) 0.001 (!0.002) 0.117 (!0.053) 0.450 (!0.156) 0 (!0)
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Along the Zambian shoreline, several ‘pure lacustrine
populations’, that is populations not being adjacent to a
river, cluster together, even when being separated by
large sandy bays (16 and 17, separated by Mbete Bay; 12
and 14, separated by Chituta Bay). The population from
Lake Chila (22) belongs to the same genotypic cluster as
populations 15, 16 and 17 from LT. Specimens from the
same population but sampled in different years always
cluster together (indicated by ‘a’ and ‘b’ in Fig. 1C).
There was a strong pattern of isolation by distance

for populations sampled along the shoreline (Mantel-
R = 0.5539, P = 0.0164).
The separate STRUCTURE analyses for each of the four

lake–stream systems are depicted in Fig. 2B. The most
likely number of genetic clusters was K = 2 for all sys-
tems (Fig. S3, Supporting information). Note, however,
that it is not possible to infer DK for K = 1.

Body shape

The CVA of body shape of the 20 sampled populations
revealed a significant differentiation between all popu-
lations (Fig. S4A; Table S3B, Supporting information).
The main body shape changes are described by canoni-
cal variate 1 (CV1, accounting for 32% of the variance),
which shows a change in body depth, mouth position
as well as in head size, and CV2 (accounting for 17% of
the variance) describing additional changes in caudal
peduncle and eye size.
No pattern of isolation by distance was detected

regarding body shape for populations sampled along the
shoreline (Mantel-R = 0.2116, P = 0.1415). The CVA plot
of all shoreline populations (Fig. S4B, Supporting infor-
mation) does not show closer positions in morphospace
of more closely located populations, but rather indicates
stronger clustering of pure lacustrine populations (of LT
and Lake Chila) compared with the more scattered shore-
line populations that are adjacent to streams.
When analysing each lake–stream system separately,

and comparing each lake population with the most
distinct corresponding stream population, it becomes
apparent that lake fish generally have a deeper body and
a more superior mouth position compared with stream
fish. This body shape change, together with clearly parti-
tioned discriminant scores, was found in the systems
Kalambo (KaL and Ka3), Lunzua (LzL and Lz1) and Luf-
ubu (LfL and Lf2). The lake and river populations of the
Chitili system (ChL and Ch1) showed an overlap of the
discriminant scores of the DFA and therefore smaller but
still significant changes in body shape (Fig. 2C).
The pattern is more complex when body shape is

compared within the river systems for which more than
two populations have been sampled (Kalambo and Luf-
ubu River). Three of the four Kalambo populations

(KaL, Ka1 and Ka3) show a continuous shift from lake
towards more upstream populations, with lake fish hav-
ing a deeper body and a more superior mouth. The
remaining Kalambo population (Ka2) clustered sepa-
rately (Fig. S5A; Table S4A, Supporting information).
The two downstream populations of the Lufubu system
(LfL and Lf1) displayed a similar differentiation in body
shape compared with the distinct upstream population
(Lf2), again in the form of a more superior mouth posi-
tion (Fig. S5A; Table S4B, Supporting information).
All populations of the lake–stream systems together

show little congruence in CV1–CV2 morphospace occu-
pation and only the populations from the two lake pop-
ulations of the similar rivers Kalambo and Lunzua
clustered together (KaL and LzL in Fig. 3A) and one of
the Kalambo populations overlapped substantially with
the first two Lufubu populations (Ka2, LfL and Lf1 in
Fig. 3A). The body shape changes, however, followed
similar trajectories between river and lake populations
throughout all systems, as evidenced by similar unidi-
rectional shifts in CV1 (illustrated by a bar in Fig. 3A).
In all four river systems, lake fish had deeper bodies
and a more superior mouth along CV1 (accounting for
45% of the variance in the CVA) (Fig. 3A and Table
S5A, Supporting information).

Gill raker morphology

ANOVA detected significant differences in gill raker length
between male lake and stream fish in all populations,
with generally longer gill rakers in lake populations and
raker length decreasing with increasing geographic dis-
tance from the lake (Fig. 2E; Table S6, Supporting infor-
mation). In more detail, the lake population from the
Kalambo system (KaL) showed significantly longer gill
rakers compared with each of the stream populations
(Ka1, Ka2 and Ka3), which did not differ significantly
among each other. In the Chitili and the Lunzua system,
we found a significant difference between the lake and
stream populations. In Lufubu, the lake population (LfL)
showed no differences in raker length compared with
the first upstream population (Lf1), but gill rakers of Lf1
fish were longer compared with the most upstream pop-
ulation (Lf2). However, gill raker number did not differ
between lake and stream fish in any of the four lake–
stream systems. The results for females, which showed
the same trend of longer gill rakers in lake populations
compared with stream populations, are shown in Fig.
S5C and Table S6 (Supporting information).

Lower pharyngeal jaw morphology

We also detected differentiation between lake and
stream fish in the morphology of the LPJ (Fig. 2D). For
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each system, we compared the lake population to the
stream population with the largest geographic distance
to the lake. The Kalambo lake (KaL) and the most
upstream population (Ka3) showed a minor overlap in
discriminant scores and only a small but still significant
difference in LPJ shape, with broader LPJ in stream fish
compared with lake fish. In the Chitili, Lunzua and Luf-
ubu systems, we found similar, yet more pronounced
shifts in LPJ width. In the Chitili system, an additional
shift towards a more convex posterior curve and shorter
posterolateral horns in stream fish was detected.
Although the underlying shape changes differed among
the systems, there was a consistent shift in width of the
jaws with broader LPJ in stream fish compared with
lake fish.
The system specific CVA of the Kalambo River popu-

lations showed a continuous increase in LPJ width and
an increasing angle of the posterolateral horns from the
lake population (KaL) to the first and the second
upstream populations (Ka1 and Ka2). The fourth Ka-
lambo population (Ka3) clustered with the first
upstream population (Ka1). In the Lufubu system, we
found a considerable overlap in CV1 and CV2 of the
lake population (LfL) and the adjacent stream popula-
tion (Lf1), but a distinct LPJ shape in the furthermost
upstream population (Lf2) having broader and shorter
LPJ (Fig. S5B; Table S4C,D, Supporting information).
The CVA with all 11 lake–stream populations

included showed a significant difference (based on
Mahalanobis distances) in LPJ shape among all popula-
tions except between LfL and Lf1 (Fig. 3B; Table S5B,
Supporting information). CV1 (accounting for 35% of
the variance) represented mainly a change in broad-

ness and length of the LPJ, whereas CV2 (accounting
for 21% of the variance) described an additional
change in angle of the posterolateral horns. In the
CV1–CV2 morphospace, all lake populations clustered
together, indicating similar LPJ shapes in the lake pop-
ulations. All systems show a shift in LPJ shape along
CV1 with broader and shorter LPJ in stream fish com-
pared with lake fish (illustrated by a bar in Fig. 3B).
Along CV2, the lake populations showed a consistent
shift in angle of the posterolateral horns (except for
the Kalambo system, where the shift was in the oppo-
site direction).

Stomach and gut content

Stomach and gut content analyses revealed that
A. burtoni is a generalist, feeding on a mixed diet
composed of plant material, algae, insects, insect lar-
vae, molluscs and planktonic components (Fig. 2F).
The diet composition differed between lake and
stream habitats, whereby lake fish feed more on softer
and smaller food particles (plants and algae, zoo-
plankton) and stream fish more on hard-shelled and
bigger prey items (mollusc shells, plant seeds, insects
and insect larvae).
In all four systems, we found a plant, algae and zoo-

plankton-biased diet in lake fish and a parallel increase
in the proportion of macro-invertebrates with increasing
distance to the lake (Table 1B). In addition, the propor-
tion of hard-shelled food items was generally higher in
river populations, except for the Lufubu lake popula-
tion, where a considerable proportion of hard-shelled
food items has been found.
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stream fish (Table S5B, Supporting information).
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Testing for associations between genetic differentiation,
morphometric traits and environment

The partial Mantel tests revealed that none of the morpho-
metric trait differences correlated with genetic distance
(FST values; Table 2A). Genetic differentiation at neutral
markers therefore does not seem to be the determining
factor for the observed differences among the lake and
stream populations. The MRM including environmental
parameters showed that the differences rather arise by the
effect of environmental conditions: body shape was sig-
nificantly influenced by both geographic distance and by
water current. Mouth position correlated with current
and was also influenced by feeding (proportion of macro-
invertebrates). While gill raker length correlated with the
proportion of macro-invertebrates, LPJ shape tends to be
influenced by feeding on hard-shelled food items and cor-
related with microhabitat current (Table 2B).

Testing for reproductive isolation and trait plasticity

A total of 55 (of 165 initially introduced) wild-caught adult
individuals and 593 F1 offspring were recovered from the
experimental ponds. Loss of individuals was most likely
due to aggressive and territorial behaviour of males. At the
time the experiment was terminated, at least one female
per population had survived in each pond, and in three of
five ponds, at least one male per population had survived
(Table S2A, Supporting information). Parentage analyses
revealed that across the five ponds, all possible mating
combinations occurred, but were not evenly distributed
among the replicates (see Appendix S2, Supporting infor-
mation for details). A qualitative inspection of the data
indicated no assortative mating with respect to population
but revealed that only 2–5males reproducedper pond. Fur-
ther, reproducing males were predominantly large males
based on SL measurements taken at the beginning and at
the end of the experiment. In A. burtoni, size and domi-
nance are positively correlated (Fern€o 1987), and dominant
males are much more likely to reproduce. Accordingly, the

observed pattern is likely a result of biased mating with
respect to male size and dominance. This is also supported
by comparing our observed data with a simulation assum-
ing random mating with respect to population, but an
increased mating probability of large males (see Appendix
S2, Supporting information for details).
The morphometric analyses in F1 offspring revealed

that while purebred (i.e. intrapopulation crosses) differed
among each other in body shape in CV1 (accounting for
62–88% of the variance), between-population crosses were
intermediate (Figs 4A and S6; Table S7A, Supporting
information). A CVA including F1 offspring and wild
populations demonstrates shifts in body shape under
common garden conditions and a closer clustering of
within-population crosses as compared to the correspond-
ing wild populations (Fig. S7A; Table S8A, Supporting
information). Interestingly, the body shape of introduced
adult specimens also converged during the experimental
period, with the stream populations (Ka3 & Lz1) becom-
ing more like the lake population (KaL) (Fig. S7B; Table
S8B, Supporting information). (Note that the experimental
set-up in ponds resembles more the lake situation.)
Gill rakers were significantly longer in within-lake

population offspring compared with within-stream
population offspring, and intermediate in the interpop-
ulation crosses (Fig. 4B; Table S7B, Supporting informa-
tion). No difference in gill raker number was detected.
Within-population offspring from the common garden
experiment show a shift towards longer gill rakers
compared with the corresponding wild populations
(Fig. S7C; Table S8C, Supporting information).

Discussion

Phylogeography and population structure of
Astatotilapia burtoni in southern LT

Overall, our study revealed an unexpectedly high
degree of genetic and morphological diversity and

Table 2 Testing for associations between genetic differentiation, morphometric traits, and environment. (A) Genetic distances (FST)
were correlated with morphological distances (Mahalanobis) using a partial Mantel test including geographic distance as a correction
factor. (B) Combined multiple regression on distance matrices (MRM) between morphological and ecological distances

A B
Morphometric
trait Genetic distance (FST)

Morphometric
trait

Microhabitat
current

Hard-shelled
items

Macro-
invertebrates

Geographic
distance

Overall body shape 0.268 (Mantel- R = 0.133) Overall body shape 0.0042** 0.2717 0.4323 0.0253*
Mouth position 0.825 (Mantel- R = !0.226) Mouth position 0.0157* 0.1793 0.0175* 0.8627
Gill raker length 0.496 (Mantel- R = !0.005) Gill raker length 0.4182 0.4504 0.0373* 0.2270
LPJ shape 0.762 (Mantel- R = !0.186) LPJ shape 0.0219* 0.0587 0.4712 0.3425

LPJ, lower pharyngeal jaw.
Significance levels: *P < 0.05 and **P < 0.01.
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extensive population structure in A. burtoni from south-
ern LT (Figs 1, 2 and S4A, Supporting information).
Notably, we identified two main mtDNA control region
haplotype lineages in A. burtoni that are separated
by 10 mutations (Fig. 1B). The genetic diversity in
A. burtoni is thus similar to, or even exceeds the diver-
sity observed in the same marker in the entire haplo-
chromine cichlid assemblage of Lake Victoria (Verheyen
et al. 2003). It has long been recognized that substantial
differences exist in inter- and intraspecific genetic varia-
tion in mtDNA within different East African cichlid
radiations and that the degree of differentiation reflects
the respective age of a lineage rather than morphologi-
cal disparity (Sturmbauer & Meyer 1992). The great
diversity in mtDNA in A. burtoni, even across small
geographic scales, thus suggests a deep coalescence
time and, consequently, the presence of this species in
the study area over long time periods. This is in line
with a previous multispecies study that detected deep
coalescence times in the only analysed A. burtoni

population (collected in the area of our Ka3 site) based
on microsatellite markers (Elmer et al. 2009).
The data at hand indicate that while mtDNA clearly

separates the populations into an eastern (1–14) and a
western clade (15–20; with the exception of population
21, see below) (Fig. 1B), such a clear-cut barrier to gene
flow is not evident in the nuclear DNA markers
(Fig. 1C): The population assignment tests with STRUC-

TURE suggest some gene exchange between populations
14 and 15, and the pairwise differences in FST and DEST

between populations 14 and 15 are among the smallest
detected (nevertheless significant), fitting the isolation-
by-distance scenario among the lacustrine populations.
Similarly, while population 21 is clearly distinct in its
mtDNA from the geographically nearest populations 19
and 20 (Fig. 1B), some level of gene flow between these
populations is indicated based on the nuclear DNA
markers (Fig. 1C). Such a pattern could be explained by
male-biased dispersal along the shoreline of LT (Stiver
et al. 2007). Male-biased dispersal and the preference
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for shallow, sandy habitats would also explain why—in
contrast to lake cichlids occurring in the rocky shoreline
habitat of LT (e.g. Koblm€uller et al. 2011)—long
stretches of sandy shorelines do not seem to act as
strong barriers to gene flow in A. burtoni (see e.g. 1–3,
12 and 14, 16 and 17, 20 and 21).
Recent migration along the shoreline cannot, how-

ever, explain the distribution of the main mtDNA hap-
lotype lineages in A. burtoni (i.e. the clear-cut separation
into an eastern and a western haplotype clade and the
distinctiveness of populations 18 and 21). The bathyme-
try of the southern LT basin together with periodically
occurring and climatically induced fluctuations in the
lake level of LT (see e.g. Sturmbauer et al. 2001, 2005;
Koblm€uller et al. 2011) might provide one explanation
for the overall structure of the mtDNA haplotype gene-
alogy (Fig. 1B). The deep split between the eastern and
the western haplotype lineages could, for example, be
directly related to an underwater ridge in exactly the
area between populations 14 and 15 (see fig. 1 of
Koblm€uller et al. 2011), which might have acted as
migration barrier at times of low lake level stands, espe-
cially for a species associated to rivers, estuaries and
shallow waters such as A. burtoni. Low lake level might
also permit migration across what is at present two
opposite shorelines of LT (see e.g. Sturmbauer et al.
2001; Baric et al. 2003), thus explaining the close rela-
tionship between population 21 from the western (Zam-
bian/Congolese) part of LT to the eastern (Tanzanian)
populations 1–3.
The close relatedness of the Lake Chila population

(22) to populations sampled around Mpulungu (15–17),
and especially to population 16 (Table S3A, Supporting
information), is somewhat puzzling. Lake Chila is a
small and shallow lake about 20 km southeast of LT,
and connected to LT through a small outflow draining
into LT near Sumba (population 12). However, there is
no faunistic association between Lake Chila and LT,
except for A. burtoni, and we could only detect elements
of a fish fauna in Lake Chila, which is otherwise typical
for the Chambeshi, Zambesi and the Zambian/Congo
watersheds (Serranochromis angusticeps, S. robustus,
S. thumbergi, Pseudocrenilabrus cf. philander and Tilapia
sparmanii) (Skelton 1993). As Lake Chila’s A. burtoni are
genetically indistinguishable from population 16, yet
distinct from population 12, and because there are
reports of a recent stocking of this small lake
(L. Makasa, Fisheries Department Mpulungu, personal
cummunication), a human-induced translocation is the
likely source of the current Lake Chila A. burtoni stock
(despite records of the presence of A. burtoni in that
lake more than 50 years ago as evidenced by a collec-
tion by M. Poll from 1949 deposited in the Royal
Museum for Central Africa in Tervuren, Belgium).

In summary, we show that A. burtoni occurs along a
lake–stream environmental gradient in southern LT
and that several lake–stream systems have been colo-
nized independently. One of these systems, the Lufubu,
is genetically very distinct from the other three (Ka-
lambo, Chitili and Lunzua), especially with respect to
mtDNA. However, we can, at present, not infer the
precise colonization history of A. burtoni in southern
LT. In particular, we cannot assess whether any of the
surveyed river populations is the source of A. burtoni
in the area or whether all the river systems have been
colonized from LT. A more thorough analysis includ-
ing a denser sampling across a much larger geographic
area would be necessary to fully understand the
phylogeographic history and population structure of
A. burtoni.

Adaptive divergence between lake and stream habitats
in Astatotilapia burtoni

Integrative studies of fish species that occur along an
environmental gradient have provided important
insights into speciation (Hendry et al. 2000; Seehausen
et al. 2008; Berner et al. 2009; Roesti et al. 2012). Our sur-
vey of A. burtoni in the southern part of LT reveals that
this species occurs along a lake–stream environmental
gradient and is present, in high abundance, in every
suitable habitat ranging from truly lacustrine environ-
ments to river estuaries, larger rivers and small creeks
draining into LT (Figs 1A and 2A). Importantly, we
show that populations inhabiting the same environment
tend to be morphologically similar, irrespective of their
genetic background (Figs 2, 3 and S4B, Supporting
information). For example, among populations sampled
within LT, there is a closer morphological resemblance
between the truly lacustrine populations (i.e. the popu-
lations away from any river) and between the popula-
tions near river estuaries (Fig. S4B, Supporting
information). Interestingly, the only sampled lacustrine
A. burtoni population outside from LT (from Lake
Chila) clusters closely in morphospace with the truly
lacustrine populations from LT (Fig. S4B, Supporting
information) (note, however, that this resemblance
might also be due to recent introduction; see above). In
addition, while there is a strong signal of isolation by
distance with respect to genetics along the shoreline of
LT, this is not the case for body morphology, suggest-
ing that similar environmental pressures, but not relat-
edness, mediate the emergence of similar body shapes
in A. burtoni.
This pattern becomes even more evident when com-

paring the body shape between lake and stream popu-
lations from the four lake–stream systems studied in
detail. Generally, we find that lake fish exhibit deeper
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bodies and a more superior mouth compared with
stream fish (Figs 2C and 3A) and that mouth position is
correlated with feeding mode (Table 2B). In addition,
we detected a significant correlation between body
shape and water current (Table 2B), which is in line
with adaptations to different flow rates as predicted by
hydrodynamic theory (Webb 1984). However, these
changes in morphology only partially agree with those
found in other lake–stream systems in fishes. In sockeye
salmon, for example, beach residents, too, have deeper
bodies compared with their riverine counterparts (Hen-
dry et al. 2000). In Canadian three-spine stickleback, on
the other hand, lake fish tend to have more slender
bodies compared with stream fish due to shifts in feed-
ing modes (e.g. Schluter & McPhail 1992; Berner et al.
2008, 2010; Ravinet et al. 2013).
In addition to the body shape differences, we also

detected significant shifts in trophic morphology across
the lake–stream transition in A. burtoni (Fig. 2D,E and
3B). The morphological trajectory of the gill raker
apparatus along this habitat gradient resembles that in
other groups of fishes. Just as in sticklebacks (Berner
et al. 2008; Ravinet et al. 2013), gill rakers are shorter in
A. burtoni stream fish compared with lake fish. Gill
rakers are an important trophic trait in fishes, and
believed to function as a cross-flow filter to concentrate
particles inside the oral cavity and to transport parti-
cles towards the oesophagus (Sanderson et al. 2001). In
stickleback and other fishes, divergence in gill raker
morphology is driven by differential prey resource use
(e.g. Bentzen & McPhail 1984; Robinson & Wilson 1994;
Skulason & Smith 1995; Berner et al. 2008). Likewise, in
A. burtoni, shorter gill rakers are associated with the
consumption of larger food items and longer gill rakers
with smaller food particles. However, there were no
significant differences in gill raker numbers between
lake and stream populations. Divergence in gill raker
length accompanied by stasis in gill raker number has
also been found in European stickleback lake–stream
population pairs, which was explained by the insuffi-
cient time for divergence and differences in the genetic
architecture compared with Canadian lake–stream
populations (Berner et al. 2010). While our population-
genetic analyses based on mtDNA suggest a deep
coalescence time among the major haplotype lineages
in A. burtoni, little is known about the timing of split-
ting events among the studied lake–stream popula-
tions. Generally, gill raker number varies considerably
among LT cichlid species (M. R€osti, personal observa-
tion), but it may be less prone to environmentally
induced phenotypic variation than other morphological
traits such as gill raker length and the LPJ (Lindsey
1981). We also detected sexual dimorphism in gill raker
length, with females having longer gill rakers com-

pared with males. In addition, there appears to be a
sexual dimorphism in head shape, with females show-
ing more slender yet larger heads (Fig. S1B, Supporting
information). Both might be explained by functional
differences due to the female mouthbrooding behav-
iour characteristic for haplochromines.
Trophic divergence between A. burtoni lake–stream

populations is also evident from differences in LPJ mor-
phology between habitats. The morphology of the oral
and pharyngeal jaws is highly diverse in cichlids (Fryer
& Iles 1972; Liem 1973; Salzburger 2009; Muschick et al.
2012) and related to functional feeding ecology (Liem
1980; Muschick et al. 2012, 2014). Experimentally
induced, plastic changes in cichlid pharyngeal jaws
have been shown to be due to the mode of feeding
rather than differences in nutritional composition. For
example, Nicaraguan Midas cichlids (Amphilophus citrin-
ellus) fed on whole snails developed heavier and more
hypertrophied LPJs compared with individuals fed on
either crushed whole snails or snail bodies without
shells (Muschick et al. 2011). Similar shifts in LPJ mor-
phology along with different resource use are known
from natural cichlid populations (Meyer 1990; Hulsey
et al. 2008). In line with these studies, the broader and
shorter LPJs of A. burtoni stream fish compared with
lake fish may pose an adaptation to the shift in diet
towards harder food items such as seeds, snails and
other hard-shelled invertebrates found in stomachs of
stream populations (Fig. 2F; Table 1B). In our analyses,
we found that LPJ morphology tends to correlate with
the proportion of hard-shelled food items, but there is
also a correlation between LPJ and water current
(Table 2B). This latter correlation could be due to the
method used to infer LPJ shape, which might be influ-
enced by more general shifts in head morphology
across the lake–stream gradient.
Phenotypic plasticity constitutes an alternative out-

come to speciation in the face of divergent selection
(West-Eberhard 2005; Pfennig et al. 2010). The generalist
species A. burtoni dwells in many different habitats,
which could result in the evolution of highly plastic
populations expressing a variety of phenotypes. On the
other hand, speciation could also be initiated via plastic
responses to novel environments followed by genetic
assimilation (e.g. Waddington 1942; West-Eberhard
2003). Our common garden experiment demonstrated
that both plastic and genetic components influence
body shape and gill raker length in A. burtoni. The F1
offspring from the within-population matings generally
show significant differentiation with respect to both body
shape and gill raker length, and interpopulation crosses
generally display intermediate phenotypes. This pattern,
together with the conserved higher body shape and
shorter gill rakers of the lake population offspring
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(KaL-KaL), compared with the within-stream population
crosses speaks for a genetic component underlying trait
differentiation (Fig. 4). However, shifts in F1 offspring
in both traits under common garden conditions com-
pared with wild populations indicate that trait plasticity
also contributes to the detected differences (Fig. S7,
Supporting information). Whether these patterns also
hold with regard to LPJ morphology and to what extent
plasticity and heritability contribute to the detected dif-
ferences in body shape and trophic traits remains to be
tested in future experiments.
We did not find any evidence for assortative mating

with regard to population in our mating experiment.
All possible mating combinations occurred, and male
dominance effects seemed to determine the observed
mating patterns (Appendix S2, Supporting information).
The absence of reproductive barriers in spite of strong
genetic and morphological differentiation has also been
reported from lake and stream stickleback (Raeymae-
kers et al. 2010). However, a transplant experiment later
indicated that selection against immigrants, together
with various other factors, might be contributing to
reproductive isolation in this system (R€as€anen & Hen-
dry 2014). Similarly, we cannot rule out that barriers,
which we did not detect in our experiment, could con-
tribute to reproductive isolation among lake and stream
populations. In A. burtoni, with its lek-like polygynan-
drous mating system, only dominant males gain access
to territories as well as (several) females and are there-
fore able to reproduce (Fernald & Hirata 1977).
Although no bias in dominance among populations was
evident from our data, possible male aggression biases
(and probably undetected female preferences) should
be tested under more controlled conditions in the future
(see Theis et al. 2012). As a next step, it would be inter-
esting to test whether the genetically most distinct pop-
ulations, for example Lf2 vs. KaL, are reproductively
isolated.
Evidence for (ecological) speciation is often inferred

via a positive correlation between the levels of (adap-
tive) divergence in phenotypic traits and the levels of
neutral genetic differentiation between populations,
when controlled for geographic distance (‘isolation by
adaptation’, Nosil 2012). In A. burtoni, we did not find
correlations between any morphological trait measured
and FST values (Table 2A). This gene-flow approach
based on neutral markers does have several caveats,
though (see Nosil 2012), and a lack of signal does not
necessarily exclude the possibility of (ecological) specia-
tion. Due to the geographic isolation of some popula-
tions (e.g. populations located above waterfalls or
geographically very distant populations), differentiation
at neutral loci might occur without barriers to gene flow
caused by divergent selection in A. burtoni, resulting in

a failure to detect isolation by adaptation. Note that
there was also no pattern of isolation by distance
detectable if only lake–stream populations were
included in the analysis, as opposed to the pattern
detected along the shoreline (see above). However, lake
and stream populations from the four lake–stream sys-
tems (and populations within systems) appear to rest at
different stages of the speciation continuum. In the Chi-
tili system, for example, the lake and stream popula-
tions are geographically close, genetically admixed and
also less differentiated in body shape and gill rakers
compared with the pairwise comparisons from the
Kalambo, Lunzua and Lufubu systems shown in Fig. 2.
Although there are several outliers in our data (e.g. rel-
atively pronounced LPJ differentiation within the Chitili
system compared with very little LPJ differences
between the clearly genetically distinct populations KaL
and Ka3), lake and stream populations belonging to dis-
tinct genetic clusters generally show more differentia-
tion in morphological traits (Fig. 2).
Taken together, our study revealed the presence of

multiple divergent lake–stream populations in the
southern LT drainage. Phenotypic divergence between
populations from the four independent lake–stream
systems follows similar trajectories: Divergence in body
shape is associated with different flow regimes in lake
and stream habitats, whereas shifts in trophic struc-
tures are linked to differential resource use. We did
not detect a signal for isolation by adaptation; how-
ever, more powerful genetic data such as genome
scans may clarify the interplay between levels of gene
flow and phenotypic divergence in these systems. A
first test for reproductive isolation among the more
closely related lake and stream populations did not
reveal any population-assortative mating patterns.
Importantly, analyses of F1 offspring reared under
common garden conditions indicate that the detected
trait differences among A. burtoni populations do not
reflect pure plastic responses to different environmen-
tal conditions, but that these differences also have a
genetic basis.
The A. burtoni lake–stream system constitutes a valu-

able model to study the factors that enhance and con-
strain progress towards speciation, and offers the
unique possibility to contrast replicated lake–stream
population pairs at different stages along the speciation
continuum in cichlids. In addition, it allows evaluating
parallelism across different species, that is lake–stream
pairs of stickleback and cichlids. Characterizing poten-
tial reproductive barriers and the role of plasticity in
phenotypic divergence in more detail, together with
studies on genomic differentiation, promises to contrib-
ute to understanding the process of speciation in
natural populations.
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Fig. S1 Landmark positions for body shape and LPJ analyses and sex differences in head shape. (A) All 17 landmarks 
were used for body shape analyses comparing the wild populations, whereas only the 6 landmarks 1, 2, 8, 12, 14 and 
15 were used for comparisons of the body shape of adults and F1 offspring of the pond experiment and only the four 
landmarks 1, 2, 7 and 12 were included in the mouth position analysis. (B) Only the landmarks describing head shape 
(1-8, 11 and 12) were used to compare head morphology of males (black outline) and females (grey outline). A DFA 
showed that females generally have more slender, but longer heads (DF differences are increased tenfold in the 
outlines). (C) True (black) and semi-landmarks (grey), which were included in the comparisons of the LPJ shape.
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P < 0.0001***.
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Fig. S6 Outlines to illustrate the body shape changes in F1 individuals of the pond 
experiment (CVA plots in Fig. 4A; distance values Table S7). From light grey to 
dark outlines with increasing values, scaling factor ten by default.
(A) KaL-KaL/KaL-Ka3/Ka3-Ka3, (B) KaL-KaL/KaL-Lz1/Lz1-Lz1 and (C) 
Ka3-Ka3/Ka3-Lz1/Lz1-Lz1.
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Chapter 5

A
pond reproducing 

males
reproducing 
females

genotyped 
offspring

mating 
events

KaL Ka3 Lz1 KaL Ka3 Lz1 KaL Ka3 Lz1 KaL Ka3 Lz1 KaL Ka3 Lz1 KaL Ka3 Lz1

1 4 4 4 7 7 7 1 1 2 1 3 3 0 0 1 0 0 1 3 8 148 24

2 4 4 4 7 7 7 2 1 1 1 2 5 1 2 0 0 2 1 5 11 160 26

3 4 4 4 7 7 7 1 1 2 1 3 2 0 0 1 0 0 0 2 8 95 15

4 4 4 4 7 7 7 1 0 0 1 4 4 0 1 0 0 0 0 2 9 111 18

5 4 4 4 7 7 7 2 2 0 3 3 2 0 0 0 0 0 0 2 6 79 15

total 20 20 20 35 35 35 7 5 5 7 15 16 1 3 2 0 2 2 14 42 593 98

B

non-surviving 
reproducing females

body shape

25

24

31

surviving malesoriginal stock 
males

original stock 
females surviving females non-surviving 

reproducing males

Ka3-Lz1

25

24

32

13

26

12

13

26

11

F1 juveniles gill raker

KaL-Lz1

KaL-Ka3

Lz1-Lz1

Ka3-Ka3

KaL-KaL

Table S2 Sample size details and result summary of the pond experiment. (A) Number of stocked adult fish per 
population and information about survival and reproduction. (B) Number of F1 individuals used for body shape and 
gill raker analyses.

total 130 132
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A population KaL Ka1 Ka2 Ka3 B population LfL Lf1 Lf2

KaL 0.0251 0.0368 0.0253 LfL 0.0122 0.0182
Ka1 3.8781 0.0535 0.0220 Lf1 2.1637 0.0208
Ka2 6.3056 6.0287 0.0456 Lf2 4.0045 4.2414
Ka3 5.3659 4.2863 6.3437

C population KaL Ka1 Ka2 Ka3 D population LfL Lf1 Lf2

KaL 0.0175 0.0217 0.0158 LfL 0.0064 0.0266
Ka1 1.9260 0.0122 0.0192 Lf1 0.6663 0.0258
Ka2 3.3438 2.4847 0.0257 Lf2 2.1046 2.1603
Ka3 1.9681 1.8445 3.2216

Table S4 Pairwise morphometric (body shape and LPJ) distances within systems with more than two 
populations. Procrustes (upper triangular matrix) and Mahalanobis (lower triangular matrix) distances from the 
CVA (Fig. S5A & B) (non-significant values are underlined). (A) Pairwise body shape differentiation among the 
four Kalambo populations. (B) Pairwise body shape differentiation among the three Lufubu populations. (C) 
Pairwise LPJ shape differentiation among the four Kalambo populations. (D) Pairwise LPJ shape differentiation 
among the three Lufubu populations.

A population Ka3 Ka2 Ka1 KaL Ch1 ChL Lz1 LzL Lf2 Lf1 LfL

Ka3 0.0457 0.0220 0.0253 0.0314 0.0295 0.0238 0.0331 0.0474 0.0341 0.0386
Ka2 5.6679 0.0535 0.0369 0.0349 0.0312 0.0396 0.0296 0.0288 0.0301 0.0243
Ka1 3.9344 5.9029 0.0251 0.0455 0.0393 0.0341 0.0373 0.0518 0.0406 0.0442
KaL 4.5737 6.1411 3.5549 0.0361 0.0288 0.0320 0.0202 0.0423 0.0321 0.0301
Ch1 5.4110 5.8736 6.5003 6.6979 0.0158 0.0231 0.0344 0.0370 0.0291 0.0300
ChL 5.0602 4.9994 5.5704 5.7198 2.7821 0.0242 0.0302 0.0278 0.0182 0.0196
Lz1 4.3098 5.0077 4.6585 5.0996 4.3658 4.2179 0.0279 0.0371 0.0268 0.0307
LzL 6.0366 6.6764 5.2110 3.0927 7.4857 6.6939 5.1698 0.0366 0.0309 0.0273
Lf2 7.7497 5.8296 7.8774 9.0269 7.0925 6.1512 6.0970 9.2435 0.0229 0.0214
Lf1 5.6788 4.9360 5.4026 6.1579 6.0796 4.5449 5.0511 6.9778 5.6664 0.0121
LfL 5.4917 4.7787 5.1340 5.3243 5.6660 3.8408 4.5813 6.0876 5.7561 2.0123

B population Ka3 Ka2 Ka1 KaL Ch1 ChL Lz1 LzL Lf2 Lf1 LfL

Ka3 0.0273 0.0214 0.0160 0.0414 0.0086 0.0277 0.0257 0.0317 0.0287 0.0247
Ka2 2.7659 0.0122 0.0226 0.0260 0.0310 0.0254 0.0202 0.0193 0.0188 0.0212
Ka1 1.8301 2.1889 0.0188 0.0269 0.0256 0.0191 0.0171 0.0193 0.0234 0.0232
KaL 2.0079 2.9577 2.0749 0.0421 0.0162 0.0278 0.0158 0.0255 0.0238 0.0216
Ch1 3.5801 3.4244 3.1368 4.1603 0.0445 0.0280 0.0419 0.0291 0.0377 0.0392
ChL 1.7643 3.2636 2.5246 1.9657 3.6404 0.0296 0.0291 0.0347 0.0318 0.0270
Lz1 2.5159 3.3232 2.2841 2.9991 2.8786 2.8934 0.0313 0.0200 0.0392 0.0388
LzL 2.8324 3.2146 1.9479 2.1601 4.4232 3.1740 3.7602 0.0252 0.0233 0.0239
Lf2 3.0152 3.6780 2.7341 2.4114 3.3427 2.9693 2.9560 3.0189 0.0310 0.0339
Lf1 3.1319 3.5420 3.3800 2.6641 4.5602 3.1829 4.4215 3.2175 3.0839 0.0074
LfL 2.8893 3.6144 3.2140 2.3889 4.4794 2.8310 4.2185 3.0297 3.0012 0.6559

Table S5 Pairwise morphometric (body shape and LPJ) distances of all populations from the lake-stream systems. 
Procrustes (upper triangular matrix) and Mahalanobis (lower triangular matrix) distances from the CVA (Fig. 3) 
(non-significant values are underlined). (A) Pairwise body shape differentiation. (B) Pairwise LPJ shape 
differentiation.
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Table S6 P values for within system gill raker length comparisons for males and females. P values were obtained with an 
ANOVA and adjusted with a TukeyHSD in systems with more than two populations to correct for multiple testing (Fig. 
2E, Fig. S5C).

sex Chitili Lunzua Lufubu

KaL-Ka1 KaL-Ka2 KaL-Ka3 Ka1-Ka2 Ka1-Ka3 Ka2-Ka3 ChL-Ch1 LzL-Lz1 LfL-Lf1 LfL-Lf2 Lf1-Lf2

males 0.0211* 0.0149* < 0.0001*** 0.9979 0.0864 0.1407 0.0419* 0.0003** 0.1544 0.1107 0.0017**
females 0.3340 < 0.0001*** < 0.0001*** 0.0001** 0.0001** 0.9967 0.1531 0.0001** 0.0840 < 0.0001*** < 0.0001***

Kalambo

A F1 juveniles KaL-KaL KaL-Ka3 Ka3-Ka3
KaL-KaL 0.0086 0.0097
KaL-Ka3 1.2961 0.0048
Ka3-Ka3 1.9713 1.2240

F1 juveniles KaL-KaL KaL-Lz1 Lz1-Lz1
KaL-KaL 0.0081 0.0110
KaL-Lz1 1.3536 0.0078
Lz1-Lz1 1.8514 1.3714

F1 juveniles Ka3-Ka3 Ka3-Lz1 Lz2-Lz1
Ka3-Ka3 0.0081 0.0079
Ka3-Lz1 1.6021 0.0090
Lz1-Lz1 1.4724 1.7618

B F1 juveniles Ka3-Ka3 Lz1-Lz1 KaL-Ka3 KaL-Lz1 Ka3-Lz1
KaL-KaL 0.00078 0.00004 0.22130 0.00588 0.02763
Ka3-Ka3 0.99788 0.82486 0.98741 0.99975
Lz1-Lz1 0.57282 0.86382 0.98707
KaL-Ka3 0.98122 0.96682
KaL-Lz1 0.99990

Table S7 Pairwise morphometric (body shape and LPJ) distances 
between F1 crosses. (A) Pairwise morphometric distances 
described by Procrustes (upper triangular matrix) and 
Mahalanobis (lower triangular matrix) distances from the CVAs 
comparing each inter-population cross with the corresponding 
within population crosses (non-significant values are underlined, 
for CVA plots see Fig. 4A). (B) P values for pairwise comparisons 
of gill raker length among all within and inter-population crosses 
(Fig. 4B).



152

Chapter 5

A F1 and wild populations KaL-KaL Ka3-Ka3 Lz1-Lz1 KaL-wild Ka3-wild Lz1-wild

KaL-KaL 0.0094 0.0108 0.0119 0.0266 0.0241
Ka3-Ka3 1.5840 0.0080 0.0145 0.0261 0.0225
Lz1-Lz1 1.3126 1.3175 0.0154 0.0309 0.0284
KaL-wild 2.1099 2.0466 1.7501 0.0235 0.0242
Ka3-wild 3.4504 3.2127 3.3877 3.6574 0.0103
Lz1-wild 2.8738 2.2854 2.9527 3.2975 1.9800

B parental populations KaL-before Ka3-before Lz1-before KaL-after Ka3-after Lz1-after

KaL-before 0.0215 0.0218 0.0079 0.0134 0.0106
Ka3-before 2.6663 0.0131 0.0196 0.0132 0.0225
Lz1-before 2.4212 1.9504 0.0211 0.0109 0.0184
KaL-after 1.1066 2.5476 2.4792 0.0127 0.0138
Ka3-after 1.9615 1.7624 1.0353 2.0022 0.0119
Lz1-after 1.8311 2.5275 1.7273 1.7073 1.2464

C F1 and wild populations Ka3-Ka3 Lz1-Lz1 KaL-wild Ka3-wild Lz1-wild

KaL-KaL 0.00214 0.00401 0.69902 < 0.00001 0.00005
Ka3-Ka3 0.99760 0.30149 < 0.00001 0.42067
Lz1-Lz1 0.47098 < 0.00001 0.20750
KaL-wild < 0.00001 0.01044
Ka3-wild 0.09142

Table S8 Pairwise morphometric (body shape) distances and P values of gill raker 
comparisons among different groups of the pond experiment. Procrustes (upper 
triangular matrix) and Mahalanobis (lower triangular matrix) distances of the CVA 
comparing body shape among the within population F1 offspring and their 
corresponding wild populations (A) and among population of surviving adults at 
the beginning and at the end of the experimental period (B). (C) Comparison of gill 
raker length among the within population F1 offspring and their corresponding 
wild populations. (Fig. S7)
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sampling information locus
population year Ppun7 Ppun21 UNH130 Abur82 Ppun5 HchiST46 HchiST68 UNH989 Pzeb3 average

NG 7 7 6 3 7 1 7 6 7 5.67

NA 6 4 6 3 8 1 3 7 4 4.67

HO 0.85714 0.42857 0.83333 0.33333 0.85714 na 0.00000 0.66667 0.42857 0.55

HE 0.8022 0.73626 0.87879 0.60000 0.91209 na 0.48352 0.83333 0.57143 0.73

NG 31 31 30 31 27 31 28 28 31 29.78

NA 27 20 21 15 24 2 18 22 6 17.22

HO 0.93548 0.87097 0.70000 0.74194 0.88889 0.12903 0.71429 0.92857 0.70968 0.74

HE 0.9413 0.92491 0.92147 0.86409 0.94689 0.12269 0.85390 0.92208 0.71232 0.80

NG 25 25 24 25 25 24 24 24 24 24.44

NA 15 14 15 15 15 2 12 18 6 12.44

HO 0.96000 0.84000 0.79167 0.76000 0.72000 0.04167 0.79167 0.66667 0.58333 0.68

HE 0.90531 0.90531 0.91135 0.90776 0.90367 0.04167 0.86968 0.94681 0.64539 0.78

NG 32 31 32 32 32 32 32 32 32 31.89

NA 9 11 15 7 16 2 6 8 7 9.00

HO 0.90625 0.87097 0.87500 0.84375 0.84375 0.46875 0.65625 0.71875 0.75000 0.77

HE 0.82192 0.83131 0.88790 0.76290 0.91915 0.44792 0.75694 0.84226 0.80655 0.79

NG 30 30 30 30 30 30 30 30 30 30.00

NA 11 10 10 7 15 2 4 10 6 8.33

HO 0.93333 0.76667 0.76667 0.73333 0.63333 0.43333 0.63333 0.80000 0.60000 0.70

HE 0.87627 0.79887 0.87175 0.78588 0.89492 0.48079 0.75763 0.82316 0.73446 0.78

NG 14 14 13 14 14 1 13 14 14 12.33

NA 7 12 10 6 13 1 6 6 6 7.44

HO 0.64286 0.71429 0.69231 0.42857 0.71429 na 0.69231 0.64286 0.78571 0.66

HE 0.69312 0.79630 0.84308 0.43915 0.92593 na 0.71385 0.72751 0.76720 0.74

NG 32 32 32 32 31 32 32 32 32 31.89

NA 9 13 9 10 14 2 9 12 6 9.33

HO 0.50000 0.56250 0.84375 0.59375 0.74194 0.09375 0.81250 0.78125 0.71875 0.63

HE 0.57391 0.62351 0.74504 0.68006 0.84294 0.09077 0.82440 0.76885 0.75198 0.66

NG 32 32 32 32 31 32 32 31 32 31.78

NA 21 23 23 20 19 3 12 20 6 16.33

HO 0.96875 0.90625 0.93750 0.93750 0.83871 0.15625 0.37500 0.93548 0.40625 0.72

HE 0.91419 0.94643 0.93800 0.94444 0.94289 0.17708 0.76935 0.91962 0.49603 0.78

NG 31 31 30 31 30 30 31 31 31 30.67

NA 18 25 22 19 20 3 14 19 5 16.11

HO 0.96774 0.93548 0.86667 0.96774 0.76667 0.26667 0.54839 1.00000 0.58065 0.77

HE 0.91645 0.94342 0.94407 0.93971 0.94068 0.24350 0.80539 0.93178 0.59598 0.81

NG 33 33 32 33 33 33 33 33 33 32.89

NA 18 21 20 18 22 3 17 20 5 16.00

HO 0.87879 0.93939 0.84375 0.87879 0.81818 0.24242 0.81818 0.9697 0.42424 0.76

HE 0.87832 0.93706 0.93204 0.91422 0.95058 0.29324 0.86993 0.93986 0.43357 0.79

NG 34 34 31 33 34 34 34 34 33 33.44

NA 13 14 20 14 15 2 11 16 7 12.44

HO 0.91176 0.85294 0.93548 0.93939 0.88235 0.05882 0.73529 0.91176 0.54545 0.75

HE 0.80114 0.84372 0.88525 0.87925 0.90386 0.11238 0.83055 0.89245 0.52214 0.74

NG 31 31 28 31 31 31 31 27 31 30.22

NA 11 10 12 13 14 2 4 9 5 8.89

HO 0.96774 0.83871 0.82143 0.90323 0.96774 0.03226 0.61290 0.74074 0.48387 0.71

HE 0.85405 0.77737 0.80779 0.83765 0.85616 0.03226 0.68324 0.83718 0.45267 0.68

NG 7 7 7 7 7 1 7 7 6 6.22

NA 9 7 9 7 9 1 7 5 4 6.44

HO 1.00000 0.71429 0.85714 0.42857 1.00000 na 0.85714 1.00000 1.00000 0.86

HE 0.94505 0.89011 0.91209 0.85714 0.93407 na 0.85714 0.83516 0.72727 0.87

NG 31 31 31 31 31 31 30 29 31 30.67

NA 15 17 14 13 16 2 12 12 5 11.78

HO 0.90323 0.80645 0.64516 0.80645 0.87097 0.06452 0.70000 0.89655 0.32258 0.67

HE 0.87996 0.87943 0.86039 0.85087 0.90164 0.06346 0.85424 0.87719 0.34320 0.72

NG 31 31 29 31 31 1 28 30 31 27.00

NA 16 13 18 19 19 1 14 14 6 13.33

HO 0.87097 0.90323 0.96552 0.83333 0.86667 na 0.57143 0.73333 0.41935 0.77

HE 0.90375 0.91698 0.92257 0.91808 0.91751 na 0.88636 0.91751 0.46007 0.86

NG 32 30 30 32 31 32 31 32 32 31.33

NA 25 24 19 23 20 2 13 21 10 17.44

HO 0.96875 1.00000 0.63333 0.81250 0.83871 0.37500 0.61290 0.75000 0.59375 0.73

HE 0.94792 0.95593 0.92712 0.94990 0.91539 0.30952 0.85669 0.92808 0.67560 0.83

NG 32 31 32 32 32 32 32 32 31 31.78

NA 27 25 22 23 20 2 14 20 9 18.00

HO 0.93750 0.96774 0.75000 0.81250 0.78125 0.21875 0.53125 0.62500 0.70968 0.70

HE 0.96081 0.95346 0.93204 0.94891 0.93056 0.19792 0.90228 0.92808 0.72343 0.83

p 0.10437 0.41513 0.00142 0.00379 0.01741 1.00000 0.00000 0.00000 0.37605 0.21

NG 30 30 30 30 30 30 30 30 30 30.00

NA 11 13 12 12 13 2 10 9 6 9.78

HO 0.83333 0.90000 0.66667 0.66667 0.60714 0.23333 0.60000 0.70000 0.60000 0.65

HE 0.87458 0.85480 0.83446 0.75819 0.86104 0.20960 0.85706 0.82542 0.60791 0.74

NG 30 30 29 30 28 28 30 29 30 29.33

NA 24 29 31 26 20 3 18 22 8 20.11

HO 0.93333 0.96667 0.89655 0.93333 0.89286 0.42857 0.63333 0.93103 0.66667 0.81

HE 0.95876 0.96667 0.97217 0.96271 0.94675 0.38247 0.92825 0.95523 0.5887 0.85

NG 31 31 31 31 31 31 31 31 31 31.00

NA 25 30 27 25 20 3 23 23 8 20.44

HO 0.87097 1.00000 0.74194 0.80645 0.80645 0.32258 0.70968 0.87097 0.67742 0.76

HE 0.94553 0.96616 0.96140 0.95928 0.94236 0.32311 0.94342 0.94553 0.68852 0.85

NG 41 42 42 42 37 42 42 42 42 41.33

NA 29 33 30 24 23 3 15 24 10 21.22

HO 0.95122 0.95238 0.88095 0.95238 0.86486 0.38095 0.61905 0.90476 0.73810 0.80

HE 0.95574 0.96644 0.95668 0.95726 0.95002 0.32014 0.82760 0.94894 0.79891 0.85

NG 18 18 17 18 15 18 18 18 18 17.56

NA 23 23 22 20 12 2 13 19 9 15.89

HO 0.94444 0.83333 0.88235 1.00000 0.66667 0.16667 0.83333 0.94444 0.88889 0.80

HE 0.96349 0.96508 0.96791 0.96825 0.91264 0.15714 0.82698 0.95714 0.85556 0.84

NG 25 26 24 25.00000 26 26 26 26 26 25.56

NA 27 20 24 23 17 3 15 23 11 18.11

HO 1.00000 1.00000 0.95833 0.80000 0.80769 0.15385 0.61538 0.76923 0.84615 0.77

HE 0.94694 0.93288 0.96188 0.95020 0.93363 0.14706 0.88612 0.94872 0.84238 0.84

NG 26 27 26 26 20 27 27 27 27 25.89

NA 23 20 18 19 15 3 15 17 10 15.56

HO 0.88462 0.92593 0.92308 0.84615 0.70000 0.11111 0.62963 0.70370 0.70370 0.71

HE 0.94344 0.94340 0.92609 0.94118 0.92821 0.10832 0.84696 0.90566 0.82250 0.82

NG 30 30 29 30 30 30 30 29 30 29.78

NA 9 20 14 17 15 2 6 10 5 10.89

HO 0.80000 0.96667 0.79310 0.93333 0.75862 0.03333 0.60000 0.96552 0.30000 0.68

HE 0.71469 0.94407 0.76830 0.90904 0.91712 0.03333 0.60904 0.69752 0.58136 0.69

NG 27 27 27 27 24 27 27 27 27 26.67

NA 19 28 21 25 21 3 16 21 12 18.44

HO 0.88889 0.88889 0.66667 0.85185 0.62500 0.25926 0.74074 0.92593 0.85185 0.74

HE 0.95318 0.96995 0.95038 0.94200 0.94592 0.23410 0.92872 0.94829 0.85325 0.86

NG 30 30 30 30 30 30 29 30 30 29.89

NA 18 28 22 22 24 4 14 19 13 18.22

HO 0.9 0.86667 0.46667 0.93333 0.73333 0.46667 0.55172 0.83333 0.86667 0.74

HE 0.93616 0.9661 0.86723 0.93164 0.95028 0.45989 0.79492 0.94746 0.83051 0.85

p 0.08827 0.12133 0.00008 0.77188 0.00048 0.61206 0.00000 0.00672 0.33487 0.22

NG 16 16 8 16 13 16 16 15 16 14.67

NA 15 9 12 7 12 2 7 10 7 9.00

HO 1.00000 0.93750 0.87500 0.68750 0.61538 0.18750 0.68750 0.53333 0.68750 0.69

HE 0.93347 0.88105 0.96667 0.74194 0.93846 0.17540 0.71371 0.85057 0.74395 0.77

NG 13 14 13 14 12 1 14 14 14 12.11

NA 13 19 15 16 14 1 12 12 8 12.22

HO 1.00000 1.00000 0.76923 1.00000 0.75000 na 0.78571 0.71429 0.85714 0.86

HE 0.92000 0.96825 0.94154 0.94974 0.94203 na 0.84656 0.88624 0.84656 0.91

2010Fisheries Department

2012

Toby's place

Chitili creek 1

Chitili lake 2011

Lunzua lake

2010

2011

2010

2011Sumba

Wonzye

2012

2011

2011Lufubu stream 1

2012Lufubu stream 2

2010Kalungula

2012Lake Chila

2012Ndole bay

2011Lufubu lake

2010

Kalambo stream 3

Kalambo stream 2

Kalambo lake

2010

2012

2011

Lunzua stream 1

2011Chisanza

2011

Ninde 2011

2011Kalambo stream 1

2011

2010

2011Loazi

2011Muzi

2011

2010

Table S9 Microsatellite diversity in populations of Astatotilapia 
burtoni. NG, number of genotypes per locus; NA, number of alleles 
per locus; HO, obsevered heterozygosity; HE, expected 
heterozygosity. Deviations from Hardy-Weinberg expectations at a 
0.05 significance level after sequential Bonferroni correction are 
indicated in bold print.
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Table S10 Genetic diversity of mtDNA sequences. N, 
number of sequences per population; H, number of 
haplotypes; He, gene diversity; π, nucleotide diversity.

population N H He
Ninde 7 1 0.00000 0.00000

Loazi 7 1 0.00000 0.00000

Muzi 9 1 0.00000 0.00000

Kalambo stream 3 27 1 0.00000 0.00000

Kalambo stream 2 8 1 0.00000 0.00000

Kalambo stream 1 6 3 0.60000 0.00182

Kalambo lake 29 3 0.25400 0.00071

Toby's place 30 2 0.18600 0.00051

Chitili creek 1 17 2 0.44100 0.00120

Chitili lake 10 2 0.55600 0.00151

Chisanza 9 3 0.41700 0.00182

Sumba 9 3 0.58300 0.00227

Lunzua stream 1 7 1 0.00000 0.00000

Lunzua lake 24 4 0.30800 0.00098

Wonzye 49 2 0.08000 0.00022

Fisheries Department 24 1 0.00000 0.00000

Kalungula 28 1 0.00000 0.00000

Lufubu stream 2 13 3 0.41000 0.00119

Lufubu stream 1 10 1 0.00000 0.00000

Lufubu lake 9 1 0.00000 0.00000

Ndole 13 2 0.15400 0.00042

Lake Chila 14 1 0.00000 0.00000
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Appendix S1: Description of river systems 
 

 

Kalambo 
 
The catchment of the Kalambo River is located mainly in Tanzania, with a small portion in Zambia. The 
lake population of the Kalambo system (KaL) was collected at Chipwa village, close to the Kalambo River 
mouth at the border between Zambia and Tanzania (Fig. A1A, Fig. 1A and Fig. 2A). The habitat at Chipwa 
is characterized by mainly sandy bottom with bulrush (Typha spp.) vegetation and a maximum depth of 1.5 
m. The first riverine population (Ka1) was sampled 1500 m upstream from KaL, within a slowly flowing, 
maximally 3 m deep water and vegetation comprising mainly hippo grass (Vossia cuspidata). The second 
upstream population (Ka2) originates from predominantly rocky habitat with a maximum depth of 1 m. The 
third upstream population (Ka3) is separated from downstream populations by the Kalambo Falls – with a 
drop of more than 200 m the second-tallest waterfall in Africa. Compared to Ka2 there is less water current 
at Ka3, fewer rocks but more vegetation (predominantly reeds and hippo grass). 
 
 
Chitili 

 
The Chitili Creek is a very small yet permanent stream flowing through Chitili village, and is therefore 
greatly affected by human activities including agriculture (Fig. A1B). The corresponding lake population 
(ChL) dwells in a heterogeneous shallow (max. 0.6 m) habitat with rock and sand bottom covered with 
aquatic plants and hippo grass belts. At the relatively close upstream sampling site, the creek is narrow, 
shallow (max. 0.3 m deep) and densely vegetated. 
 
 
Lunzua 
 
Although the Lunzua catchment is almost three times smaller in area than that of the Kalambo, both 
catchments are comparable with regard to slope angles, water discharge rates and drainage densities 
(Sichingabula 1999; Kakogonzo et al. 2000). The habitat of the Lunzua lake population (LzL) is similar to 
KaL, with mostly sandy bottom, bulrush vegetation and relatively shallow waters (max. 0.6 m depth) (Fig. 
A1C). A 3 m tall waterfall close to the river mouth and several rapids separate the lake population from the 
upstream riverine population (Lz1). The habitat at Lz1 consists mainly of sand and mud bottom, the water 
depth was around 0.5 m. 
 
 

Lufubu 
 
The Lufubu River is the largest tributary of southern LT (Langenberg et al. 2003). The sampling site at the 
river mouth (LfL) is shallow (0.3 – 2 m), densely vegetated with papyrus (Cyperus papyrus), hippo grass 
and balsa wood trees (Aeshynomene elaphroxylon) (Fig. A1D). The first upstream population (Lf1) was 
sampled at a location with very similar habitat conditions to LfL with very slowly flowing water. The 
upstream population (Lf2) was collected more than 30 km upstream the estuary, with habitat comprising 
pebbles and submerged vegetation and fast flowing waters (max. depth 0.5 m). 
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Kalambo lake (KaL, 7) Kalambo upstream 1 (Ka1, 6)

Chitili lake (ChL, 10)

Lunzua lake (LzL, 14) Lunzua upstream 1 (Lz1, 13)

Lufubu lake (LfL, 20) Lufubu upstream 1 (Lf1, 19) Lufubu upstream 2 (Lf2, 18)

Chitili upstream 1 (Ch1, 9)

456

7

10

9

14

13

18

19

20

A

B

C

D

Kalambo upstream 3 (Ka3, 4)Kalambo upstream 2 (Ka2, 5)

Fig. A1 Map of the southern part of LT (altered from Fig. 1A) showing the populations of the four lake-stream systems 
with corresponding habitat photographs. (A) The four Kalambo populations, (B) the two populations from the Chitili 
Creek, (C) the two Lunzua populations and (D) the three populations from the large Lufubu River.  
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Appendix S2: Pond experiment - Simulation -  
 
 
To test whether biased mating with respect to body size might explain the observed pattern, we 
simulated the experiment under the conditions of random mating with an increased mating probability, 
however, for large males. The simulations were conducted for each pond separately, with the observed 
number of male and female survivors per pond and reproductively active individuals (based on the 
paternity analyses, Table S2A). The frequencies for all 9 possible mating combinations were simulated 
for the observed number of mating events per pond (Table S2A) with 1’000 iterations. We tested 
43’910 models with different mating probabilities for four dominant males per pond: for the two 
largest males at the starting point of the experiment (accounting for dominance in the early phase) and 
at the end point of the experiment (accounting for dominance in the late phase). We assigned 
dominance for two males per phase (early and late) to include possible dynamics in dominance ranks. 
The models covered a range from 1- to 20-fold mating probabilities for the four dominant males. 
Females were sampled randomly with equal probabilities in each model. To find the best fitted model 
we calculated the absolute deviation of the observed data form each of the iterations per model ( SIM). 
Then the sum of the mean SIM (SUM ) over all ponds was calculated. Therefore the model with the 
smallest SUM  represents the model, which fits the observed data best. The macro for the simulations 
was written in R. 

Comparing the SUM  of the 43’910 models revealed that the model assuming random mating 
(without dominance) shows the highest SUM  whereas several models accounting for biased mating 
with respect to size fit the observed data very well (Fig. A2). Generally, the model improves with 
increasing probability for the largest male to mate at the end point of the experiment. Further, SUM  
decreases with increasing mating probability for the largest male at the starting point of the experiment, 
achieving an optimum when the probability to mate is 10- to 12-fold higher for the largest, i.e. 
dominant male(s). If the mating probabilities for the two largest males (starting point and end point) 
increase, SUM  decreases asymptotically resulting in several well fitting models. Thereby an 
increasing mating probability for the second largest male in the late phase does not substantially 
contribute to an improvement of the model. However the model improves with 4- to 6-fold higher 
mating probability for the second largest male in the early phase. 

Comparing the best-fitting models with the observed data revealed that the observed 
frequencies of all mating combinations overlap with the 95% confidence limits of the simulated model 
(1’000 iterations) in all 5 ponds (Fig. A3). This suggests that the model assumptions of an increased 
mating probability for the largest males (10- to 12-fold higher for males in the early phase and 15- to 
20-fold higher in the late phase of the experiment), plus a 4- to 6-fold higher probability for the second 
largest males in the early phase, explain best the observed frequencies of mating combinations. The 
lower mating probability for the dominant male in the early phase in combination with an increased 
probability for the second largest males might reflect an unstable dominance status and relatively early 
changes in dominance ranks. The observed aggressive territorial fights within the first two weeks 
(which led to high mortality in the early phase of the experiment) also support this. 
 

 
 
Fig. A2 SUM  of the 43’910 models tested. The different combinations of mating probabilities (from 1- to 20-
fold) for the four dominant males sorted by increasing mating probabilities for (i) the largest male at the end point 
of the experiment, (ii) the largest male at the starting point of the experiment, (iii) the second largest males at the 
end point and (iiii) the second largest males at the starting point of the experiment. The model without assigning 
any dominance to the males is marked in red and the best fitting model (lowest SUM ) in green. 
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Fig. A3 Observed frequencies of mating combinations per replicate (filled circles) and simulated mating 

combinations with 1‘000 iterations (bars show the 95% confidence limits) using the best fitting model (green 

arrow in Fig. A2) with following mating probabilities: 10-folded and 5-folded mating probabilities for the largest 

and the second largest males at the starting point of the experiment and 20- and 1-folded probabilities for the 

largest and the second largest males at the end point of the experiment. 
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ADVANCES IN CICHLID RESEARCH

Phylogeographic and phenotypic assessment of a basal
haplochromine cichlid fish from Lake Chila, Zambia
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Abstract The basal haplochromine genus Pseudo-

crenilabrus comprises three valid species, although
the current taxonomy most probably underestimates

species richness. Previous phylogeographic studies on

the P. philander species complex revealed a clear
structuring of populations, shaped by river capture

events. Here we report the discovery of P. cf.
philander in Lake Chila, a small lake south of Lake

Tanganyika. We were interested whether discrete

morphs, similar to what has been found in Lake

Mweru and the Lunzua River, were present in Lake
Chila. We evaluated the phenotypic variability of the

population in relation to other lacustrine and riverine

populations by quantifying colouration and body
shape. To place the specimens in a phylogeographic

framework, we inferred a phylogeny based on themost
variable part of the mitochondrial control region. We

found two divergent mtDNA lineages in Lake Chila

and tested for population structure and admixture
between the lineages using microsatellite data. Our

study reveals a complex phylogeographic pattern and

demonstrates admixture of distant mtDNA lineages
in Lake Chila, producing a hybrid swarm with

substantial phenotypic variability. Unlike in Lake

Mweru, Pseudocrenilabrus has not diversified further
into discrete morphs in Lake Chila, probably because
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of the long-term instability of the lake and the

presumed recency of the admixture event.

Keywords Phylogeography ! Nuptial colouration !
Pseudocrenilabrus ! Hybridization

Introduction

Cichlid fishes from the East African Great Lakes,

Tanganyika (LT),Malawi (LM) andVictoria (LV), are
well-known model systems for studying the mecha-

nisms underlying adaptive radiation and explosive

speciation (see e.g. Kocher, 2004; Salzburger, 2009;
Santos & Salzburger, 2012). Within African cichlids,

the Haplochromini stand out as the most species-rich

lineage, comprising the species flocks of LM and LV,
the Tropheini from LT, as well as riverine and

lacustrine species from northern, eastern, southern

and central Africa and the levant (Turner et al., 2001;
Verheyen et al., 2003; Joyce et al., 2005; Salzburger

et al., 2005; Koblmüller et al., 2008a). The majority of

haplochromine cichlids belongs to the derived ‘mod-
ern’ clade (as defined in Salzburger et al., 2005), the

members of which are mostly lacustrine, characterized

by a pronounced sexual colour dimorphism with
typically brightly coloured males and inconspicuous

females, a polygynandrous mating system with mater-

nal mouthbrooding, as well as egg-spots on the anal fin
of males. The cichlid fauna of many rivers and smaller

lakes, especially in central and southern Africa, is

typically dominated by more basal haplochromine
lineages. These lineages are considered comparably

species poor, which has been explained by the lack of

ecological opportunity in temporally unstable riverine
ecosystems (Joyce et al., 2005). One of these basal

riverine haplochromine lineages is represented by the

genus Pseudocrenilabrus, which is distributed across
many river systems and ichthyogeographic regions in

northern, eastern, central and southernAfrica (Skelton,

1991). The genus currently comprises three valid
species, P. multicolour (two subspecies: P. m. multi-

colour and P. m. victoriae), P. nicholsi and P.

philander (three subspecies: P. p. dispersus, P. p.
luebberti and P. p. philander), although the current

taxonomy likely underestimates species richness

(Twentyman-Jones et al., 1997; Katongo et al., 2005;
Stelkens & Seehausen, 2009). Pseudocrenilabrus are

all considered generalist species, typically inhabiting
calm parts of rivers, swamps and flooded areas

(Greenwood, 1989). Males of the genus Pseudocre-

nilabrus generally show less elaborate nuptial colour-
ation compared to ‘modern’ haplochromines and lack

egg-spots, but most populations feature a red to orange

blotch on the posterior margin of their anal fin.
The phylogeographic relationships within the genus

Pseudocrenilabrus have so far mainly addressed the P.

philander species complex in southern Zambian rivers.
Two previous studies revealed a clear structuring of

populations, possibly shaped by tectonic movements

that allowed for past temporal connections between
watersheds (Katongo et al., 2005; Koblmüller et al.,

2012). Based on sequences of the most variable part of

the mitochondrial control region (d-loop), Katongo
et al. (2005) identified four distinct clades: the

Chambeshi-Bangweulu clade, the Lake Mweru clade,

the Lunzua clade and the Kafue–Zambezi clade. In
more recent studies, Koblmüller et al. (2008a, 2012)

included a previously undescribed haplochromine

species from the Lufubu River (P. sp. ‘Lufubu A’),
which turned out as themost basal lineage in the genus.

P. sp. ‘Lufubu A’ is found in sympatry with another

Pseudocrenilabrus that represents a fifth lineage
within the P. philander species complex (P. sp.

‘Lufubu B’; Koblmüller et al., 2012). Despite the

existence of several subspecies and many geograph-
ically separated, often morphologically distinct popu-

lations (Greenwood, 1989; Katongo et al., 2005), the

genus was considered species poor in comparison to
other riverine taxa (Skelton, 1994). However, Ko-

blmüller et al. (2008b) described a population from the

upper Lunzua River that contains two (blue and
yellow) colour morphs sharing a single mitochondrial

haplotype, but showing weak differentiation at nuclear

markers suggesting that they might be undergoing
incipient speciation. In addition, Stelkens and Seehau-

sen (2009) reported the occurrence of at least 13

distinct morphs of Pseudocrenilabrus cf. philander in
Lake Mweru. The morphs were assigned to two

divergent mitochondrial lineages, of which the more
frequent one diversified with respect to eco-morphol-

ogy and nuptial colouration. In mate choice experi-

ments, it was shown that the degree of divergence
betweenmorphological traits, but not genetic distance,

was associated with the level of reproductive isolation

between morphs (Stelkens & Seehausen, 2009). The
existence of a small adaptive radiation in Lake Mweru
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suggests that Pseudocrenilabrus are more likely to

diversify in a stable heterogeneous (lake) environment,

providing more ecological opportunity as compared to
rivers (see e.g. Schluter, 2000; Wagner et al., 2012).

During a field trip in February 2012, we discovered
a population of P. cf. philander in Lake Chila, a small

(approximately 1,200 m long and 900 m wide) and

shallow (maximum depth = 4 m) but permanent lake
20 km south of Lake Tanganyika (Fig. 1). Apart from

P. cf. philander, the lake harbours a cichlid fauna

typical for the Chambeshi, Zambezi and the Zambian/
Congo watersheds (Serranochromis angusticeps, S.

robustus, S. thumbergi, Tilapia sparmanii, Oreochr-

omis macrochir) and Astatotilapia burtoni from the

LT basin (see also Skelton, 1993). Pseudocrenilabrus
from this population showed phenotypes distinct from

other populations belonging to the P. philander
species complex, with deeper bodies compared to

nearby riverine populations and very elaborate colour

patterns in males. We evaluated the phenotypic
variability of the Lake Chila population in relation to

other lacustrine (Mweru-Wantipa) and riverine (Lun-

zua and Chambeshi) populations by quantifying male
nuptial colouration and body shape based on

Fig. 1 Simplified map of the major water bodies in our study
area showing the 28 sampling sites (red squares). Locations
29–31 roughly indicate the natural range of specimens acquired
from the aquaria trade or where the exact location was unknown
(translucent red areas). Dark green patches indicate swampy

areas. Different background colours designate the major
drainages indicated in the figure, namely Zambezi, Congo and
Rukwa (including eastward draining rivers). Sampling site 19
and 20 each designate two sites that are very close together and
belong to the same system
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standardized photographs. To place the Lake Chila
specimens in a phylogeographic context, we recon-

structed a phylogeny based on the most variable part of

the mitochondrial control region using available
Pseudocrenilabrus sequences from GenBank and

additional samples recently collected from the area

(Fig. 1). Interestingly, we found that two divergent
mtDNA lineages were present in the small lake and

further tested for population structure (in relation to

neighbouring riverine populations) and admixture
between the two mtDNA lineages using microsatellite

data.

Materials and methods

Sampling

Sampling of Pseudocrenilabrus spp. was carried out
during several field trips to Zambia between Septem-

ber 2003 and February 2012 (see Fig. 1; Tables S1, S2

and S3 for details on sample size and locations).
Specimens were collected using gill nets and hook and

line fishing under the permission of the Lake Tang-

anyika Research Unit, Department of Fisheries, Min-
istry of Agriculture and Livestock, Republic of

Zambia. Fish were anaesthetized using clove oil

(2–3 drops clove oil per litre water) and photographed
in a standardized manner for later colour pattern and

geometric morphometric analyses. Fin clips were

taken from the specimens directly in the field and
subsequently preserved in 96 % ethanol for further

whole genomic DNA extraction. From each sampling

location, at least one whole specimen was preserved in
96 % ethanol.

Male body colouration

To evaluate differences in nuptial colouration within

and between populations, we used standardized photo-
graphs of males from Lake Chila (n = 49), Lunzua

River (n = 7), Mbulu Creek (n = 2), Lufubu River
(n = 3), Chambeshi River (n = 2), Lake Mweru-

Wantipa (n = 15) and the Uningi Pans (n = 3) (Table

S3) to extract nine features related to colouration (see
Salzburger et al., 2006): anal fin colour (red/yellow/red–

yellow/none); anal fin blotch colour and presence

(orange/red/none); dorsal fin colouration (black–red/
red–grey/none); pelvic fin colouration (intensity of

black stripe); caudal fin pattern (spotted/half spotted);
dorsal body colouration (bluish/yellowish/blue–yellow-

ish/none); central body colouration (bluish/yellowish/

blue-yellowish/none); ventral body colouration (bluish/
yellowish/blue-yellowish/none) and eye bar presence.

Characterswere translated into a categorical datamatrix

and analysed in a Multiple Correspondence Analysis
(MCA) inR (v.3.0.3, RDevelopment Core Team, 2014;

package FactoMineR, Husson et al., 2014).

Body shape

The photographs of males from Lake Chila (n = 49),

Lunzua River (n = 18), Lufubu River (n = 5), Cham-

beshi River (n = 2) and Lake Mweru-Wantipa
(n = 14) (Table S3) were used to obtain data for the

geometric morphometric analyses by recording the
coordinates of 17 homologous landmarks (for details

see Muschick et al., 2012) using TPSDIG2 (v.2.11;

Rohlf, 2008). The x and y coordinates were transferred
to the program MORPHOJ (v.1.05f; Klingenberg, 2011)

and superimposed with a Procrustes generalized least

squares fit (GLSF) algorithm to remove all non-shape
variation (Rohlf & Slice, 1990). Additionally, the data

were corrected for allometric size effects by using the

residuals of the regression of shape on centroid size for
further analyses. A canonical variate analysis (CVA;

Mardia et al., 1979) was used to assess shape variation

among the populations. The mean shape distances of
the CV analysis were obtained using permutation tests

(10,000 replications). Additionally, a PCA was con-

ducted to assess within-population variance in body
shape for Lake Chila only.

Molecular methods

Total DNA was extracted from fin clips preserved in

ethanol applying a proteinase K digestion followed by
either a high-salt (Bruford et al., 1998) or a Magna

Pure extraction using a robotic device (Magna Pure

LC, Roche Diagnostics) and following the manufac-
turer’s protocol (Roche, Switzerland).

We genotyped a total of 249 Pseudocrenilabrus

specimens from the Lunzua River (n = 167; 73
specimens sampled in 2004 partly used in Koblmüller

et al., 2008b; 94 specimens sampled in 2010), Mbulu

Creek (n = 13, sampled in 2010) and Lake Chila
(n = 69, sampled in 2012) (see Table S2 for details) at
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5 microsatellite loci (HchiST46, HchiST94 (Maeda
et al., 2008), UNH002 (Kellogg et al., 1995), Pmv3

and Pmv4 (Crispo et al., 2007)).

Fragment size calling was carried out on an ABI
3130xl genetic analyser (Applied Biosystems) in

comparison to the LIZ 500(-250) (Applied Biosys-

tems) size standard. Genotypes were determined
manually using Peak Scanner (v.1.0; Applied Biosys-

tems), controlled and rounded to integers with the

software TANDEM (v.1.09; Matschiner & Salzburg-
er, 2009). STRUCTURE (v.2.3.3; Pritchard et al., 2000)

was then used to infer population structure (Markov

chain Monte Carlo simulations were run for 500,000
replications, burn-in = 50,000, admixture and corre-

lated allele frequency options). Ten replicated simu-

lations were performed for K = 1–8 and the most
likely number of genetic clusters was inferred using

the DK method (Evanno et al., 2005) implemented in

the software STRUCTURE HARVESTER (Earl & von Holdt,
2012). Initially, we intended to genotype all 249

Pseudocrenilabrus spp. specimens with a larger set of

microsatellite loci, but only 5 loci (see above) could
be amplified in both the Lake Chila and the Lunzua

River/Mbulu Creek samples. We, therefore, tested

additional loci and selected, based on amplification
success and the level of polymorphism, 7 loci for the

Lake Chila subset (HchiST46, HchiST94 (Maeda

et al., 2008), UNH002 (Kellogg et al., 1995), Pmv3,
Pmv4 (Crispo et al., 2007), Ppun21 (Taylor et al.,

2002), Pzeb3 (Van Oppen et al., 1997) and 6 loci for

the Lunzua River/Mbulu Creek subset: (Pmv1, Pmv3,
Pmv4, Pmv15 (Crispo et al., 2007), UNH989 and

UNH002 (Kellogg et al. 1995)). We then performed

STRUCTURE analyses for the Lake Chila set and the
Lunzua River/Mbulu Creek set separately to test for

substructure within the two datasets. Conditions were

the same as for the combined dataset, except the ten
replicated simulations were performed for K = 1–5

for Lake Chila and K = 1–10 for Lunzua River/

Mbulu Creek. Genetic differentiation among all
populations and between morphs within the Lunzua

River samples, as well as between yellow morphs
sampled in 2004 and 2010 (the low sample size of

blue males from the same location did not allow for a

contrast between different sample years) was esti-
mated as hST (Weir & Cockerham, 1984) in ARLE-

QUIN (v.3.5; Excoffier & Lischer, 2010) for both the

dataset containing 5 loci and the Lunzua River/Mbulu
Creek dataset with 6 loci.

We also determined the DNA sequence of the most
variable part of themitochondrial control region (359 bp

in total) for 82 samples (see Table S1 for details) using

published primers (L-ProF or L-Pro-F_Tropheus and
TDK-D;Meyer et al., 1994; Lee et al., 1995;Koblmüller

et al., 2011). Amplification and sequencing were

performed as described elsewhere (Duftner et al.,
2005; Koblmüller et al., 2011). The PCR fragments of

the control region were purified using ExoSAP-IT

(USB), directly sequenced with the BigDye sequencing
chemistry (Applied Biosystems) and analysed on an

ABI 3130xl genetic analyser (Applied Biosystems).

Additionally, sequences of the most variable part of
the mitochondrial control region for Pseudocrenilabrus

spp. were obtained from GenBank (from Joyce et al.,

2005; Katongo et al., 2005; Koblmüller et al., 2008a,
2012;Wagner et al., 2012; seeTableS1 fordetails).Note

that we also included ‘Orthochromis’ machadoi (Poll,

1967), since previous studies demonstrated the place-
ment of this specieswithin the genusPseudocrenilabrus

(see e.g. Koblmüller et al., 2008a). Together with the

sequences from GenBank (total n = 155), the mito-
chondrial DNA sequences were aligned in MAFFT v.6

(Katoh et al., 2002) under the FFT-NS-i option, i.e. with

fast construction of an initial alignment followed by
iterative refinement until convergence, with default gap

penalties. Identical sequences were collapsed into

haplotypes using DNA collapser implemented in the
online tool FaBox (Villesen, 2007). Bayesian inference

(BI) was carried out inMrBayes v.3.2.2 (Ronquist et al.,

2012). Posterior probabilities were obtained from
MCMC simulations in two independent runs (10 chains

with 10 million generations each, chain temperature:

0.25, trees sampled every 1,000 generations) using the
best-fit model of molecular evolution as suggested by

JMODELTEST (Posada, 2008). A 50 % majority-rule

consensus tree was constructed after a one million
generation burn-in (chain stationarity and run parameter

convergence were checked with Tracer v.1.6 (Rambaut

et al., 2013), using posterior probability as a measure of
clade support).

Results

Nuptial colouration

Results from the MCA on the colour matrix including
all populations are shown in Fig. 2A. Dimension 1

Hydrobiologia (2015) 748:171–184 175
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explained 16 % and Dimension 2 explained 13 % of

the variation. The traits explaining most of the

variation were related to anal fin, pelvic fin and
central body colouration (data not shown). The

samples from Lake Chila show the widest distribution

in trait-space; however, there were no distinct pheno-
typic clusters detectable within the population, e.g.

with respect to mitochondrial lineage assignment

(Fig. 2A). Specimens from Lake Mweru-Wantipa
and the Lunzua River partly overlapped with Lake

Chila phenotypes. Within the males from Lunzua

River, blue and yellow morphs were separated along
the axis of Dimension 2. Yellow morphs from Mbulu

Creek clustered with yellow morphs from the Lunzua

River. Specimens from the Lufubu, Chambeshi and
Uningi Pans fell within the distribution range of

samples from Lake Mweru-Wantipa and values did
not overlap with the majority of the Lake Chila

specimens (Fig. 2A). While the separation of colour

morphs within the Lunzua River population is mainly
due to blue and yellow central body colouration and

the presence/absence of an anal fin blotch, phenotypic

variation in the Lake Chila population is due to a more
complex interplay of several traits (e.g. colour of anal

fin blotch; colour of anal, dorsal, pelvic and caudal fin;

ventral, dorsal and central body colouration). The
MCA restricted to specimens from Lake Chila did not

detect any clustering that would indicate the presence

of distinct morphs (Fig. S1A).

Body shape

The CVA of the overall body shape of the sampled

populations revealed a significant differentiation

between all populations (Fig. 2B; all pairwise popu-
lation comparisons P\ 0.05). The main body shape

changes are described by canonical variate 1 (CV1,

accounting for 53 % of the variance), which shows
mainly a prolongation of the head shape (with riverine

Lunzua fish having longer heads and a more slender

body shape), and CV2 (accounting for 32 % of the
variance) describing additional changes in body shape

and mouth position (with fish from the Lufubu River

having longer caudal peduncles, more slender bodies
and a more inferior position of the mouth). The PCA

on body shape for the Lake Chila population only did

not detect any clustering that would indicate the
presence of distinct morphs (Fig. S1B).

Population structure

Bayesian clustering with STRUCTURE of the combined

dataset (including population samples from the Lun-
zua River, Mbulu Creek and Lake Chila) based on five

microsatellites revealed a clear geographic pattern.
The most likely number of K = 2 separated one

genotypic cluster comprising the two riverine popu-

lations from the cluster representing the Lake Chila
stock (Fig. 3A). The separate STRUCTURE analysis for
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Fig. 2 A MCA based on nine male nuptial colouration traits.
B CVA on male body shape based on 17 landmarks. Green
triangles represent blue morphs and green squares yellow
morphs from the Lunzua River (see Koblmüller et al. 2008b).
Filled blue circles represent specimens assigned to the more

frequent mitochondrial haplotype lineage; blue stars represent
specimens assigned to the less frequent mtDNA lineage (empty
blue circles represent individuals for which no mitochondrial
sequence data was available)
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the Lake Chila fish with seven microsatellites did not
detect additional substructure within the population

(K = 1, data not shown). The analysis of the dataset

comprising only the Lunzua River and Mbulu Creek
specimens based on six microsatellites, resulted in the

most likely number of K = 2 (Fig. 3B). There was no
clear genetic clustering detectable with regard to

population or morph (Fig. 3B).

For the dataset including five microsatellite loci
(Dataset 1, Table 1), pairwise comparisons revealed

significant differentiation between morphs sampled in

the years 2004 and 2010 (e.g. between yellow morphs
from 2004 to 2010 from location 1) and between

different sample locations (i.e. between Lunzua River

locations 1 and 2; between Lake Chila and all other
populations/morphs; between Mbulu Creek and all

other populations/morphs), but not between blue and

yellow morphs sampled within the same year.
Results from the Lunzua River/Mbulu Creek data-

set (Dataset 2, Table 1) comprising 6 microsatellite

loci (without the population from Lake Chila) are in

line with those from the reduced dataset, with
significant differentiation in all contrasts except

between blue and yellow morphs sampled in the same

year.

Phylogeography

Collapsing of sequences of the mitochondrial control

region resulted in a total of 55 haplotypes (see Fig. 4;
Table S1 for details). Our new BI phylogenetic

reconstruction was largely in agreement with results

from previous studies (Katongo et al., 2005; Koblmül-
ler et al., 2012). The BI tree was rooted with P. sp.

‘Lufubu A’, which was identified as basal to all other

Pseudocrenilabrus in previous phylogenetic studies
(see Koblmüller et al., 2008a, 2012). Our new Lufubu

River samples grouped with those downloaded from

GenBank (Ht20 & Ht34; Fig. 4). The remaining
haplotypes clustered into two major mitochondrial

lineages: One comprised the Kafue–Zambezi clade

and specimens from the Upper Luapula area: Lake
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Wasa, Kasanka River, Ndolwa and Kapabi in Kasanka
NP (Ht1 & Ht38), as well as samples from further

south (Cunene, Save and Nkomati basins). Our

specimens from the Lunzua River and Mbulu Creek
shared the haplotype with the previously published

samples from the Lunzua River (Ht13) and formed the

sister group to this lineage, although with very low
posterior probabilities. ‘Orthochromis’ machadoi and,

interestingly, two P. cf. philander haplotypes from

Lake Chila (Ht31 & Ht33) were resolved within the
Kafue–Zambezi clade. In the other major mitochon-

drial lineage, P. sp. ‘Lufubu B’ (Ht19) was placed as

sister group to the Chambeshi–Bangweulu clade. The
newly sampled specimens from the Chambeshi River

(Ht27, Ht28 & Ht29) grouped in this clade, as well as

new individuals from Lake Chila and the Uningi Pans
(Ht32) plus the two specimens from the geographi-

cally distant Malawi drainage and nearby basins (Lake

Chilwa, Ht42 & Nkhotakota, Ht1). The samples from
Lake Mweru-Wantipa (Ht35, Ht36 & Ht37) grouped

within the Lake Mweru clade. Specimens from the

Lake Victoria region, the remainder of the Congo
drainage and the Nile, comprising the species P.

nicholsi and P. multicolour (including the subspecies
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P. m. victoriae), were placed as sister group to the
Chambeshi–Bangweulu lineage, although with very

low posterior probabilities.

Discussion

In this study, we reassessed the phylogeography of

Pseudocrenilabrus in the watersheds of Zambia with a

particular focus on a newly discovered lacustrine
population of Pseudocrenilabrus cf. philander from

Lake Chila, a small and shallow lake about 20 km south

of LT. Males from this population displayed deeper
bodies and more elaborate colour patterns compared to

other known populations from the P. philander species

complex. Interestingly, sequencing of themitochondrial
control region revealed the presence of two divergent

mtDNAhaplotype lineages inLakeChila,with themore

frequently sampled lineage (Ht31 & Ht33, *90 % of
Lake Chila mtDNA sequences) being associated with

the Kafue–Zambezi clade, whereas the less frequent

lineage (Ht32, *10 % of Lake Chila mtDNA
sequences) was placed within the Chambeshi clade

(Fig. 4; Table S1). The exact origin of the two lineages

remains unclear, and we cannot exclude the possibility
that Pseudocrenilabrus, especially from the Zambezi–

Kafue lineage, have been accidentally translocated in

the course of a stocking event with Oreochromis
macrochir (Thys van den Audenaerde, 1994; Lawrence

Makasa, Fisheries Department Mpulungu, personal

communication). However, this would not affect our
conclusions about the maintenance of genetic and

phenotypic diversity within Lake Chila.

We conducted aMCA based on nuptial colour traits
of males to compare phenotypic diversity between

different Pseudocrenilabrus populations. This ana-

lysis (and theMCA on the Lake Chila population only)
did not result in the clustering of males with respect to

mtDNA lineage assignment or any pattern that would

indicate the presence of distinct morphs, but suggested
a rather extensive colour pattern variation within the

Lake Chila population, distinct from the other popu-
lations included in the analysis (Fig. 2A). Note,

however, that males from Lake Chila that share the

less frequent mtDNA haplotype with fish from the
Uningi Pans (Ht32) showed a distinct phenotype

(Fig. 2A), further rejecting an association between

mtDNA lineage and nuptial colour pattern. The MCA
separated blue and yellow morphs from the Lunzua

River and revealed differences in nuptial colouration,
although with overlapping distributions, among some

of the included populations (e.g. Lake Mweru-Wan-

tipa, Lake Chila and Lunzua River, see Fig. 2A).
The CVA on body shape detected significant

population differentiation for all analysed populations,

with the lacustrine populations from Lakes Mweru-
Wantipa and Chila having shorter heads and deeper

bodies compared to the riverine populations (Fig. 2B),

indicating adaptation to different flow regimes in lake
and riverine habitat (Webb, 1984). The PCA on the

Lake Chila population did not reveal clustering of

distinct phenotypes, rejecting the idea of eco-morpho-
logical divergence within the small lake. However,

due to the bias in sample sizes of lake and stream

populations, we cannot exclude that phenotypic var-
iability of some of the included riverine populations

may be underestimated.

In addition to a lack of discrete colour morphs
within Lake Chila, the population assignment test with

STRUCTURE (based on both datasets with 5 and 6

microsatellite loci) indicated no genetic substructure
within the lake (Fig. 3), suggesting complete admix-

ture between the two divergent mtDNA haplotype

clades (the STRUCTURE analysis did infer distinct
genetic clusters for Lake Chila and the populations

from Lunzua River and Mbulu Creek; see Fig. 3).

Introgressive hybridisation between lineages has
been proposed to facilitate the colonisation of new

environments by increasing genetic variation and

generating unique phenotypes via transgressive seg-
regation (Kolbe et al., 2004; Seehausen, 2004). Such a

genetically admixed ‘hybrid swarm’ often exceeds

morphospace occupation when compared to parental
populations (Lucek et al., 2010; Tobler & Carson,

2010). Thus, selection can act on a broadened working

surface and new, adaptive trait combinations may
enable the exploitation of previously not utilized

niches (Seehausen, 2004).

Stelkens & Seehausen (2009) discovered two
divergent mtDNA lineages in Lake Mweru, a rather

large lake 150 km west of the southern end of LT (see
Fig. 1). In Lake Mweru, one of the mitochondrial

lineages was present in several distinct morphs (the

study reports ‘at least 13 distinct phenotypes’),
whereas the other mtDNA lineage was represented

by a single generalist phenotype only, and appeared to

be generally very rare. The level of reproductive
isolation between these morphs has been shown to
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correlate positively with divergence in nuptial colour
pattern and eco-morphological divergence, but not

with genetic differentiation (Stelkens & Seehausen,

2009). Lake Mweru is much larger (131 km long and
56 km wide) and deeper (max. 27 m deep) than Lake

Chila, and diversification in Lake Chila might be

impeded due to the comparative long-term instability
of the lake and the presumed recency (assuming that

the Kafue–Zambezi haplotypes in Lake Chila result

from unintentional stocking) of the admixture between
the two distinct genetic lineages.

Given the small radiation in Lake Mweru, and the

phenotypic and genetic variability in Lake Chila, it is
puzzling why Pseudocrenilabrus did not diversify in

any of the other lakes of the region despite its presence

in most of the basins (Seehausen, 2006; Stelkens &
Seehausen, 2009).

During several sampling trips to rivers draining into

southern LT (Kalambo, Lunzua and Lufubu), we
observed that Pseudocrenilabrus were present in the

more upstream regions of these rivers, whereas the

dominant cichlid species in the downstream areas was
Astatotilapia burtoni. We never found the two species

in sympatry in any of the rivers (see also Seegers,

1996; Theis et al., unpublished). In Lake Chila,
however, the two species co-occur, although Pseud-

ocrenilabrus are much more abundant and we only

caught A. burtoni in very low numbers and in a
restricted area. Further, A. burtoni were smaller in

body size and less intensively coloured compared to

populations from LT or inflowing rivers (Theis et al.,
unpublished). Lake Chila is located 1,600 m above sea

level and Pseudocrenilabrus cf. philander is known to

be tolerant to temperatures as low as 16 !C (Loiselle,
1982). It seems that under these conditions, P. cf.

philander is able to compete against the apparently

less temperature-tolerant A. burtoni. Competitive
exclusion of the two generalist species in combination

with differing temperature tolerance might also

explain the mutually exclusive distribution ranges of
A. burtoni and P. philander in Zambian rivers. Lake

Mweru, to our knowledge, does not harbour any
‘modern’ haplochromine species, which could partly

explain why Pseudocrenilabrus successfully utilized

the provided ecological opportunities in this lake
(Stelkens & Seehausen, 2009).

Our extended dataset on the P. philander species

complex also provides new insights into the phylog-
eographic relationships of the genus. Overall, our

mitochondrial phylogenetic reconstruction is largely
in line with previous phylogenies from Katongo et al.

(2005) and Koblmüller et al. (2012). However, an

even more complex phylogeographic pattern emerges
with the inclusion of additional samples. Our samples

from the Lufubu River, which were assigned to P. sp.

‘Lufubu A’, grouped together with sequences from
the most basal Pseudocrenilabrus lineage (Koblmül-

ler et al., 2012; Fig. 4). The remaining taxa formed

two major mitochondrial clades, one representing the
Zambezi–Kafue drainage, and the other representing a

lineage of mainly Congolese origin (see Figs. 1 and

4). The new samples from the Upper Luapula area
(locations 19 and 20) were placed within the

Zambezi–Kafue clade, indicating past connections

of the Kafue/Zambezi and Chambeshi watersheds—in
line with the presumed Zambezian influences of the

ecoregion’s ichthyofauna (Jackson, 1961, 1986;

Balon, 1977; Scott, 2005). However, other specimens
from locations 7, 10 and 11, which are part of the

Chambeshi drainage, clustered with samples from

Lake Mweru and Lake Mweru-Wantipa, which are
part of the Congo drainage. The Bangweulu-Cham-

beshi subregion is known to harbour ichthyofaunal

elements from both the Zambezi and Congo (Van
Steenberge et al., 2014), and our phylogenetic infer-

ence demonstrates the occurrence of two mitochon-

drial lineages in the subregion, one belonging to the
Zambezian and the other to the Congo drainage

Pseudocrenilabrus clades. These phylogeographic

patterns are in line with previous studies on other
cichlid species (Joyce et al., 2005; Katongo et al.,

2007) and African tigerfish (Goodier et al., 2011), all

of which imply repeated and fairly recent faunal
exchange between the Zambezi and Zambian Congo

system by capture of entire river systems as well as

small headwater creeks, despite the longstanding
separation of the main courses (Stankiewizc & de

Wit, 2006; Cotterill & de Wit, 2011).

The second Pseudocrenilabrus lineage found in the
Lufubu, P. sp. ‘Lufubu B’, was placed as sister group

to the Chambeshi clade, indicating a second wave of
colonisation of the Lufubu river via the upper Congo

system by a derived haplotype lineage (see also

Koblmüller et al., 2012). Moreover, sequences from
fish collected in Lake Chilwa and Nkhotakota/LM

were resolved in this clade, which suggests a past

connection between the upper Malawi and Chambeshi
drainages, possibly via the Luangwa (note that
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specimens from the Luangwa, Nsefu Lagoon also
grouped in the same clade, Figs. 1, 4; see also Tweddle

& Skelton, 2008).

Our specimens from the Lunzua River and Mbulu
Creek all shared a single mitochondrial haplotype with

previously published sequences (Koblmüller et al.,

2008b, 2012) and were resolved, although weakly
supported, as sister to the Zambezi clade. The

dispersal route of this haplotype between the Lunzua

River and Mbulu Creek is puzzling, given that the
Uningi Pans, which contain a different haplotype, are

located in between both river’s headwaters (see

Figs. 1, 4). The Lunzua and Mbulu, however, might
have been connected downstream during a severe low

surface level in LT (the two rivers enter LT in the

Chituta Bay; McGlue et al., 2008)—or alternatively,
gene flow between the two streams might have been

enabled via past river capture of small headwaters.

The two populations did show genetic differentiation
at nuclear markers, as evidenced by significant

pairwise hST values (Table 1). We also detected

genetic differentiation between the two sampling
locations in Lunzua from 2010 and interestingly, also

between specimens sampled from the same location in

the years 2004 and 2010, corroborating the idea that
genetic bottlenecks induced by strong seasonal vari-

ation of flood plains and small river confluences have a

strong impact on the population dynamics of cichlid
fish in general and on Pseudocrenilabrus in particular

(Koblmüller et al., 2008b; Crispo & Chapman, 2010;

Hermann et al., 2011). In contrast to Koblmüller et al.
(2008b), blue and yellow morphs (both in 2004 and

2010) were not genetically differentiated (Table 1),

which might be explained by the use of a different set
of microsatellite markers.

Taken together, our study reveals a rather complex

phylogeographic pattern and demonstrates introgres-
sion between distant mitochondrial lineages in a basal

haplochromine cichlid, providing additional evidence

for the role of hybridisation in the evolution of
haplochromines (Joyce et al., 2011; Schwarzer et al.,

2012). The occurrence of divergent mtDNA haplo-
types and extensive morphological variation in Lake

Chila, together with the small radiation in Lake

Mweru, which contrast the low genetic and phenotypic
diversity found in rivers, suggest that Pseudocrenila-

brus are more prone to diversify in a lake habitat

providing more ecological opportunity, especially
when more derived ‘modern’ haplochromines are

absent. That Pseudocrenilabrus did not (yet) diversify
further in Lake Chila might be related to the small size

and hence comparative long-term instability of Lake

Chila and the presumed recency of the admixture
between the two distinct genetic lineages.
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Sample	  ID Nr. Species Colour	  
morph

Collection	  
year Locality

Location	  
number	  
(Fig.1)

Drainage Geographical	  coordinates Reference	  (first	  publ.) Collector

Lunzua_T03-‐1-‐D20 1 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1D19 2 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F20 3 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H11 4 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A2 5 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A4 6 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A5 7 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H12 8 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A8 9 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A9 10 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B10 11 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐D17 12 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E1 13 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E4 14 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E5 15 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E7 16 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E8 17 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E9 18 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E10 19 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E11 20 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E12 21 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E13 22 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E14 23 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E15 24 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E16 25 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1E18 26 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F5 27 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G12 28 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1E19 29 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F2 30 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F3 31 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F6 32 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F12 33 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F15 34 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F17 35 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G2 36 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G3 37 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G4 38 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G5 39 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G7 40 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G13 41 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G14 42 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3G20 43 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H1 44 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H2 45 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H3 46 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H4 47 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H5 48 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H7 49 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H8 50 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H9 51 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H10 52 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H14 53 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T04-‐6C19 54 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A10 55 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B3 56 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B4 57 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B5 58 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B6 59 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B7 60 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B9 61 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F10 62 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F7 63 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F8 64 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F11 65 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F13 66 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G1 67 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G8 68 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3G19 69 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H6 70 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H13 71 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T04-‐6C20 72 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A7 73 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_37B4 74 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_37B8 75 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54C6 76 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54C9 77 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D2 78 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D4 79 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D5 80 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D6 81 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D7 82 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A1 83 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A2 84 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A3 85 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A4 86 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D1 87 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A5 88 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54E5 89 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_37A1 90 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_37A3 91 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A6 92 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A7 93 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A8 94 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B1 95 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B2 96 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B4 97 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B5 98 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54E4 99 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54F3 100 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54C7 101 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54F5 102 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54H1A 103 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F1 104 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F2 105 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F3 106 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54I2 107 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F1 108 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54C8 109 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54D3 110 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54D8 111 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F2 112 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F4 113 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F6 114 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F7 115 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F8 116 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F9 117 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54G1 118 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B6 119 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B7 120 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B8 121 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C3 122 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C4 123 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C5 124 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C6 125 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54G4 126 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
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Sample	  ID Nr. Species Colour	  
morph

Collection	  
year Locality

Location	  
number	  
(Fig.1)

Drainage Geographical	  coordinates Reference	  (first	  publ.) Collector

Lunzua_T03-‐1-‐D20 1 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1D19 2 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F20 3 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H11 4 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A2 5 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A4 6 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A5 7 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H12 8 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A8 9 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A9 10 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B10 11 Pseudocrenilabrus	  cf.	  philander blue 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐D17 12 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E1 13 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E4 14 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E5 15 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E7 16 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E8 17 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E9 18 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E10 19 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E11 20 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E12 21 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E13 22 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E14 23 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E15 24 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1-‐E16 25 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1E18 26 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F5 27 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G12 28 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1E19 29 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F2 30 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F3 31 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F6 32 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F12 33 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F15 34 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F17 35 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G2 36 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G3 37 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G4 38 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G5 39 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G7 40 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G13 41 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G14 42 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3G20 43 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H1 44 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H2 45 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H3 46 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H4 47 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H5 48 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H7 49 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H8 50 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H9 51 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H10 52 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H14 53 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T04-‐6C19 54 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A10 55 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B3 56 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B4 57 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B5 58 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B6 59 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B7 60 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2B9 61 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F10 62 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F7 63 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F8 64 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F11 65 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1F13 66 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G1 67 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐1G8 68 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3G19 69 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H6 70 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T03-‐3H13 71 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T04-‐6C20 72 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_T05-‐2A7 73 Pseudocrenilabrus	  cf.	  philander yellow 2004 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E Koblmüller	  et	  al.	  2008b Koblmüller	  et	  al.
Lunzua_37B4 74 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_37B8 75 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54C6 76 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54C9 77 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D2 78 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D4 79 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D5 80 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D6 81 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D7 82 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A1 83 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A2 84 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A3 85 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A4 86 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54D1 87 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A5 88 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54E5 89 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_37A1 90 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_37A3 91 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A6 92 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A7 93 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86A8 94 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B1 95 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B2 96 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B4 97 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_86B5 98 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54E4 99 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54F3 100 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54C7 101 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
Lunzua_54F5 102 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54H1A 103 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F1 104 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F2 105 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F3 106 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54I2 107 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F1 108 Pseudocrenilabrus	  cf.	  philander blue 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54C8 109 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54D3 110 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54D8 111 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F2 112 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F4 113 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F6 114 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F7 115 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F8 116 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54F9 117 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54G1 118 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B6 119 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B7 120 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B8 121 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C3 122 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C4 123 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C5 124 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C6 125 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54G4 126 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
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Lunzua_86C7 127 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C8 128 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C9 129 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D1 130 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D2 131 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54G6 132 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D3 133 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D4 134 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D5 135 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D6 136 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D7 137 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54G8A 138 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D8 139 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86D9 140 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E1 141 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E2 142 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E3 143 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54H2 144 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54H3 145 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E4 146 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E5 147 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E6 148 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54H5 149 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E7 150 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E8 151 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86E9 152 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54H7A 153 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F4 154 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F5 155 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F6 156 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F7 157 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F8 158 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86F9 159 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86G1 160 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86G2 161 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54I3 162 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54E6 163 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_54E7 164 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86B9 165 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C1 166 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
Lunzua_86C2 167 Pseudocrenilabrus	  cf.	  philander yellow 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
37C7b_ bulu 168 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37C9_ bulu 169 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D1_ bulu 170 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D2_ bulu 171 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D3_ bulu 172 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D4_ bulu 173 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D5_ bulu 174 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D6_ bulu 175 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D7_ bulu 176 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D8_ bulu 177 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D9_ bulu 178 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37E3_ bulu 179 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37E4_ bulu 180 Pseudocrenilabrus	  cf.	  philander yellow 2010 bulu	  Cree 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
La e_Chila_DRA5 181 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRA6 182 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRA7 183 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB1 184 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB2 185 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB3 186 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB4 187 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB5 188 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB6 189 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB7 190 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRB9 191 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRC2 192 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRC3 193 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRC5 194 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_DRC6 195 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA1 196 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA2 197 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA3 198 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA4 199 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA5 200 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA6 201 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA7 202 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA8 203 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFA9 204 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB1 205 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB2 206 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB3 207 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB4 208 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB5 209 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB6 210 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB7 211 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB8 212 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFB9 213 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC1 214 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC2 215 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC3 216 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC4 217 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC5 218 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC6 219 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC7 220 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC8 221 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFC9 222 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD1 223 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD2 224 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD3 225 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD4 226 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD5 227 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD6 228 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD7 229 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD8 230 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFD9 231 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE1 232 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE2 233 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE3 234 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE4 235 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE5 236 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE6 237 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE7 238 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE8 239 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFE9 240 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFF1 241 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFF2 242 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFF9 243 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFI2 244 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFI3 245 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFI4 246 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFI5 247 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFI7 248 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
La e_Chila_EFI8 249 Pseudocrenilabrus	  cf.	  philander -‐ 2012 La e	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
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Sample	  ID Nr. Colour	  
matrix

Body	  
shape Species Collection	  

year Locality Location	  
number Drainage Geographical	  coordinates Reference	  

(first	  pub.) Collector

DRA5 1 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRA6 2 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRA7 3 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRB1 4 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRB2 5 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRB5 6 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRB6 7 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRB7 8 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRB9 9 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRC1 10 X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRC2 11 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRC4 12 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRC5 13 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA1 14 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA2 15 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA3 16 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA4 17 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA5 18 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA6 19 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA7 20 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA8 21 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFA9 22 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB1 23 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB2 24 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB3 25 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB4 26 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB5 27 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB6 28 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB7 29 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB8 30 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFB9 31 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFC1 32 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFC2 33 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFC3 34 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFC4 35 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFC5 36 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFD3 37 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFD5 38 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFD7 39 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFD9 40 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFE2 41 X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFE6 42 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFF9 43 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFI2 44 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFI3 45 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFI4 46 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFI7 47 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFI8 48 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFI9 49 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
EFE9 50 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Chila 1 LT 8°50’5.02”S,	  31°22’53.286”E This	  study Salzburger	  Lab
DRA1 51 X X Pseudocrenilabrus	  cf.	  philander 2012 Upper	  Chambeshi	  River 7 CO 9°08’22.634”S,	  31°22’31.097”E This	  study Salzburger	  Lab
DRA2 52 X X Pseudocrenilabrus	  cf.	  philander 2012 Upper	  Chambeshi	  River 7 CO 9°08’22.634”S,	  31°22’31.097”E This	  study Salzburger	  Lab
DRD6 53 X X Pseudocrenilabrus	  sp.'Lufubu	  A' 2012 Lufubu	  River 4 LT 9°03’40.111”S,	  30°55’35.694”E This	  study Salzburger	  Lab
DRD7 54 X X Pseudocrenilabrus	  sp.'Lufubu	  A' 2012 Lufubu	  River 4 LT 9°03’40.111”S,	  30°55’35.694”E This	  study Salzburger	  Lab
DRD8 55 X X Pseudocrenilabrus	  sp.'Lufubu	  A' 2012 Lufubu	  River 4 LT 9°03’40.111”S,	  30°55’35.694”E This	  study Salzburger	  Lab
DRD9 56 X Pseudocrenilabrus	  sp.'Lufubu	  A' 2012 Lufubu	  River 4 LT 9°03’40.111”S,	  30°55’35.694”E This	  study Salzburger	  Lab
DRE1 57 X Pseudocrenilabrus	  sp.'Lufubu	  A' 2012 Lufubu	  River 4 LT 9°03’40.111”S,	  30°55’35.694”E This	  study Salzburger	  Lab
FJA8 58 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJA9 59 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB1 60 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB2 61 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB3 62 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB4 63 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB5 64 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB6 65 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB7 66 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJB8 67 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC1 68 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC2 69 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC3 70 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC4 71 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC5 72 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC6 73 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC8 74 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
FJC9 75 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2013 Lunzua	  River 6 LT 8°57’32.598”S,	  31°10’15.608”E This	  study Salzburger	  Lab
54C7 76 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2010 Lunzua	  River,	  location	  1 6 LT 8°57’38’’S,	  31°10’38’’E This	  study Salzburger	  Lab
54F1 77 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
54F4 78 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
54F5 79 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
54F7 80 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
54I2 81 X Pseudocrenilabrus	  cf.	  philander	  'blue' 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
54I3 82 X Pseudocrenilabrus	  cf.	  philander	  'yellow' 2010 Lunzua	  River,	  location	  2 6 LT 8°57’17.57’’S,	  31°9’42.70”E This	  study Salzburger	  Lab
37D2 83 X Pseudocrenilabrus	  cf.	  philander 2010 Mbulu	  Creek 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
37D9 84 X Pseudocrenilabrus	  cf.	  philander 2010 Mbulu	  Creek 3 LT 8°51’27.83”S,	  31°21’50.04”E This	  study Salzburger	  Lab
FBA1 85 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA2 86 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA3 87 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA4 88 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA5 89 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA7 90 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA8 91 X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBA9 92 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBB7 93 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBB8 94 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBB9 95 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBC1 96 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBC3 97 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBC4 98 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
FBC5 99 X X Pseudocrenilabrus	  cf.	  philander 2012 Lake	  Mweru	  Wantipa 9 CO 8°31’30.708”S,	  30°07’39.99”E This	  study Salzburger	  Lab
IMG_6984 100 X Pseudocrenilabrus	  cf.	  philander 2012 Uningi	  Pans 2 LT 8°55’54.392”S,	  31°21’45.984”E This	  study Salzburger	  Lab
IMG_7006 101 X Pseudocrenilabrus	  cf.	  philander 2012 Uningi	  Pans 2 LT 8°55’54.392”S,	  31°21’45.984”E This	  study Salzburger	  Lab
IMG_7009 102 X Pseudocrenilabrus	  cf.	  philander 2012 Uningi	  Pans 2 LT 8°55’54.392”S,	  31°21’45.984”E This	  study Salzburger	  Lab
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A field based assessment of attack strategy and feeding success 
in the scale eating cichlid fish Perissodus microlepis (Perciformes, 
Cichlidae)

Adrian Indermaurx,	Anya	Theisx	,	Bernd	Egger	x	and	Walter	Salzburger	x	 
X:	Zoological	Institute,	University	of	Basel;	Switzerland

Abstract
Asymmetries are a special case of natural morphological variation and are relatively common 

in	fishes.	
Particularly	 interesting	 cases	 are	 the	 scale-eating	 cichlid	 fish,	 Perissodini,	 from	 Lake	
Tanganyika.	 These	 display	 a	 handed	 foraging	 behavior	 where	 an	 asymmetric	 ‘left’	 mouth	
morph	feeds	on	the	scales	of	the	right	side	of	its	prey	fish	and	a	‘right’	morph	bites	the	scales	of	
the	left	side.	This	morphological	polymorphism	previously	was	hypothesized	to	be	maintained	
via	negative	 frequency	dependent	selection	and	 its	developmental	and	morphological	base	
has	been	studied	extensivly	in	the	last	years.	Despite	these	efforts	it	is	not	known	how	such	a	
polymorphism	can	arise	in	the	first	place.	We	conducted	a	field-based	experiment	reassessing	
attack	 strategies	 under	 semi-natural	 conditions	 and	 evaluated	 feeding	 success	 of	 mixed	
morph populations as opposed to single morph populations of the scale eater Perissodus 

microlepis. We	could	confirm	 laboratory	findings	of	previous	studies	 that	P. microlepis feed 

preferentially on the side of its prey to which its mouth is bent under semi-natural conditions. 

Further	we	could	show	that	mixed	morph	populations	of	P. microlepis have a higher feeding 

success	than	non-mixed	ones	thus	demonstrating	the	selective	advantage	necessary	for	such	
an asymmetrical polymorphism to arise.

Introduction

Morphological variation plays a crucial role for the ecological and adaptive evolution of 

natural	 populations	 (Nosil	 2012).	 This	 variation	 is	most	 often	manifested	 in	 a	 symmetrical	
continuous	trait	variance	among	individuals	within	populations,	but	there	are	also	cases	where	
the	natural	symmetry	 is	broken	and	morphological	asymmetries	are	present	 (Palmer	1994,	
2010).	Particularly	in	fishes,	mouth	asymmetries	seem	to	be	a	rather	common	phenomenon	
(Nakajima	et al.	2004).	Often	these	are	random	asymmetries,	meaning	there	are	right	and	left	
sided	 individuals	 in	a	population	at	a	certain	 frequency	as	opposed	to	dextral-	and	sinistral	
asymmetries,	where	only	the	right	respectively	 left	sided	individuals	are	present	(Van	Valen	
1962;	Palmer	2009,	2010).	
One	of	the	most	fascinating	examples	of	a	random	morphological	mouth	asymmetry	is	found	in	
several	species	of	the	cichlid	fish	tribe	Perissodini,	which	show	an	extensive	mouth	asymmetry	
and	have	become	a	model	organism	and	textbook	example	for	the	study	of	behavioural	and	
morphological	laterality	(Fryer	&	Iles	1972;	Futuyama	2009)	as	well	as	frequency	dependent	
selection	(Hori	1993;	Takeuchi	et al.	2012).	The	Perissodini,	a	group	of	cichlid	fish	(Cichlidae)	
endemic	 to	Lake	Tanganyika	 in	East	Africa,	are	a	 relatively	species	poor	 lineage	with	nine	
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described	species	(Liem	&	Stewart	1976;	Koblmüller	et al.	2007).	They	exhibit	a	particularly	
specialized	feeding	mode	living	on	fish	scales	and	epidermis	to	various	degrees	-	they	range	
from	a	mainly	zooplankton	based	feeding	regime	(Haplotaxodon spp. and Xenochromis heqcui) 

to	almost	exclusively	feeding	on	scales	and	epidermis	as	seen	in	one	of	the	most	specialized	
species,	Perissodus microlepis	(Takahashi	et	al.	2007a;	2007b).
Perissodus microlepis	hunts	and	 feeds	by	ambushing	 its	prey	fish	 from	the	rear,	attack	 the	
flanks	of	 the	victim	and	bites	out	a	single	or	a	bunch	of	scales	and	epidermis.	To	 this	end,	
lurking	 in	shady	spaces	e.g.	 structured	habitats	could	allow	hunting	 individuals’	 to	 improve	
efficiency.	Possessing	a	mouth	morphology	bent	to	either	side	also	enables	Perissodus spp. to 

attack from steeper rear angles and hence increases overall feeding success as prey species 

have	a	lower	probability	of	detecting	and	avoiding	the	attacker	(Takeuchi	et al. 2012). Such 

an	angled	 feeding	morphology	could	go	along	with	a	 lateralized	 feeding	behaviour	as	Hori	
already	suggested	in	his	famous	study	from	1993.	He	observed	in	the	field,	that	 individuals	
with	a	mouth	opening	to	the	right	and	hence	a	longer	left	lower	jaw	(termed	‘lefties’)	seem	to	
attack their prey on its left side while individuals with a mouth opening to the left and hence a 

longer	right	lower	jaw	(termed	‘righties’)	attack	on	the	right	side	accordingly.	This	finding	was	
later	verified	with	a	one-predator-one-prey	setting	in	laboratory	experiments	(Lee	et al. 2012;	
Takeuchi et al. 2012). 

Hori	further	showed	that	natural	populations	of	P. microlepis	fluctuate	around	a	50:50	lefties-to-
righties-ratio with an amplitude of 0.15 and a wavelength of about 5 years. As the mechanism 

maintaining	this	natural	polymorphism,	he	postulated	negative	frequency	dependent	selection	
where	 the	 rare	morph	would	 have	a	 selective	 advantage	over	 the	 common	one.	Prey	 fish	
would	accustom	to	being	attacked	from	one	side	more	often,	driving	them	to	be	more	alert	on	
this	side	creating	a	benefit	and	a	higher	feeding	success	for	the	obverse	oriented	individuals	
(Hori	1993).
Despite	extensive	research	on	the	morphological	laterality	of	P. microlepis,	the	trait	is	still	not	
fully understood and it is not clear what the selective and developmental pathways are that 

lead	to	its	formation	and	persistence.	In	order	to	tackle	these	questions,	a	number	of	recent	
studies	focused	more	on	the	developmental	and	quantitative	aspects	of	this	asymmetry	(Lee	
et	al.	2012;	Kusche	et al.	2012;	Hata	et al.	2013;	Takeuchi	et	al.	2012),	many	of	these	though	
reported	non-concordant	results.	Concerning	the	mouth	morphology	Hori	(1993)	had	described	
it	as	a	bimodal	anti-symmetry	with	no	 intermediate	morphs	present	 for	 the	system,	while	a	
later study empirically stated that natural populations of P. microlepis	exhibit	a	continuously	
unimodal	anti-symmetry	with	no	discrete	dimorphism	(Kusche	et	al.	2012).	However,	this	study	
measured	 the	bending	angle	 solely	 via	 external	measurements	 and	Takeuchi	 et	 al.	 (2012)	
could	show	by	measuring	the	anti-symmetry	using	external	as	well	internal	skeletal	structures	
that	the	trait	indeed	seems	to	have	a	discretely	bimodal	distribution,	which	is	not	detectable	in	
external	examination.	Further	discussions	were	raised	with	regard	to	heritability	and	genetic	
maintenance	of	the	trait.	Examining	wild	caught	broods	and	their	parents,	it	had	been	stated	
that	 a	 Mendelian	 one	 locus	 two	 allele	 mechanism	 controls	 the	 polymorphism,	 where	 the	
lefty	allele	is	dominant,	and	the	dominant	locus	is	homozygous	lethal	(Hori	et al. 2007). The 

same study alternatively suggested the possibility of cross-incompatibility with predominance 

in	 lefty	 homozygotes.	As	main	mechanism	 for	 maintaining	 this	 morphological	 and	 genetic	
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polymorphism,	disassortative	mating	had	been	put	forward	(Takahashi	&	Hori	2008).	Lee	et	al.	
(2010)	later	though	refuted	this	theory,	as	the	authors	found	purely	random	mating	in	natural	
populations.	These	mechanisms	were	also	contradicted	by	Van	Dooren	(2010),	who	showed	
that	not	Mendelian	inheritance,	but	rather	both,	polygenetic	as	well	as	environmentally	plastic	
effects seem to contribute to the formation of the asymmetrical trait. It had been shown that 

morphological	asymmetry	is	very	weakly	expressed	in	juvenile	fish	and	only	fully	forms	during	
development.	Opposed	to	that,	a	handedness	(e.g.	preference	for	one	attack	side)	is	present	
very early in live preceding any morphological laterality and does not seem to change throughout 

live	and	hence	might	facilitate	or	even	induce	the	plastic	formation	of	the	asymmetry	(Lee	et 

al.	2012).	Further	experiments	showed	a	control	group	of	test	fish	to	increase	their	asymmetry	
during	the	course	of	the	experiment	while	a	treatment	group,	which	was	inhibited	from	feeding	
on	their	preferred	side,	did	not	significantly	increase	their	asymmetry.	This	also	strongly	points	
towards	a	unidirectional	plasticity	being	involved	in	the	trait	(Van	Dooren	et al. 2010).

In	summary,	the	exact	mechanisms	of	this	laterality	are	not	yet	fully	understood,	but	the	trait	
is supposed to be the outcome of developmentally plastic processes and environmental 

factors	mediated	by	an	 intrinsic	handedness	e.g.	 the	preference	of	 the	fish	 for	one	side	of	
the	prey.	Considering	evolutionary	timescales,	frequency	dependent	selection	could	very	well	
explain	the	maintenance	of	the	50:50	ratios	in	populations	but	cannot	fully	explain	how	such	a	
polymorphic trait can emerge. 

In	this	study	we	conducted	a	field	based	enclosure	experiment	with	the	scale	eating	cichlid	
P. microlepis under a semi natural setting with interacting communities in Lake Tanganyika 

in	 order	 to	 (i)	 confirm	 laboratory	 one-predator-one-prey	 findings	about	 asymmetrical	 attack	
strategies	and	(ii)	test	the	hypothesis	whether	a	polymorphic	population	would	have	an	overall	
higher	feeding	success	and	hence	a	selective	advantage	over	a	monomorphic	population.	We	
additionally	assessed	the	potential	 influence	of	different	habitat	structures	(rocky	vs.	sandy)	
on the attack strategies as well as on the overall feeding success of P. microlepis. All together 

we	aimed	to	disentangle	causalities	 in	the	evolution	of	this	system,	and	to	demonstrate	the	
selective	advantage	of	such	a	dimorphic	trait,	which	would	be	necessary	to	help	to	explain	how	
such asymmetries can arise in natural populations.

Materials and Methods

The	experiment	was	carried	out	at	Rift	Valley	Tropicals	(S	8°	37’	25.99”;	E	31°	12’	2.86”)	on	the	
southern	shore	of	Lake	Tanganyika	in	northern	Zambia	during	two	field	seasons	in	September	
2012	and	September	2013.	We	used	the	scale	eating	cichlid	fish	P. microlepis as predator and 

as	prey	species	 the	algae	grazing	cichlid	species Interochromis loocki and Tropheus moori 

(Tropheini). They were	caught	by	the	authors	and	local	fishermen	using	monofilament	gillnet	of	
6	mm	mesh	size	by	chasing	the	individuals	and	carefully,	with	least	damage	to	the	scale	cover	
possible	removed	from	the	net	using	snorkelling	and	SCUBA.
Prior	to	the	experimental	setup	fishes	were	kept	species-wise	in	concrete	ponds	(1	x	1	x	1	m)	
to	settle	and	cope	with	the	stress	induced	by	catching	and	general	fish	handling.	Perissodus 

microlepis	individuals	were	scored	by	eye	for	mouth	orientation	since	quantitative	degree	of	
mouth	asymmetry	could	not	be	taken	into	account.	Three	examiners	(AI,	AT	and	WS)	carried	
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out	visual	scoring	independently	in	the	two	discrete	categories	‘lefties’	and	‘righties’.	Perissodus 

microlepis	were	only	used	for	the	experiment	if	all	three	examiners	agreed	on	the	mouth	morph	
and an easily visible laterality was present. 

Experimental Setup 

The	experimental	setup	(Fig.	1)	consisted	of	6	equally	sized	underwater	cages	(2	x	2	x	2	m)	
which	are	made	of	a	hollow	steel	frame	covered	by	a	sturdy	net	with	6	mm	mesh	size.	The	
cages	are	open	to	the	bottom	allowing	for	a	natural	interaction	of	the	fishes	with	the	substrate.	
The	cages	are	distributed	between	6	and	9	m	depth	around	30	m	off	shore.	Half	of	the	cages	
had	a	homogeneous	sandy	ground	while	the	other	half	was	equipped	with	a	rocky	substrate	
similar to natural rocky areas providing lots of potential hiding places for prey and predator 

species	(Fig.	1A).	
In	an	initial	phase	2	experimental	trial	runs	were	carried	out	to	get	familiar	with	the	experimental	
procedure.	During	these	trials	the	state	of	the	fish	as	well	as	the	cages	were	checked	regularly	
to assess feeding rates and account for the speed of predation not to risk an effect of 

oversaturation.	From	this	data,	most	suitable	prey	type	and	experiment	duration	were	defined.	
For	the	experiment	itself	a	total	of	3	rounds	were	performed,	with	each	round	consisting	of	3	
cages in rocky and 3 in sandy habitat. In every round each of the 6 cages was stocked with 

20	prey	specimens	(10	I. loocki and 10 T. moorii)	and	14	predator	specimens	(P. microlepis). 

In	each	habitat	triplet,	one	cage	was	stocked	with	exclusively	right	skewed	P. microlepis	(R),	
one	with	solely	left	skewed	individuals	(L)	and	a	third	one	with	a	mixed	population	(7	lefties	
and	7	 righties;	M)	 (Fig.	1A).	Therefore	we	had	produced	 two	 types	of	population	mixtures:	
monomorphic	experimental	populations	(L	and	R)	and	polymorphic	experimental	populations	
(M).	Assignment	of	 these	groups	 to	 the	cages	was	altered	 in	 rotation	within	habitat	 type	 in	
each	trial	 to	avoid	cage	position	effects.	Prey	fish	as	well	as	predators	were	randomly	size	
distributed	among	the	6	cages	within	each	round.	While	doing	so	we	secured	a	homogenous	
size	distribution	in	every	cage.
Cages	were	sealed	and	 the	experiment	was	 run	 for	3	days.	Afterwards	all	 fishes	were	 re-
caught	using	SCUBA	and	6	mm	mesh	sized	gillnets,	euthanized	and	 immediately	stored	 in	
96% Ethanol for transportation and processing. 

Data assessment 

In	a	first	step	our	aim	was	to	examine	whether	attack	strategy	correlates	with	mouth	asymmetry	
(lefties	feed	more	on	left	prey	side	and	righties	feed	more	on	right	prey	side).	Using	binoculars	
(Leica	S6E	with	LeicaL2	light	source)	prey	fish	were	examined	for	the	amount	of	missing	scales	
on	each	body	side.	Missing	scales	were	assessed	and	counted	by	two	different	examiners	(AI	
and AT). The average of the two counts was then used as value for further transformation in 

order	to	minimize	count	errors.	Where	large	parts	of	the	scale	cover	were	missing	we	excluded	
the	data	of	this	area	on	both	sides	of	the	fish	to	avoid	 introducing	any	possible	bias	due	to	
handling.

In	a	second	step,	the	feeding	success	of	P. microlepis	from	mono-	and	polymorphic	experimental	
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populations was compared. Feeding success was determined as a combination of feeding 

event	(if	predators	were	or	were	not	able	to	feed)	and	intestinal	scale	count	e.g.	the	amount	of	
scales	found,	if	they	were	able	to	feed.	To	this	end	preserved	fish	were	dissected	to	examine	
the content of the intestinal tract and scales were counted if present. Since very little is known 

about the mode as well as the rate of digestion of scales in P. microlepis and digested scales 

form	 a	 homogenous	mass,	we	 only	 counted	 intact	 or	 slightly	 digested	 scales,	which	were	
still	recognizable	as	discrete	entity	being	easy	to	quantify.	We	hence	refrained	from	including	
digested	material	in	the	study.	Counts	of	intestinal	scales	could	be	done	only	once	(AI),	since	
the specimen and its intestine were damaged during dissection. This did not allow for a second 

identical	procedure,	but	we	are	confident	to	rule	out	counting	bias	because	the	scales	are	a	
discrete entity and were very easy visible due to high contrast on black background.

Statistical analyses

To	test	for	a	putative	correlation	between	attack	strategy	and	mouth	morph	(lefties/righties)	of	
the	two	monomorphic	populations	(L/R)	we	categorized	the	absolute	number	of	missing	scales	
into the attack strategies 0 and 1. If more scales were missing on the left than on the right side 

of	a	preys’	flank	it	was	coded	as	1	(predators	strategy	to	attack	more	often	on	the	right	side	
of	the	prey),	and	if	less	scales	were	missing	on	the	left	than	on	the	right	flank	it	was	coded	as	
0	(predator	strategy	to	attack	more	often	on	the	left	side	of	the	prey).	These	attack	strategy	
categories	as	response	variable,	together	with	the	fixed	effects	mouth	morph	(righties/lefties)	
and	habitat	(rocky/sandy)	were	used	to	apply	a	generalized	linear	mixed	model	(GLMM)	with	a	
logistic	link	function	with	the	package	lme4	(Bates	et al.	2014)(See	Supplementary	Table	2A).	
This	model	as	all	further	statistical	analyses	were	done	using	the	statistical	software	R	(v.3.0.2;	
R Core Team 2013). The factor cage was included as a random effect to account for within 

cage dependence of the data. Afterwards the modelled proportion of prey with more scales 

missing on the left side of the body kept in the cages with either only righties or only lefties was 

calculated with the probability-logit-inverse function plogis.

To analyse the feeding success of P. microlepis we applied a hurdle model with the package 

glmmadmb	(Fournier	et al.	2012;	Skaug	et al.	2013)	(See	Supplementary	Table	2B),	which	
separates	the	data	into	two	sets	to	disentangle	on	one	hand	if	the	experimental	populations	
had different proportions of feeding events in general and on the other hand if the intestinal 

scale	count	differed	among	the	ones	that	were	able	to	feed.	For	the	first	part	of	the	hurdle	
procedure	to	describe	the	probability	for	feeding	events	we	fit	a	model	to	the	binary	part	of	
the	data,	which	means	that	all	zeroes	(no	scales	in	stomach)	were	coded	as	0	and	all	non-
zeroes	(scales	in	stomach)	were	coded	as	1.	In	a	GLMM	with	logistic	link	function	we	tested	
if	feeding	events	correlate	with	experimental	populations	mixture	(mono-/polymorphic)	as	
a	fixed	effect.	Cage	was	again	included	as	a	random	effect.	Due	to	the	fact	that	neither	
standard	length	(SL)	nor	habitat	(rocky/sandy)	improved	the	model	significantly	(ANOVA	
model	comparison;	p

with SL
	=	0.6766,	p

with habitat
	=	0.9128),	these	parameters	were	not	included	

as	further	fixed	effects.
In	the	second	part	of	the	hurdle	procedure,	to	compare	the	intestinal	scale	count	of	P. 

microlepis	among	the	experimental	populations	mixtures	(mono-/polymorphic)	a	truncated	
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negative	binomial	distribution	(NB1)	was	fitted	to	the	non-zero	outcomes	of	the	counted	
intestinal	scales.	Additionally	to	the	experimental	populations,	SL	and	habitat	were	included	
as	fixed	effects.	The	factor	cage	was	again	included	as	a	random	effect.	This	model	was	also	
repeated	with	the	logarithmic	prey-predator-ratio	as	an	offset,	after	checking	for	a	correlation	
of	prey-predator-ratio	with	experimental	population.	This	correlation	was	performed	with	a	
GLMM	with	a	logistic	link	function	with	the	package	lme4	(Bates	et al.	2014),	the	additional	
fixed	effect	habitat	and	the	random	effect	cage.	(See	Supplementary	Table	2C)

Results

The	sample	size	of	experimental	individuals	underwent	a	considerable	reduction	due	to	loss	
of prey as well as predator individuals. Of the formerly stocked 252 P. microlepis 162 could 

be	recaptured	at	the	end	of	the	trials	and	of	the	360	stocked	prey	individuals	260	survived	(T. 

moori:	118	of	180;	 I. loocki:	142	of	180;	 for	cage	specific	sample	sizes	see	Supplementary	
Table	1).	In	addition	6	non-stocked	individuals	were	found,	which	were	also	included	in	further	
analysis	 since	 they	 served	as	prey	as	well.	Despite	 the	 reduction	 in	 sample	 size,	 the	 size	
distribution	was	kept	stable	throughout	the	cages	(mean	SL	±	sd;	P. microlepis	=	78.9	±	9.0;	
prey	=	74.9	±	12.2;	for	cage	specific	SL	distribution	see	Supplementary	Table	1).
In	a	first	step	to	examine	whether	attack	strategy	correlates	with	mouth	asymmetry	(lefties	feed	
more	on	left	prey	side	and	righties	feed	more	on	right	prey	side),	prey	fish	from	experimental	
population L and R were scored for the amount of missing scales on each body side. All 207 

recaptured prey individuals showed missing scales. Scale counts revealed a high variability 

from	1	to	109	scales	per	individual	(mean	missing	scales	±	sd	=	16.58937	±	15.09406;	for	cage	
and	experimental	population	specific	scale	information	see	Supplementary	Table	1).	Missing	
scales	were	most	often	not	exclusively	found	on	one	side	of	the	preys’	body:	Only	8	individuals	
showed	missing	scales	exclusively	on	one	body	side	while	the	majority	of	the	207	individuals	
had missing scales on both body sides. The proportion of prey with more scales missing on the 

left	than	on	the	right	body	side	and	vice	versa	were	significantly	influenced	by	mouth	morph	of	
the	predator	(GLMM;	n	=	207,	z	=	6.309,	p	<	0.0001;	Fig.	2A)	and	therefore	seems	to	correlate	
with the attack strategies of P. microlepis - with lefties attacking from the left side whereas 

righties	attacked	from	the	right	side	 in	the	majority	of	cases. Contrarily	 to	mouth	morph,	no	
effect	of	habitat	on	attack	strategy	was	found	(GLMM;	n	=	207,	z	=	1.513,	p	=	0.13).
In the second part we tested whether P. microlepis of polymorphic were more successful than 

monomorphic	experimental	populations	with	regard	to	feeding	events	and	number	of	ingested	
scales. The dissection of the 162 P. microlepis intestines revealed that only 106 individuals 

were able to succeed at a recent feeding event and therefore contained intestinal scales 

(monomorphic	 experimental	 populations:	 66	 of	 111	 individuals;	 polymorphic	 experimental	
populations: 40 of 51 individuals). Perissodus microlepis therefore had a higher probability for 

feeding	events	if	they	were	kept	in	cages	with	polymorphic	experimental	populations	than	the	
ones	in	the	cages	with	only	monomorphic	experimental	populations	(GLMM;	n	=	162,	z	=	-2.32,	
p	=	0.0204;	Fig.	2B).	
The intestinal scale count of the 162 successful P. microlepis individuals shows a range of 

1	to	44	scales	(mean	intestinal	scales	±	sd,	range;	mixed	experimental	populations	=	7.0	±	
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6.8,	 1-31;	 single	 experimental	 populations	=	 7.5	 ±	 8.1,	 1-44;	 for	 details	 on	 intestinal	 scale	
count information per cage see Supplementary Table 1). Even though polymorphic morph 

experimental	populations	did	have	a	higher	feeding	success	due	to	a	higher	chance	of	feeding	
events,	it	seems	that	they	could	not	individually	feed	on	more	scales	than	the	monomorphic	
morph	 experimental	 populations.	 The	 intestinal	 scale	 count	 of	 the	 successfully	 feeding	P. 

microlepis	was	only	found	to	be	significantly	influenced	by	SL,	but	neither	by	population	mixture	
nor	by	habitat	(GLMM;	n	=	106,	zexperimental	population	mixture	=	0.32,	pexperimental	population	mixture	=	0.7470;	zSL

 

=	-2.13,	p
SL 
=	0.033;	z

habitat
	=	-1.36,	p

habitat
= 0.1730).

These results must be treated with caution since number of intestinal scales is the response 

variable,	which	could	be	influenced	by	the	variable	predator-prey-ratio	(Supplementary	Table	1).	
Including	predator-prey-ratio	as	a	correction	we	find	that	polymorphic	experimental	populations	
do	have	a	higher	feeding	rate	than	monomorphic	experimental	populations	(GLMM;	n	=	106,	
z	=	-3.17,	p	=	0.0015).	Again,	the	feeding	rate	was	significantly	influenced	by	SL,	but	not	by	
habitat	(GLMM;	n	=	106;	z

SL
	=	-2.81,	p

SL
	=	0.0049;	z

habitat
	=	-1.75,	p

habitat 
=	0.0801).	However,	

this	 correction	 for	 predator-prey-ratio	 could	 have	 created	 these	 results	 artificially	 by	 acting	
as a confounding factor: Due to the limited replicate number the average predator-prey-ratio 

is	coincidentally	much	 lower	 in	polymorphic	experimental	populations	 than	 in	monomorphic	
experimental	 populations,	which	was	 not	 explainable	 by	 habitat	 (GLMM;	 n=	 106,	 zexperimental	
population	mixture		=	3.131,	pexperimental	population	mixture		=	0.0017;	zhabitat

	=	0.059,	p
habitat

 = 0.9530) and therefore 

the correlations of predator-prey-ratio with the response variable intestinal scale count and the 

fixed	effect	experimental	population	mixture	can	not	be	disentangled.	The	models	with	and	
without offset were represented by nearly identical AIC values and should both be taken into 

account	(see	Supplementary	Table	2).
Integrating	the	two	steps	of	the	hurdle	model,	we	demonstrate	that	the	polymorphic	experimental	
populations of P. microlepis	have	a	higher	feeding	success	than	monomorphic	experimental	
populations. This is attributable to a higher probability on feeding events but possibly also to a 

potential increase in intestinal scale count.

Discussion 

In	this	study	we	conducted	a	field	based	enclosure	experiment	in	a	semi-natural	environment	
to reassess attack strategies and feeding success of P. microlepis populations. 

By	firstly	examining	the	missing	scale	data	on	the	prey	fishes,	we	clearly	confirm	laboratory	
findings	on	attack	strategy	of	previous	studies	(Takeuchi	et al.	2012;	Lee	et al. 2012) that also 

under	semi-natural	circumstances	and	with	community	interactions,	the	two	ecological	mouth	
morphs of P. microlepis	show	a	preference	of	feeding	on	their	respective	suitable	side	(e.g.	
lefties	feeding	preferably	on	the	left	flank	while	righties	feed	more	on	the	right	side	of	the	prey	
species)	(Fig.	2A).	Seeing	scales	also	missing	from	the	not	preferred	flank	of	both	prey	fish	
species	is	in	relative	contrast	to	other	studies,	which	have	shown	this	preference	to	be	quite	
strong	and	in	some	cases	rather	exclusive.	With	relatively	few	(20%	in	Takeuchi	et	al.	2012),	
or	no	attacks	directed	to	the	‘wrong’	flank	(Lee	et al. 2012). This difference might arise through 

the one-predator-one-prey set up of other studies conducted so far. It seems easily imaginable 

that the predator has to refrain from its optimal hunting strategy under semi-natural or natural 
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conditions,	where	fishes	encounter	each	other	in	differing	orientations	on	multiple	occasions.	
Contrarily	(or	additionally)	it	might	be	an	indication	that	our	setup	provided	P. microlepis with 

more opportunity for strike due to the slightly elevated prey density compared to natural 

communities	as	well	as	the	lack	of	dilution	by	other	species	(Sturmbauer	et al. 2008).

In a second step by counting the scales from the intestines of P. microlepis we estimated overall 

relative feeding success of the mono- and polymorphic populations while feeding success is 

made	up	of	 two	 factors,	which	we	analysed	separately:	 (i)	 the	opportunity	 to	 feed	e.g.	 the	
actual	feeding	events	and	(ii)	the	amount	of	intestinal	scales	per	fed	predator.	
The opportunity to feed was higher in P. microlepis living in a polymorphic population than 

in individuals from monomorphic populations and therefore it seems that they have an 

increased	 chance	 of	 striking	 an	 attack	 (Fig.	 2B).	This	 seems	 to	 be	 attributable	 to	 the	 fact	
that in a polymorphic populations of P. microlepis prey species have much less chance to 

adapt to the attack strategies of the scale eater. This would support the hypothesis of negative 

frequency	dependent	selection	acting	on	polymorphic	populations	of	P. microlepis	(Hori	1993).	
Another	explanation	could	be	that	 the	polymorphic	populations	theoretically	have	access	to	
a	 proportionally	 larger	 area	 of	 prey	 surface	 (scales)	 as	 opposed	 to	 a	 purely	monomorphic	
population where only half of the prey surface is available for optimal hunting strategy and 

hence this would be a density dependent effect.

In the case of intestinal scale count it was less clear if P. microlepis from polymorphic 

populations have an advantage over individuals from monomorphic populations. The fact 

that	smaller	sized	P. microlepis	had	a	higher	 feeding	rate	 than	 larger	ones,	which	could	be	
due	 to	 the	 lower	 intimidation	 effect	 of	 smaller	 individuals,	was	 consistent	 but	 the	 increase	
in the amount of fed scales from individuals of polymorphic populations was only visible if 

the different prey-predator-ratios were incorporated as a correction in the analyses. These 

differences	in	the	ratio	of	prey	to	predator	arose	through	varying	sample	sizes	per	cage	due	
to	 loss	of	experimental	 individuals,	 this	had	several	 reasons	which	were	difficult	 to	avoid	 in	
semi-natural	setups:	(i)	experimental	cages	are	set	up	at	6	to	9	meters	depth.	Even	though	
this is well within the depth distribution of both P. microlepis and our prey species I. loocki and 

T. moorii	(Muschick	et al.	2012)	we	had	to	recompress	the	fish	in	order	to	stock	the	cages.	
Perissodus microlepis proved to be rather sensitive to this procedure and some individuals 

might	have	died	 from	compressed	swim	bladder.	 (ii)	Confined	space	might	have	promoted	
territorial	disputes	with	diminished	opportunity	of	escape	and	caused	the	fish	to	fight	and	injure	
each other. Because prey-predator-ratio was found to be a confounding factor and correlated 

both	with	feeding	success	but	as	well	with	experimental	population	mixtures,	it	was	unsecure	
to	 correct	 for	 it	 in	 the	 model.	Without	 this	 correction	 we	 could	 not	 confirm	 the	 previously	
found	 increase	of	 the	 intestinal	scale	count	of	polymorphic	populations.	Nevertheless,	even	
without an elevated intestinal scale count e.g. without the individual specimens being able to 

feed	more,	the	increased	possibility	for	a	feeding	event	alone	would	be	enough	to	provide	a	
significant	selective	advantage	for	a	polymorphic	population	over	a	monomorphic	one	since	
this corresponds to a increased feeding rate over time. Such a selective advantage would act 

as promoter in natural populations and drive divergent selection between the two morphs of P. 

microlepis in	an	initial	phase	of	trait	divergence.	Negative	frequency	dependent	selection	as	
demonstrated	by	Hori	(1993)	seems	to	be	the	stabilizing	force,	which	keeps	populations	at	an	
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equal	morph	ratio.	In	a	sense	P. microlepis populations can be seen as divergent populations 

that persist in one interbreeding species since the selective advantage of the trait arises though 

the intrinsic bimodality. 

Habitat	did	not	seem	to	have	an	effect	on	neither	the	attack	strategy	nor	the	overall	feeding	
success of P. microlepis.	 This	 is	 somewhat	 surprising	 since	 we	 had	 expected	 to	 see	 an	
effect	of	habitat,	either	decreasing	feeding	success	of	P. microlepis	because	prey	fish	have	
the	opportunity	to	hide	from	the	predator	or	contrarily,	increasing	feeding	success	due	to	the	
possibility of P. microlepis to attack its prey from an ambush. Not seeing any effect might be 

due to the above-mentioned effects offsetting each other on the one hand or could be an 

artefact	of	limited	sample	size	with	respect	to	habitat	on	the	other	(3	replicates).	It	could	also	
be that the feeding behaviour of P. microlepis in natural settings does not depend on or even 

benefit	from	richly	structured	habitats	and	that	the	individuals	rely	much	more	on	the	evaluation	
of the preys behaviour.

Irrespectively,	the	effect	of	habitat	with	regard	to	feeding	strategy	should	be	re-evaluated	with	
a larger number of replicates in this setting. Further investigations in this study system should 

focus on the issue of the degree of disassortative mating within the species since previous 

studies	have	yielded	inconclusive	results	on	this	(Takahashi	&	Hori	2008;	Kusche	et al. 2012). 

Along with this the genetic basis of the trait should be investigated in order to make predictions 

about population dynamics with respect to the mouth morphology.

Overall we could show that P. microlepis do,	also	in	semi-natural	settings,	preferably	but	not	
exclusively	attack	prey	species	on	the	flank	corresponding	to	their	mouth	laterality.	This	confirms	
experimental	studies	of	the	past	and	confirms	their	validity	for	natural	settings.	Secondly	we	
were able to empirically demonstrate that polymorphic populations of P. microlepis seem to 

have	a	higher	probability	for	feeding	success	than	monomorphic	populations,	probably	mainly	
attributable to an increased probability of feeding events. The selective force resulting from 

such a strong ecological advantage might be the driving force in the formation of asymmetrical 

mouth polymorphism of P. microlepis and potentially also other asymmetrical scale eaters from 

Lake Tanganyika.
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Figure 1	Schematic	view	of	the	experimental	set	up	(A)	and	underwater	photograph	of	one	
of	the	cages	(B).

Figure 2 (A) Proportions of missing scale on the left body side of the prey species for each 

mouth	morph.	(B)Probability	for	a	feeding	event	for	mixed	and	single	morph	populations.
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  Chapter 7 

A
Q1

glmer(attack_strategy ~ experimental_population + habitat + (1|cage), data = missing_scales_binomial, family = "binomial")

B
Q2.1

glmmadmb(feeding_event ~ experimental_population_mixture + (1|cage), data = stomach_scales_binomial, family = "binomial")

Q2.2
glmmadmb(intestinal_scale_count ~ experimental_population_mixture + SL + offset(log(prey_predator_ratio) + (1|cage), data = subset(intestinal_scale_count_numeric > 0), family = "truncnbinom1") 
glmmadmb(intestinal_scale_count ~ experimental_population_mixture + SL + (1|cage), data = subset(intestinal_scale_count_numeric > 0), family = "truncnbinom1") 

Supplementary Table 2:





Discussion

The	major	aim	of	my	thesis	was	to	 improve	the	current	state	of	knowledge	on	East	
African	cichlid	fishes	in	the	thematic	framework	of	comparative	ecology	(part	one	and	
three) and to point out the importance of phylogeographic studies of riverine cichlid 

taxa	in	the	region	and	across	Africa	(part	two).

In part one	of	my	thesis	(Comparative	Ecology)	I	deal	with	the	concept	of	convergent	
evolution where similar phenotypes arise in divergent lineages as a result of similar 

ecological and hence selective forces acting. This concept had been put forward as a 

major	indicator	for	adaptive	radiations	(McGhee	2007)	since	convergent	cases	strongly	
support	 the	ecological	 ‘adaptiveness’	 in	 the	diversity	of	a	given	 trait	 (Osborn	1902).	
Further support is gained by theoretical work predicting convergence to be common in 

species	rich	communities	such	as	adaptive	radiations	(Scheffer	2006,	Terhorst	2010).

In Chapter 1	(Muschick	et	al.	2012)	we	present	the	to	date	most	extensive	analysis	of	a	
cichlid	adaptive	radiation.	We	discover	multiple	instances	of	convergent	morphologies	
both	in	body	shape	and	trophic	morphology.	We	also	show	that	similar	morphologies	are	
related	to	a	connected	specific	habitat	and/or	resource	use.	We	show	that	convergent	
forms	of	distantly	related	species	do	temporally	and	spatially	coexist.	We	conclude	that	
such	ecological	overlap	might	be	a	possible	explanation	 for	 the	extremely	elevated	
taxonomic	diversity	in	East	African	cichlid	species	flocks.

In Chapter 2	(Colombo	et	al.	2012)	we	applied	phylogenetic,	demographic,	geometric	
morphometric,	ecological	and	comparative	gene	expression	data	to	study	a	case	of	
convergent	evolution	in	the	thick	lip	trait	of	cichlid	fishes.	Opposed	to	studies	focusing	
on	species	within	adaptive	radiations,	we	here	compare	two	species	from	independent	
radiations on different continents to investigate the degree of convergence and its 

ecological and developmental implications between less related species belonging to 

separate	radiations,	but	with	a	stronger	focus	on	the	convergent	trait	itself.
We	 report	 that	 very	 similar	morphological	 (body	 shape)	 and	 ecological	 (preference	
for hard shelled food) adaptations are associated with the thick-lipped phenotype. 

Further	comparative	Illumina	RNA	sequencing	yielded	a	strong	set	of	candidate	genes	
showing	similar	expression	patterns	in	the	two	species,	indicating	similar	developmental	
pathways,	which	could	be	independent	of	phylogenetic	background.

Ecological background data of natural systems is a vital part of investigating adaptive 

radiations	 and	 convergent	 evolution	 (Gavrilets	 and	 Losos	 2009).	 This	 is	 especially	
crucial if one wants to investigate radiations and speciation in general on a theoretical 

basis,	as	modelling	of	such	events	requires	detailed	ecological	system	information.	

In Chapter 3	(Dittmann	et	al.	2012)	we	infer	estimates	of	population	sizes	by	means	of	
line transect surveys in two small crater lakes in Nicaragua which each harbour their 

own	adaptive	 radiation	with	convergent	 forms.	We	 found	 the	 total	number	of	fishes	
to	be	much	higher	 for	Laguna	Xiloa	 than	Laguna	Apoyo.	We	discuss	the	ecological	
implications	of	this	finding,	and	suggest	that	these	differences	could	be	due	to	a	higher	
trophication level or increased ecological opportunity as result of different habitat 

structure.The abundance and density estimates resulting from our data are a valuable 

source of information for future studies that aim at modelling ecological speciation and 

adaptive radiation.
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Discussion

In part two	 (Phylogeography)	 I	 combine	 studies	 emphasizing	 the	 importance	 of	
understanding	 the	phylogeographic	patterns	of	 the	cichlid	fishes	of	 the	East	African	
river	 system	 on	 the	way	 to	 fully	 understand	 the	 history	 and	 extent	 of	 the	 stunning	
African cichlid diversity.

In Chapter 4	 (Meyer,	 Indermaur	 et	 al.	 2014)	 we	 investigate	 the	 phylogenetic	
relationship	 of	 a	 newly	 discovered	 species	 of	 cichlid	 fish	 form	 the	 southern	 Lake	
Tanganyika	basin.	Using	an	extensive	backbone	of	published	sequences	from	a	wide	
array	of	haplochromine	species	we	were	able	to	concisely	place	the	species/lineage	
at the base of the lake Victoria Region Super Flock in sister-group position to some 

of the Lake Kivu species. This is surprising considering that the large radiations are 

thought to be of monophyletic origin and not to share any species i.e. independently 

evolved	genetic	variation	among	each	other.		A	recent	study	based	on	SNP	data	(Loh	
et	al.	2012)	 reported	 large	amounts	of	genetic	variation	being	shared	across	major	
cichlid radiations and put forward the concepts of ancient shared polymorphism or 

the recently popular idea of transporter species which might maintain overall genetic 

diversity	through	sequential	dispersal	events	(Schluter	&	Conte	2009)
On the basis of a network analysis we reconstruct the hypothetical pathway the lineage 

used	 for	 it’s	 dispersal	 throughout	 East	African	 river	 systems	 originating	 well	 within	
the	 Lake	Victoria	 basin	 and	 reaching	 Lake	Tanganyika	 basin.	 To	 qualify,	 as	 a	 true	
transporter	dispersing	species	must	exhibit	the	possibility	of	introgression	in	to	other	
systems	e.g.	species	flocks.	In	the	present	case	this	question	is	not	fully	resolved	but	
there is evidence that reproductive isolation between the lineages is not strong enough 

(Stelkens	et al.	2010)	qualifying	 the	present	case	as	valid	candidate	 for	 the	 further	
study of the transporter hypothesis.

Chapter 5	 (Theis	et	al.	2014)	 investigates	 the	degree	of	ecological	divergence	of	a	
riverine	cichlid	species,	which	are	found	in	affluent	rivers	of	Lake	Tanganyika	as	well	
as the river deltas and suited parts of the lake proper. Along this ecological gradient 

several populations of Astatotilapia burtoni are investigated in four different replicated 

river	systems.	Genetic	relations	of	the	sampled	populations	are	assessed	and	we	find	
patterns of isolation by distance along the lakeshore while this pattern cannot be found 

along	 the	 rivers.	Further,	we	find	ecological	divergence	 in	body	shape	 (streamlined	
body shape in relation to elevated water current) ingested foods and related trophic 

morphology comparing lacustrine and riverine populations. The lack of correlation 

between genetic and morphological traits indicates a high degree of ecological 

adaptation of the species to the respective habitats. Along the same lines divergence 

in	 the	 different	 river	 systems	 could	 be	 seen	 as	 first	 steps	 in	 convergent	 ecological	
evolution	(McGhee	2007).	

In Chapter 6	(Egger	et	al.	2015)	we	studied	a	recently	discovered	population	of	the	
basal haplochromine cichlid Pseudodrenilabrus cf. philander from Lake Chila in northern 

Zambia.	We	discovered	two	distinct	and	phylogenetically	distant	mitochondrial	lineages,	
which are neither divergent with respect to nuclear genetics nor in morphological 

traits	 (body	coloration).	For	 further	examination	we	placed	 the	species	 in	a	broader	
phylogeographic	framework	by	greatly	expanding	species	and	location	sampling	from	
existing	 studies	 (Katongo	 et	 al.	 2005,	 Koblmüller	 et	 al.	 2012).	We	 do	 not	 find	 any	
nuclear	 genetic	 divergence	within	 the	 Lake	Chila	 population.	By	 observing	 the	 fish	
we	hypothesize	 this	 lacustrine	 population	 to	 be	 ecologically	 divergent	 compared	 to	
the otherwise mainly riverine populations of P. cf. philander. This idea seems to be 

strengthened by other studies reporting considerable ecological divergence in other 

lake	habitats	colonized	by	P. cf. philander	(Stelkens	&	Seehausen	2009)
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In part three	of	my	thesis	I	deal	with	a	special	case	of	morphological	diversity,	namely	
asymmetrical polymorphisms.

Chapter 7	 (Indermaur	 et	 al.	 in	 preparation)	 is	 concerned	 with	 a	 special	 case	 of	
morphological variation within natural populations – asymmetry. Asymmetries are a 

widely	studied	phenomenon	and	are	fairly	common	in	fish	(Palmer	1996,	2010,	Nakajima	
2004). Particularly peculiar cases of asymmetry are the endemic scale eating cichlids 

of	Lake	Tanganyika,	which	exhibit	a	 lateralized	 feeding	behaviour	where	 individuals	
feed	from	the	flanks	of	prey	species	in	an	optimized	way	by	attacking	only	the	side	to	
which	 their	mouth	 is	 tilted.	The	maintenance	of	 this	polymorphism	was	emphasized	
as	a	strait	forward	example	of	negative	frequency	dependent	selection	by	Hori	(1993)	
and hence gained a lot of attention. Later studies discussed dissasortative mating as 

mechanisms	of	polymorphism	maintenance	(Takahsasi	&	Hori	2008)	and	an	array	of	
other studies focused mainly on the morphological and ontogenetic properties of the 

trait putting forward the rather uni- than bimodal distribution of the trait and fact that 

innate handedness of young via plastic development seems to be the basis of the trait 

rather	then	genetic	determination	(Kusche	et	al	2012,	Van	Dooren	et	al.	2010).
On	the	background	of	such	extensive	work	in	the	system	it	seems	surprising	that	so	
far	nothing	is	known	about	the	emergences	of	this	polymorphism.	In	a	field	experiment	
using	the	highly	specialized	scale-eater	P. microlepis we here compare predator-prey 

dynamics	 of	 purely	 left	 respectively	 right	 morph	 populations	 against	 mixed	 morph	
populations.	We	show	that	mixed	morph	populations	have	greater	 feeding	success.	
This	finding	 indicates	the	selective	advantage	of	a	polymorphic	population	and	thus	
might	 be	 the	 force	 enabling	 the	 emergence	 of	 such	 a	 symmetrical	 polymorphism,	
which	 is	 then	maintained	by	either	 frequency	dependent	 selection	or	dissasortative	
mating or both.

Summarizing	 the	 above	 in	 my	 thesis,	 I	 believe	 I	 was	 able	 to	 make	 substantial	
advancements	 to	 the	 understanding	 of	 the	 exceptionally	 high	 diversity	 of	 the	 East	
African	cichlid	species	flocks	and	cichlid	fishes	in	general.	

The	main	findings	being:

-	I	identified	the	study	of	convergent	evolution	as	a	mean	to	understand	the	exceptionally	
high	species	number	of	the	East	African	great	lakes	in	the	light	of	ecological	exclusion.

- I added to the understanding of the importance of riverine cichlid lineages for the 

patterns of past and future evolution in East African cichlid assemblages.

- I contributed to the knowledge on the selective regimes of asymmetrically polymorphic 

scale-eater populations from Lake Tanganyika.
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