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INntroduction

Humankind seeks for explanations to describe the evolution of the astonishing biodiversity surrounding
us. To understand organismal diversity, we first need to understand the evolutionary processes underlying
it. However, we are still struggling with Darwin’s ‘mystery of mysteries’ (Darwin 1859), that is to understand
how and why new species form (Coyne & Orr 2004). The establishment of reproductive isolation between
divergent populations can evolve through barriers in post- (Snook et al. 2009) and pre-copulatory sexual
selection (Darwin 1871). The two fundamental modes of Darwinian sexual selection are contests for
mates (intrasexual selection) and mate choice by the opposite sex (intersexual selection) (Darwin 1871).
Even though reproductive isolation could arise through sexual selection alone, it was hypothesized that
it functions most effectively in conjunction with selection for species recognition or ecological selection
(Ritchie 2007). Speciation through ecological selection drives adaptive diversification into a variety of
ecological niches, which is described as ‘adaptive radiation’ in evolutionary groups that have exhibited
exceptional extent of diversification (Schiuter 2000).

A textbook example of adaptive radiations and, therefore, an ideal system to study diversification are
the perciform fishes of the family Cichlidae (e.g. Maan et al. 2006; Seehausen et al. 2008; Salzburger
2009). Their rapid speciation resulted in an estimated number of around 3’000 species (Snoeks 1994;
Turner et al. 2001), turning cichlids into the most species-rich family of vertebrates (Salzburger & Meyer
2004; Salzburger 2009). Cichlids are distributed across South and Central America, Africa and parts of
India. This distribution suggests a Gondwanian origin of the group (Salzburger 2009). Their centre of
diversity, however, lies in the East African Great Lakes, which harbour extremely diverse and species-
rich flocks of cichlid fishes and are therefore a prime model system in evolutionary biology (Meyer 1993;
Turner et al. 2001; Seehausen 2006). In addition to the extrinsic environmental factors such as geologic
and climatic events creating novel ecological niches (Fryer & lles 1972; Sturmbauer 1998; Sturmbauer
et al. 2001), several evolutionary key innovations have been hypothesized to have played a role in their
rapid speciation and adaptations to a variety of ecological niches. Of particular importance are the special
pharyngeal jaw apparatus (Fryer & lles 1972; Liem 1973), the highly complex reproductive behaviour
(Fryer & lles 1972; Goodwin et al. 1998; Kornfield & Smith 2000) and the wealth of colour morphs. It
was shown that colour and pigmentation patterns seem to play a central role in the explosively radiating
cichlid fish lineages in the East African Great Lakes in general, and in haplochromine cichlids in particular
(Seehausen et al. 1999; Kocher 2004; Turner 2007; Salzburger 2009). Haplochromines comprise about
80% of East African cichlid species including the entire species flocks of lakes Victoria and Malawi, the
tribe Tropheini from Lake Tanganyika and many riverine species (e.g. Turner et al. 2001; Salzburger et
al. 2005). Interestingly, all haplochromines are maternal mouthbrooders, with females incubating their
offspring — until fully developed — in their buccal cavities (e.g. Fryer & lles 1972; Salzburger et al. 2005). This
special breeding behaviour evolved several times during cichlid evolution (Goodwin et al. 1998), but only
the ‘modern haplochromines’ show a derived polygynous or polygynandrous maternal mouthbrooding
system with males displaying the so-called egg-spots on their anal fins (Fryer & lles 1972; Salzburger et



al. 2005, 2007).

These ovoid markings consist of a transparent outer ring encircling a brightly coloured yellow, orange
or reddish centre (Wickler 1962; Fryer & lles 1972). The conspicuous central area is formed by two
chromatophore cell types, xanthophores and iridophores (Salzburger et al. 2007; Santos et al. 2014).
Even though this trait is proposed to be a putative key innovation mediating the evolutionary success of
haplochromines (Salzburger et al. 2005; Salzburger 2009), their function is not fully understood. Several
hypotheses exist that seek to explain the function of egg-spots: Wickler (1962) associated the function of
egg-spots with the special mouthbrooding behaviour, and suggested that egg-spots mimic real eggs and
function as an attracting signal during courtship and as releasers for egg-uptake and, hence, to maximize
fertilization. Support for Wickler's hypothesis was only found with respect to the function in courtship
since females of the species Astatotilapia elegans and Pseudotropheus (Maylandia) aurora preferred to
lay batches with males with many egg-spots (Hert 1989, 1991), whereas females of Pseudotropheus
(Maylandia) lombardoi preferably chose males with an artificially enlarged egg-spot over males with
one natural or many egg-spots (Couldridge 2002). However, there was no influence of egg-spots on
fertilization rate (Hert 1989). Further doubts about the egg mimicry hypothesis arose because egg-spots
often do not resemble size, shape and colour of a species’ actual eggs (Jackson & van Lier Ribbink 1975;
Goldschmidt 1991). This mismatch between real eggs and egg-spots may be due to a trade-off between
attractiveness towards females and conspicuousness for predators (Goldschmidt 1991). An alternative
explanation could be that egg-spots serve as species recognition signal (Axelrod & Burgess 1973).

So far, the results from studies that aimed to evaluate the function and selection pressures on egg-
spots are scarce, rather inconsistent and raise the necessity for new experimental work on their mode
of action and their evolutionary origin. Part 1 of my thesis is therefore dedicated to the evolution and
function of egg-spots. The first manuscript focuses on the evolutionary origin of anal fin egg-spots,
more specifically, we tested the hypothesis whether a sensory bias has triggered the evolution of
egg-spots in cichlid fishes (1.1). Mate choice trials were conducted to see if females of the basal
haplochromine Pseudocrenilabrus multicolor (naturally showing no true egg-spot on its anal fin) prefer
computer-animated photographs of males with an artificially added egg-spot. Additionally, colour
preferences (outside a mating context) were tested in a phylogenetically representative set of East African
cichlids.

The next two chapters focus on the putative function of egg-spots in sexual selection in the two
haplochromine species Astatotilapia burtoni (1.2 The function of anal fin egg-spots in the cichlid fish
Astatotilapia burtoni) and Astatotilapia calliptera (1.3 Egg-spot pattern and body size asymmetries
influence male aggression in haplochromine cichlid fishes), which both exhibit several egg-spots on
their anal fin. In both species, mate choice trials were conducted to test if females prefer to lay eggs with
males with many egg-spots over males with fewer or no egg-spots. Since carotenoid based colouration
can be indicative for the health and strength of its bearer (e.g. Endler 1978, 1980; Hill 1992), egg-spots are
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Figure 1 Astatotilapia burtoni female (left) and male (right), showing the egg-spots on its anal fin.



also a prime example to examine if there is a function in intrasexual selection. Therefore, male aggression
experiments were conducted in both species to test if egg-spots could play a role in the assessment of
an opponent’s strength.

Visual signals will most probably not only diverge due to sexual selection, but might be influenced by
their environment and are therefore expected to evolve to a point where viability costs balance mating
advantage (Darwin 1871; Zahavi 1975; Endler 1978; Andersson 1994). To examine how the egg-spot
phenotype can be influenced by sexual and ecological selection, the next manuscript examines the
variation of anal fin egg-spots along an environmental gradient in a haplochromine cichlid fish
(2.1). This project constitutes the first of two studies of Part 2 describing adaptive divergence in lake-
stream systems in A. burtoni. This species represents an ideal model organism to address questions
about adaptive divergence in lake-stream systems in cichlids, since A. burtoni is one of only few cichlid
species, which inhabits shallow zones of one of the East African Great Lakes as well as rivers and streams
surrounding it (Fernald & Hirata 1977; Kullander & Roberts 2011). Populations of lacustrine and riverine
habitats of four lake-stream systems were examined with regards to sex- and habitat-specific differences
in egg-spot characteristics such as number, size and colouration. Finally, we tested for an association
between the conspicuousness of male egg-spots and underwater light environment as well as the status
of the immune system.

However, not only visual signals - like egg-spots - can adapt to the respective environmental conditions,
but lake-stream systems are also a unique system to study how populations experiencing different
environmental conditions may diverge in general. So far, adaptive divergence in cichlids has mainly been
investigated within lakes, e.g. along depth or habitat gradients (see e.g. Barluenga et al. 2006; Seehausen
et al. 2008). The A. burtoni setting should therefore be established as the first lake-stream system in
cichlids, which is described in the second study of Part 2 (2.2 Adaptive divergence between lake
and stream populations of an East African cichlid fish). Here, we first established phylogeographic
relationships and assessed the population structure as well as body shape differences in over 20 A.
burtoni populations from the southern part of Lake Tanganyika. In a second step, we focused on four
lake-stream systems in detail (the same systems as in chapter 2.1) and, in addition to the body shape and
population-genetic surveys, we quantified other ecologically relevant traits (gill raker and lower pharyngeal
jaw) as well as stomach contents. To test whether the shifts in the examined traits reflect ecologically
based adaptive divergence (Berner et al. 2009; Harrod et al. 2010), we tested for an association between
morphological variation and environmental factors, such as resource use and water velocity. Finally, a
mating experiment was conducted to test for reproductive isolation among lake and stream populations.
Adults and offspring from this common garden setting were further used to evaluate levels of phenotypic
plasticity in the traits body shape and gill raker morphology.

During the sampling trips for the study mentioned above, we observed a clear-cut barrier for the
occurrence of A. burtoni in the streams surrounding Lake Tanganyika. At a certain elevation A. burtoni was
absent and seemed to be replaced by another riverine cichlid, namely a species of the Pseudocrenilabrus
philander complex. Interestingly, they both were found to co-occur in Lake Chila, a small lake 20 km south
of Lake Tanganyika. The first side project of Part 3 concentrates on this P. philander complex with the
manuscript about the phylogeographic and phenotypic assessment of a basal haplochromine
cichlid fish from Lake Chila, Zambia (3.1). Here we report the discovery of a population of the normally
riverine P. cf. philander in Lake Chila. We examined this lake population for increased morphological
variation compared to riverine populations of P cf. philander. With this dataset we wanted to test whether
ecological opportunity in the form of a greater number and more diverse ecological niches promotes
diversification in lakes compared to rivers (as seen in e.g. Stelkens & Seehausen 2009). The phenotypic
variability of this Lake Chila population was evaluated in relation to other lacustrine and riverine populations
by quantifying colouration and body shape. Additionally, phylogeographic history was investigated with
attention to a case of hybridization of two distinct lineages.

The second side project focuses on a special case of morphological variation, namely mouth



asymmetry, by performing a field based assessment of attack strategy and feeding success in the scale-
eating cichlid fish Perissodus microlepis (3.2 A fitness benefit for mouth dimorphism in a scale-
eating cichlid fish). Perissodus microlepis is the most common and perhaps the most specialized
lepidophagous cichlid in Lake Tanganyika (Takahashi et al. 2007) and exhibits a pronounced asymmetry
with individuals that feature a mouth slightly bent to the right or to the left side in order to optimize feeding
successes (Hori 1993). In this study the lateralisation dynamics in P microlepis were reassessed in a semi-
natural environment in order to confirm laboratory based findings about asymmetrical attack strategies
and to test if dimorphic experimental populations of P microlepis ultimately are more successful and
show a higher feeding success than monomorphic experimental populations. All together, we aimed
to disentangle causalities in the evolution of this system and to demonstrate the selective advantage
of dimorphic mouth opening and attack strategy in scale-eaters. This is necessary to explain how such
asymmetries have evolved and can be maintained in natural populations.

In summary, my thesis consists of two main parts and a third part comprising two side projects. Part 1
investigates the trait egg-spots, which were mentioned to be a key innovation of haplochromines, the
most species-rich tribe of cichlids. Three manuscripts deal with their mode of action as well as their
evolutionary origin. Part 2 examines the divergence among lake and stream populations with respect
to egg-spots and in a second project with respect to body shape and other ecologically relevant traits.
Additionally, the phylogeographic relationships of A. burtoni populations from the southern part of Lake
Tanganyika were established.
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evolution and function of egg-spots






1.1 A sensory bias has triggered the evolution of
egg-spots in cichlid fishes

Egger B*, Klaefiger Y*, Theis A and Salzburger W
PLoS ONE (2011)
doi:10.1371/journal.pone.0025601

1.1.1 Manuscript: p. 19 - 25
1.1.2 Supporting information: p. 26 - 30

This project was part of the master thesis of YK. | helped planning the experiment, conducting the
fieldwork, analysing the data and was also involved in writing and discussing of the manuscript.
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Abstract

Although, generally, the origin of sex-limited traits remains elusive, the sensory exploitation hypothesis provides an
explanation for the evolution of male sexual signals. Anal fin egg-spots are such a male sexual signal and a key characteristic
of the most species-rich group of cichlid fishes, the haplochromines. Males of about 1500 mouth-brooding species utilize
these conspicuous egg-dummies during courtship — apparently to attract females and to maximize fertilization success.
Here we test the hypothesis that the evolution of haplochromine egg-spots was triggered by a pre-existing bias for eggs or
egg-like coloration. To this end, we performed mate-choice experiments in the basal haplochromine Pseudocrenilabrus
multicolor, which manifests the plesiomorphic character-state of an egg-spot-less anal fin. Experiments using computer-
animated photographs of males indeed revealed that females prefer images of males with virtual (‘in-silico’) egg-spots over
images showing unaltered males. In addition, we tested for color preferences (outside a mating context) in a
phylogenetically representative set of East African cichlids. We uncovered a strong preference for yellow, orange or reddish
spots in all haplochromines tested and, importantly, also in most other species representing more basal lines. This pre-
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existing female sensory bias points towards high-quality (carotenoids-enriched) food suggesting that it is adaptive.
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Introduction

The haplochromines are the most famous and diverse group of
cichlid fishes and widely distributed in Africa. Yet, their center of

diversity is located in East Africa, where they constitute, for
example, the entire cichlid species flocks of lakes Victoria and
Malawi [1,2,3]. The actual species count for haplochromines
remains unknown, although it is assumed that at least 1500 species
are teeming in the lakes and rivers of East Africa [4,5]. Save a
small number of species, all haplochromines exhibit so-called egg-
spots, making this trait #e characteristic feature of haplochromines
and a putative key innovation mediating their evolutionary success
[1,4]. The exceptions are several derived species that have lost egg-
spots secondarily and a few basal species that presumably never
had them [1].

Genuine (‘true’) egg-spots are found on male anal fins and
consist of a conspicuous yellow, orange, or reddish inner circle and
a transparent outer ring (Figure 1) [3,6,7]. This makes them a
costly trait, as fish cannot synthesize carotenoid-based pigments
themselves [8,9]. Egg-spots appear to resemble real eggs, which is
why it has been proposed that these markings are ‘dummies’ that
mimic freshly laid eggs in order to attract females and to maximize
fertilization success [6,7]. All haplochromines are female mouth-
brooders, which means that females incubate their offspring — until
fully developed — in their oral cavities. Immediately upon
spawning, a haplochromine female takes up the eggs into her
mouth; the territorial male instantly presents his anal fin egg-spots,

@ PLoS ONE | www.plosone.org

to which the female responds in form of snatching, thereby
positioning her mouth close to the males’ genital papilla that
discharges sperm. Wickler’s egg mimicry hypothesis [6,7] is
disputed, however, as egg-spots often do not resemble size, shape
and color of a species’ actual eggs (see [10]). Also, it has been
shown that fertilization success did not vanish when egg-spots were
removed artificially [11,12].

Here, we focus on the evolutionary origin of anal fin egg-spots
rather than on their immediate function. More specifically, we test
the hypothesis that the exploitation of a pre-existing bias has
triggered the evolution of this conspicuous male trait in haplochro-
mine cichlids [10]. The evolutionary origin of sexual signals is
largely unknown and a matter of debate [14]. It is commonly
accepted, however, that male signals can evolve in response to pre-
existing sensory biases in females (‘sensory exploitation hypothesis’)
[13,14,15,16,17,18]. Such a female sensory bias may well be
adaptive, namely if it evolved in another context than mating and
through natural rather than through sexual selection [14,17,18].
Male guppies, for example, seem to mimic fruits that are a valuable
food source and females are attracted by both males displaying the
trait and by objects with respective colors [19]. Male swordtail
characins, on the other hand, possess extended and pigmented
opercular paddles that resemble invertebrate prey organisms [20].
Computer simulations also revealed that — at least under some
circumstances — foraging preferences may result in increased mating
preferences for similarly colored mates [21]. It has further been
shown that disruptive female preferences in three-spine sticklebacks
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Figure 1. Schematic consensus phylogeny of the East African
cichlids based on mitochondrial and nuclear gene segments
(after [1,25,36]). The haplochromines (indicated by grey branches) are
a derived and species-rich clade. The males of most haplochromine
species display anal fin egg-spots, just as exemplified here for
Astatotilapia burtoni. A few ancestral species, such as Pseudocrenilabrus
multicolor, do not have egg-spots. Note that A. burtoni belongs to a
riverine clade and occurs within Lake Tanganyika and surrounding
rivers.

doi:10.1371/journal.pone.0025601.g001

are linked to the visual systems’ adaptation to different light regimes
[22]. A similar case of ‘sensory drive speciation’ is reported from
Lake Victoria haplochromines, where adaptations to different
turbidity levels mediate female mate choice [23]. Finally, a
preference for males with elaborated ornaments could also be
adaptive in situations where males must ingest carotenoids to
display these colors (e.g. [24]).

We find that females of a basal and egg-spot less haplochromine
species prefer males with artificial (‘in-silico’) egg-spots and that
haplochromines and more basal and non-mouth-brooding cichlid
lines prefer color dots resembling egg-spots.

Results

Laboratory mate choice trials

We first tested whether females of the basal and egg-spot-less
haplochromine cichlid Pseudocrenilabrus multicolor (Figure 1) could
discriminate between males of their own species and males of
another, more derived and egg-spot bearing haplochromine
(Astatotilapia  burtonz), when presented animated images on a
computer screen in front of an experimental tank (Figure 2A).
We found that focal females spent significantly more time and
interacted significantly more often with the animation showing the
conspecific male (related sample t-test; time spent: N =12; t=3.13;
df=11; p<0.01; number of reactions: N=12; t=4.72; df=11;
p<0.001; reaction time: N=12; t=6.06; df=11; p<<0.001) (see
Figure 2B; Movie S1). Apart from demonstrating the females’
ability to recognize conspecifics, this experiment highlights the
usefulness of computer animations in female mate choice
experiments with P. multicolor.

Pseudocrenilabrus multicolor females did not discriminate between
animated images of males and such in which the red fin-fringe had
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been painted - silico with the anal fin’s brownish ground color
(related sample t-test; time spent: N=15; t=—0.17; df=14;
p = 0.87; number of reactions: N=15; t=0.38; df = 14; p=0.71;
reaction time: N=15; t=0.38; df=14; p=0.71; Figure 2C),
suggesting that females are not advertent to the red fringe of male
anal fins when choosing a mate. We confirmed this using live fish
and a two-way choice set-up (time spent: related sample t-test;
N=15; t=0.04; df=14; p=0.97; number of interactions:
Wilcoxon signed-rank test; N=15; V=65; p=0.78; interaction
time: related sample paired t-test; N=15; t=0.05; df=14;
p=0.96). This demonstrates that preference tests using computer
animations reveal results congruent to mate choice experiments
with live fish.

We found, however, that focal females spent significantly more
time in front of the image of a male with the artificial egg-spot
(Wilcoxon signed-rank test; N=20; V=41; p=0.015); females
also reacted more often with the egg-spot bearing male by
following its animated movements (related sample t-test; N = 20;
t=—2.35; df = 19; p =0.029); and, P. multicolor females spent more
time reacting with the image of a modified male (Wilcoxon signed-
rank test; N =20; V=42.5; p=0.020) (Figure 2D). This clearly
indicates that females of an ancestral haplochromine species show
a preference for males with the derived character state of egg-
spots, which is suggestive for the existence of a pre-existing bias for
orange spots.

Color-dot preference tests

In our color-dot experiments in the field, all four tested
haplochromine species showed a strong preference for yellow,
orange or red dots (Tables S1, S2). Importantly, most other species
belonging to basal cichlid lineages did so, too, and only three
species showed a weak (C. frontosa and C. leptosoma) or strong (O.
nasuta) preference for green. Notably, C. frontosa reacted almost as
often to orange dots (29 times) as it did to green ones (30 times); a
similar situation was observed for C. leptosoma between yellow (8
times) and green (11 times). For both species, a clear preference
could thus not be determined. Also, with only 20 pecks each in a
period of five minutes, C. leptosoma and O. nasuta showed the by far
smallest number of pecks, questioning the strength of their
preference for a particular color. In any case, a character state
reconstruction on the basis of a molecular phylogeny (Figure 3C)
clearly indicates that the preference for red dots existed before the
evolution of haplochromines, irrespective of how we coded the
preference for C. fiontosa, C. leptosoma and O. nasuta (indecisive,
orange or green, yellow or green).

In the laboratory experiments using computer animated color
dots (Figure 3B, D-F), we detected a non-random distribution of
color preferences in all three species tested (Friedman test; 4.
burtoni, N = 20; p<0.001; P. multicolor, N = 20; p<<0.001; 7. marliert,
N =20; p<0.001).

In line with our color preference experiments in the field, all
three species showed a preference for egg-spot like colors (yellow,
orange and red), while blue and green were hardly ever chosen
(Figure 3D-F, Table S3). Importantly, A. burtoni, which is the only
species that we could test both in the field and in the lab, showed
highly congruent responses to the stationary color dots in the pond
set-up and the animated color dots in the laboratory experiments.
Interestingly our lab experiments uncovered sex-specific differ-
ences in the haplochromines: A. burtoni females significantly more
often pecked at and followed the orange-colored dots (Wilcoxon
rank-sum test; N=20; p=0.037) and P. multicolor females
significantly more often pecked at and followed the red-colored
dots than did the males (Wilcoxon rank-sum test; N =20;
p = 0.045), while P. multicolor males reacted more often to yellow
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Figure 2. Female preference tests in Pseudocrenilabrus multicolor using computer animated stimuli. (A) The experimental set-up consists
of an iMac computer behind an experimental aquarium (60 x30x30 cm). Two animations are shown simultaneously (in this case a conspecific male
and a heterospecific, Astatotilapia burtoni; see [B]). (B) Results from the ‘benchmark’ experiment, in which P. multicolor females were given the choice
between a conspecific and a heterospecific (A. burtoni) male. The females reacted significantly more often with the animated image showing a
conspecific male. (C) Results from the ‘red fringe’ experiments, in which P. multicolor were left the choice between a male with and one without the
red fringe on the tip of the anal fin. We could not detect any difference in female response, which is also backed-up by two-way choice experiments
with live fish (see Figure S1). (D) Results from the ‘egg-spot’ experiment, in which P. multicolor females could choose between a natural male and a
male bearing an in- silico egg-spot. Females showed a significant preference for the male with the artificial egg-spot. Arrowheads indicate the minute
differences between the images presented to the females.

doi:10.1371/journal.pone.0025601.g002

dots compared to females (Wilcoxon rank-sum test; N=20;
p =0.045).

females [10]. A crucial prerequisite in favor of this hypothesis is
that the preference for egg-spots (the sensory bias) is phylogenet-
ically older than anal fin egg-spots themselves [14,18,26,27]. We
confirm this prediction in two independent and per se comple-
mentary experiments.

First, we show that females of the basal haplochromine species

Discussion

Anal fin egg-spots are a characteristic feature of the most
species-rich group of cichlids, the haplochromines [1,4,25]. While

several hypothesis exist that seek to explain the function of this
conspicuous male trait (see e.g. [6,7,12]), little is known about their
evolutionary origin. Here we test the hypothesis that male egg-
spots in haplochromines evolved to exploit a pre-existing bias in

Pseudocrenilabrus  multicolor, which manifests the plesiomorphic
character-state of an egg-spot-less anal fin (Figure 1), do show a
clear preference for the animated photograph of a male with an
artificial egg-spot over an otherwise identical animated photo-
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Figure 3. Color preference tests in different East African cichlid species. (A) Set-up of the field experiment at Lake Tanganyika. Fishes were
presented five color dots on a transparent foil and we measured the number of pecks towards each dot. (B) Set-up of the laboratory experiments.
Individual fishes were presented five color dots on a computer screen. (C) Ancestral character state reconstruction of color preferences in a
phylogenetically representative set of cichlids from Lake Tanganyika. Most species clearly preferred orange or red colors. Importantly, also the
substrate spawning lamprologines showed such a preference. (D-F) Results from the color-dot preference experiments in the laboratory with the
haplochromines Astatotilapia burtoni (D) and Pseudocrenilabrus multicolor (E) and the lamprologine Julidochromis ornatus (F). Significant differences
between males and females are indicated.

doi:10.1371/journal.pone.0025601.g003
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graph of a male without an egg-spot (Figure 2D). Obviously, P.
multicolor females perceive the minute difference between the two
computer-animated images of males (i.e. the artificial egg-spot,
which spans less than 1% of the lateral area), which seems
plausible given the visual capabilities of cichlids [17,18].

Second, our field experiments suggest that a preference for
yellow, orange or red dots, which resemble the color and shape of
egg-spots, existed before the radiation of the haplochromines.
Most East African cichlid species tested and, importantly, the
majority of the egg-spot-less species belonging to cichlid lineages
basal to the haplochromines, show clear preferences for such egg-
spot-like dots over blue and green dots (Table S1, Figure 3). The
only three species not showing a clear preference for egg-spot-like
colors were indecisive and/or showed very weak preferences
overall (as measured by the number of pecks per 5 minute trial).
Our character state reconstructions indicate that the preference for
egg-spot-like colors was present before the emergence of the first
haplochromines and that even the substrate spawning lamprolo-
gines show a bias towards yellow, orange or red dots (Figure 3C).
These results are backed up by our color preference experiments
under laboratory conditions in two haplochromines and one
lamprologine (Figure 3D-F).

Taken together, our experiments suggest that sensory exploita-
tion of a pre-existing bias was responsible for the evolution of anal
fin egg-spots in haplochromine cichlids. The question is now what
could have triggered the bias for egg-spot-like dots in (female)
cichlids. Tobler [10] proposed that it is the affinity to detect own
eggs as such. This should have evolved in mouth-brooding females
as a result of their limited number of relatively large eggs and,
consequently, the immediate reduction of fitness when failing to
take up all the eggs. This hypothesis is compatible with our mate
choice experiments in the basal and egg-spot-less haplochromine
P. multicolor. Yet, the preference for egg-spot-like dots is prevalent
in male and female cichlids and also in substrate spawners basal to
haplochromines (which, nevertheless, perform brood care). This,
in turn, suggests that it is not the affinity for own eggs that evolved,
as males should not show this affinity and substrate spawners have
much smaller and less conspicuous eggs. It seems more likely that
the observed pre-existing bias in East African cichlids points
towards high quality — e.g. carotenoid-rich — food like shrimps,
algae and, notably, fish eggs. A preference for carotenoid-enriched
diets is known from several taxa (e.g. [28,29,30]), and the
heritability of algal-foraging ability in guppies suggests that, in
this case, females might actually benefit from preferring males with
a pronounced carotenoid-based coloration indicative of their
foraging skills [29,31]. Such a pre-existing bias towards yellow,
orange or reddish dots that resemble food could reasonably well
explain why yellow, orange or reddish egg-spots (i.e. convergently
evolved blotches on the fins of other cichlids [4,10,25]) have
evolved multiple times in addition to and outside the haplochro-
mines.

Methods

Laboratory mate choice trials

All laboratory mate choice experiments were performed at the
Zoological Institute of the University of Basel under the permission
of the Cantonal Veterinary Office, Basel, Switzerland (permit
number 2403). Live cichlids were kept in isolation and under
standardized conditions (12 h dark/12 h light; 25°C).

Before turning towards our central question, we had to assess
the usefulness of computer animations in experiments with the
haplochromine cichlid species Pseudocrenilabrus multicolor. While
computer-animated stimuli are frequently used in West African
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cichlids [32,33], little is known about how haplochromines react to
it. Finally, there is a technical component too, as it has been shown
that the reaction to a stimulus may vary depending on the
computer screen used [34]. Therefore, we first tested three
different computer screens: a SONY® 17” CRT display, and two
Apple® iMac computers with a dull 17" and a bright 21" LCD
display, respectively. In our set-up, females reacted most when
presented images on the 17" iMac G5 (pers. observation). We also
evaluated still and animated photographs of males and found that
female P. multicolor reacted most to the following animations:
7 seconds upwards movement, 2 seconds remaining in still
position, 7 seconds downward movement, 2 seconds remaining
in stll position (pers. observation; the animations were created
with Apple® Keynote® software and exported as Quicktime®
movies).

As a benchmark, we tested whether P. multicolor females can
discriminate between a conspecific and a heterospecific (Astatoti-
lapia burtoni) male. To this end, we positioned an iMac (17" iMac
G5 running Mac OSX version 10.5.7; chip model ATY
Radeon x1600, 1400x900 pixels, 32 Bit color) directly behind a
glass aquarium (60 x30x30 cm) so that it covered about 2/3 of the
aquarium’s width (Figure 2A). On the very left and the very right
of the iMac, there was a 10.5 cm neutral zone not covered by the
screen. These areas plus the two sides were covered with visual
barriers, so that only the front panel remained transparent. Thus,
we could video-tape each experimental trial with a SONY® DCR-
HC90E Handycam® (note that all computer- animated experi-
ments were performed in a closed compartment to avoid
interference of the experimenter). The bottom of the aquarium
was covered with sand, and in the front center, right below the
filter, we placed half a flower-pot to provide shelter to the focal
female. For the animations, the screen was divided into two
10.5 cm wide outer parts (where the actual animations were
shown) and an 18 cm central part that remained grey (Figure 2A).
In this experiment, twelve P. multicolor females were exposed to two
size-matched images of a male P. multicolor and a male A. burtoni,
which were animated to move up and down in an infinite loop (see
above for animation settings); the images of the males were pasted
into a neutral grey background (R: 149, G: 149, B: 149). Each
female was tested twice, once in the morning and once in the
afternoon (with at least 5 h between experiments), and the stimuli
were switched between the two rounds (with the morning set-up
being chosen randomly). At the beginning of each experiment, the
female was allowed to habituate for 10 minutes before the parallel
animations started. Beginning from the first reaction of the focal
female to the animation (i.e. the female swimming towards the
animation, stopping in front of the monitor, facing the stimulus
and swimming along with the animation), we recorded the
following three — not mutually exclusive — behavioral parameters
for a period of ten minutes (based on the video-taped material): (7)
‘time spent’ (in seconds) as the time that a female spent in front of
each animation (practically, we started counting when 50% of the
female body entered the preference zone, i.e. the 10.5 cm grey
zone of each animated male, and stopped when 50% of the female
body left this zone); (1) ‘number of reactions’ (integer) in how often a
given female would follow the up- or downward-movement of a
stimulus male; and (u2) ‘reaction time’ as the time (in seconds) that a
female would actively follow the up- or downward-movement of a
stimulus male. For statistical analyses, the counts from the two
rounds of experiments with each focal female were averaged. To
account for individual differences in the total time spent and the
number of reactions among females, we used individual percent-
ages of the total number of observations as response variables
[32,34]. All data were analyzed with the software R (vers. 2.8.1).
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In a second round of experiments, we focused on the red fringe
on the anal fin of male P. multicolor, as we could not exclude the
possibility that this trait is the target of female choice in this basal
haplochromine species. We used the same parameters as before,
except that this time we gave females the choice between two
images of a male, of which one retained the natural phenotype,
whereas the other was modified in-silico so that its red fringe was
replaced by the brownish ground color of the rest of the anal fin
(using Adobe® Photoshop®). We tested fifteen focal females and
recorded the very same behavioral parameters as mentioned
above.

We then repeated this experiment with live fish using a
dichotomous set-up (Figure S1A): six pairs of size-matched males
of P. multicolor were formed to avoid bias. The red fringe on the
anal fin of one male of each size-matched pair was removed by
fin-clipping. On the other male a piece of dorsal fin was cut to
control for possible treatment effects (Figure S1B). The size-
matched males of each pair were randomly placed in one of the
two outer tanks (40x24x24 cm) adjacent to a central tank
(60%x30x30 cm). The males were allowed to habituate for
several days; during this period the males were inspected for
signs of stress. Then, a focal female was placed into the central
tank. We recorded the following parameters during 10-minute
trials starting with the first interaction: (z) ‘time spent’ (in seconds)
as the time that a female spent in a preference zone (12 cm
adjacent to each male tank); (i2) “interactions’ as the number of
independent visits to a preference zone; and (i) ‘interaction time’
as the time (in seconds) that a female spent in front of an
interacting male.

Finally, we tested for a pre-existing bias for egg-spots in females
of P. mullicolor using computer animated stimuli. We presented
females two identical male images, except that one of them had an
artificial egg-spot. This single egg-spot was designed to resemble
real P. multicolor eggs in color and average size. Therefore, we
photographed and measured 46 eggs and determined the average
size (1.86 mm) and color hue (R: 255, G: 150, B: 45). This
‘average’ egg-spot was then pasted onto the anal fin of a male
image using Photoshop®.

Color-dot preference tests

Pond experiments. The preference tests for egg-spot-like
dots were carried out in February and March 2010 at ‘Kalambo
Lodge’ at the shore of Lake Tanganyika, East Africa (Zambia; S
8.6232 E 31.2). Wild-caught individuals from 14 cichlid species
were kept in ponds (ca. 1x2 m) filled with lake water (ca. 50 cm
high). We tested four egg-spot bearing haplochromine species
(Astatotilapia burtoni, Petrochromis polyodon, Tropheus duboisi and T.
moorit) and ten species belonging to other, more basal cichlid
lincages  including  mouth-brooding  (Cyphotilapia fiontosa,
Cyprichromis leptosoma, Ophthalmotilapia nasuta and Xenotilapia papilio)
and substrate spawning (Altolamprologus calvus, A. compressiceps,
Chalinochromis — brichardi, ~ Julidochromis — dickfeldi, J. regani and
Neolamprologus  sexfasciatus) representatives. Each pond contained
between 11 and 75 individuals, depending on the size of the fish
and the sampling success of the local fishermen. All ponds were
stocked with a mix of female and male individuals. As most species
under study do not show sexual dimorphisms, the exact sex ratio
could not be determined. To the 14 species, we presented five
conspicuous color dots (yellow, orange, red, green, and blue),
which were arranged in a pentagonal shape on a transparent foil
(Figure 3A). Two sets of foils with different arrangements of dots
were used. After placing the foil on the ponds’ grounds, we waited
until the first individual approached and pecked at one of the dots.
Four observers then counted the number of pecks for a period of
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five minutes. If one individual stayed at one spot and pecked at it
repeatedly, it was counted as one strike only. We first performed a
goodness-of-fit test to examine the existence of a preference for
certain colors within species (all species preferred some colors over
others; p<<0.001; Table SI). The color preference within each
species was then determined using a series of binomial tests (Table
S2) and subjected to an ancestral character state reconstruction.
To this end, we used a phylogenetic tree derived from a maximum
likelihood analysis based on mitochondrial sequence data (NADH
Dehydrogenase Subunit II gene; 1047 bp; [1,35]). Preference for
the colors blue, green, yellow, orange and red were coded as
numbers and we allowed for multiple characters states in species
that did not show a significant preference for only one color.
Ancestral color preferences were reconstructed with parsimony as
implemented in Mesquite (vers. 2.74, [36]). We would like to note
here that it is essentially impossible to perform such an experiment
within the lake itself, as there are too many species and interactions
between species; also, we would never find so many individuals of
the same species together. It is also important to note that we were
not able to test P. multicolor in the wild, as this species does not
occur within Lake Tanganyika.

Laboratory experiments. Since the color-dot preference
tests in the field could potentially be influenced by pseudo-
replication within ponds, we repeated this experiment in the lab
using three available lab strains and computer animations. Three
species  (Pseudocrenilabrus multicolor, 10 males and 10 females;
Astatotilapia burtoni, 11 males and 9 females; Fulidochromis ornatus, 9
males and 11 females) were tested for color preference under
controlled laboratory conditions, allowing assessing individual fish
and males and females separately. To this end, five colored spots
(yellow, orange, red, green, and blue; diameter: 1 cm) were
arranged circularly on neutral grey background in a computer
animation, displaying a simultaneous circular movement. Two
animations were designed to randomize the initial position of the
five color dots. The focal fish was introduced into an aquaria tank
(60x30x30 cm) and left for 30 min before the start to acclimatize.
Then the animation was presented to the focal fish via a computer
screen (see above), placed in front of the experimental tank. The
behavior of the focal fish was recorded for 1 hour with a video-
camera and analyzed with the software iMovie®. Thirty minutes of
behavior after the first reaction were analyzed and two parameters
were recorded: the number of times the focal fish pecked each
colored dot and number of times the focal fishes followed each
colored dot. The percentage data was angular-transformed and
analyzed with the statistics software R, applying a Friedman test
and a series of Wilcoxon signed-rank tests (with and without
Bonferroni correction; Table S3). Sex differences were tested
through Wilcoxon rank-sum tests.

Supporting Information

Figure S1 Two-way choice tests in Pseudocrenilabrus
multicolor. (A) Scheme of the experimental set-up consisting of
two outer tanks (40x24x24 cm) adjacent to a central tank
(60x30x30 cm). Each male tank (outer tanks) was equipped with
a plastic perforated shelter, while the central female tank was
equipped with three shelters: two shelters were placed next to each
outer male tank and one shelter was placed in the middle of the
tank. In this setup the females had the possibility to communicate
visually with the two different males at the left and right extreme of
their central tank (12 cm preference zone). Only visual commu-
nication was permitted. (B) Results from the ‘fin-clipping’
experiment, in which P. multicolor females were given the choice
between a male where the red fringe at the anal fin was removed
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by fin-clipping and a size-matched control male that was fin-
clipped at the dorsal fin. Females did not show any preference.

(PDF)

Table S1 Color-dot preference tests in ponds. Preferred colors
for each species are indicated.

(PDF)

Table S2 Color-dot experiments in ponds. P-values resulting
from binomial tests.

(PDF)

Table 83 Laboratory color-dot preference test. P-values were
calculated from percentage data with arcsine transformation and
are presented with and without Bonferroni correction for
Astatotilapia burtoni (A), Pseudocrenilabrus multicolor (B) and Julidochromis
omatus (C).

(PDF)

Movie S1 Female choice experiments in Pseudocrenilabrus multi-
color using computer animations.

MOV)
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Table S1 Color-dot preference tests in ponds. Preferred colors for each species are indicated.
doi:10.1371/journal.pone.0025601.s002

species

sample size yellow

Altolamprologus calvus
Altolamprologus compressiceps
Astatotilapia burtoni
Chalinochromis brichardi
Cyphotilapia frontosa
Cyprichromis sp. leptosoma
Julidochromis dickfeldi
Julidochromis regani
Neolamprologus sexfasciatus
Ophtalmotilapia nasuta
Petrochromis polyodon
Tropheus duboisi

Tropheus moorii

Xenotilapia papilio

26

45
50
36
45
43
50
30
27
18
12
11
70
30
75

6
77
11
13
14

8

3
11

3

2
17
67
22

1

orange red blue green goodness of fit
21 0 p<0.001
11 2 p<0.001
0 p<0.001
10 7 p<0.001
[ 29 | 1 6 p<0.001
0 1 0 p<0.001
33 0 p<0.001
0 p<0.001
2 0 p<0.001
4 0 0 p<0.001
a1 1 p<0.001
169 6 p<0.001
4 0 2 p<0.001
8 0 1 p<0.001
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Figure S1 Two-way choice tests in Pseudocrenilabrus multicolor. (A) Scheme
of the experimental set-up consisting of two outer tanks (40x24x24 cm) ad-
jacent to a central tank (60x30x30 cm). Each male tank (outer tanks) was
equipped with a plastic perforated shelter, while the central female tank was
equipped with three shelters: two shelters were placed next to each outer
male tank and one shelter was placed in the middle of the tank. In this setup
the females had the possibility to communicate visually with the two differ-
ent males at the left and right extreme of their central tank (12 cm prefer-
ence zone). Only visual communication was permitted. (B) Results from the
‘fin-clipping” experiment, in which P multicolor females were given the choice
between a male where the red fringe at the anal fin was removed by fin-clip-
ping and a size-matched control male that was fin-clipped at the dorsal fin.
Females did not show any preference.
doi:10.1371/journal.pone.0025601.s001
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Movie S1 Female choice experiments in Pseudocrenilabrus multicolor using computer
animations. doi:10.1371/journal.pone.0025601.s005
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Abstract

Color and pigmentation patterns of animals are often targets of sexual selection because of their role in communication.
Although conspicuous male traits are typically implicated with intersexual selection, there are examples where sex-specific
displays play a role in an intrasexual context, e.g. when they serve as signals for aggression level and/or status. Here, we
focus on the function of a conspicuous male ornament in the most species-rich tribe of cichlid fishes, the haplochromines. A
characteristic feature of these ca. 1500 species are so-called egg-spots in form of ovoid markings on the anal fins of males,
which are made up of carotenoid based pigment cells. It has long been assumed that these yellow, orange or reddish egg-
spots play an important role in the courtship and spawning behavior of these maternal mouth-brooding fishes by
mimicking the eggs of a conspecific female. The exact function of egg-spots remains unknown, however, and there are
several hypotheses about their mode of action. To uncover the function of this cichlid-specific male ornament, we used
female mate choice experiments and a male aggression test in the haplochromine species Astatotilapia burtoni. We
manipulated the number and arrangement of egg-spots on the anal fins of males, or removed them entirely, and tested (7)
female preference with visual contact only using egg-traps, (2) female preference with free contact using paternity testing
with microsatellites and (3) male aggression. We found that females did not prefer males with many egg-spots over males
with fewer egg-spots and that females tended to prefer males without egg-spots over males with egg-spots. Importantly,
males without egg-spots sired clutches with the same fertilization rate as males with egg-spots. In male aggression trials,
however, males with fewer egg-spots received significantly more attacks, suggesting that egg-spots are an important signal
in intrasexual communication.
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Introduction

Since the publication of Charles R. Darwin’s second most famous
book “The Descent of Man’ in 1871 [1], sexual selection has been
recognized as being important for speciation because it can mediate
reproductive isolation [2,3]. Darwin differentiated between two
fundamental modes of sexual selection: () competition between
members of the same sex (often males) for reproductive opportunity
(‘intrasexual’), and (z) active mate choice of members from one sex
(often females) for certain members from the other sex (‘intersex-
ual’). Particularly in the latter mode, mate choice is often based on
visual ornaments, although color traits can serve with respect to
both inter- and intrasexual communication and, hence, inter- and
intrasexual selection [4,5]. Moreover, there are instances where the
role of ornaments was altered from a function in female choice to
one in male-male competition or vice versa [6].

Color and pigmentation patterns seem to play a central role in
the explosively radiating cichlid fish species in the East African
Great Lakes in general, and in the haplochromine cichlids in
particular [7,8,9,10]. Haplochromines contain the vast majority of
East African cichlid species with the entire species flocks of lakes
Victoria (ca. 700 species) and Malawi (ca. 700 species), the tribe
Tropheini from Lake Tanganyika (ca. 25 species) and most
riverine East African cichlids (ca. 200 species) (see e.g. [11,12]).

@ PLoS ONE | www.plosone.org

Therefore haplochromines are not only the — by far — most
species-rich tribe of cichlid fishes but also a model of radiating
species. A prominent feature of the haplochromines is their wealth
of color morphs and their sexual color dimorphism, which is what
led many authors to postulate an important evolutionary role of
sexual selection via female mate choice [13,14,15,16]. Interest-
ingly, all haplochromines are maternal mouthbrooders where
females incubate the eggs in their buccal cavities (see e.g. [12,17]).
Mouthbrooding evolved from substrate spawning several times
during cichlid evolution [18], but only the ‘modern haplochro-
mines’ show a derived polygynous or polygynandrous maternal
mouthbrooding system with males carrying egg-spots on their anal
fins [12,17,19]. These ovoid markings consist of a transparent
outer ring and a brightly colored yellow, orange or reddish center
[17,20,21]. The conspicuous central area is formed by xantho-
phores — a pigment cell type containing carotenoids and pteridines
[19,22].

Egg-spots appear to be important in the courtship and spawning
behavior of haplochromines [20,21,23,24] (Figure 1C). The exact
function of egg-spots is unknown, however, and several hypotheses
exist that seek to explain their mode of action and their
evolutionary origin.

Wickler [20,21] suggested that egg-spots on the male’s anal fin
mimic real eggs of a species and therefore function as signal

January 2012 | Volume 7 | Issue 1 | e29878
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lateral display

egg uptake
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fertilization

Figure 1. The egg-spots of haplochromine cichlids as exemplified in Astatotilapia burtoni. (A) A male of A. burtoni showing egg-spots on its
anal fin. (B) Natural variation of egg-spots in A. burtoni. All these fish were caught and photographed at the south-eastern part of Lake Tanganyika in
Zambia. (C) A typical courtship and mating cycle of a haplochromine starts with a lateral display of the male, to which the female responds; she then
lays a clutch of eggs and immediately takes them up into her mouth. The male then presents the egg-spots on the anal fin; the female seemingly
nuzzles at these egg-spots and the male releases sperm so that the eggs are fertilized within the females’ mouth. The eggs and larvae then stay in the
buccal cavity of the female for a period of several days to a few weeks. The arrow points to the location of an egg that the female is taking up into her

mouth.
doi:10.1371/journal.pone.0029878.9001

(‘releaser’) during courtship and to maximize fertilization rates.
The egg mimicry hypothesis is primarily based on the putatively
similar appearance in shape and coloration of egg-spots and the
eggs of the respective species [20,21,25]. However, egg-spots and
eggs often do not match in size, shape and coloration, which is
inconsistent with the mimicry hypothesis [26,27]. Still, this
mismatch between real and ‘dummy’ eggs may be due to a
trade-off’ between attractiveness towards females and conspicu-
ousness for predators [24]. Hert [23] was the first to experimen-
tally test the egg-dummy scenario. She showed that in the species
Astatotilapia elegans there were no differences in fertilization rates
between males without and males with intact egg-spots, which at
least partly contradicted the mimicry hypothesis. On the other
hand, males with intact egg-spots fertilized twice as many clutches
compared to males without egg-spots. Further mate choice trials
revealed that females always chose males with egg-spots and
preferred males with four egg-spots over males with one egg-spot.
In Pseudotropheus aurora (now Maylandia aurora), females spawned
more frequently with males displaying more egg-spots and male
egg-spot number correlated significantly with the number of
fertilized clutches [28]. Hert [23,28] concluded that egg-spots
serve as sexual advertisement and that disruptive selection on male
egg-spots may have contributed to reproductive isolation and,
hence, speciation. In mate choice trials with Pseudotropheus lombardoi
(now Maylandia lombardo), a Lake Malawi cichlid in which males
display a single egg-spot, females preferred males with one egg-
spot over males with an artificially added second one [29].
Couldridge [29] suggested that female preference maintains the
single egg-spot in P. lombardoi and that egg-spots may be linked to
species recognition.

Previous hypotheses regarding the function of egg-spots involve
female choice as the main explanation for the maintenance of this
conspicuous male trait (see above). Interestingly, however, essential
sequences of courtship behavior like quivering and lateral display
are also used in male-male interactions. When males fight, which
happens frequently in territorial haplochromines, they quiver,
move back and forward and attack sideways [30]. So, why
shouldn’t egg-spots play a role in male-male competition, too?

@ PLoS ONE | www.plosone.org
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There are several arguments that would implicate egg-spots with
intrasexual selection. Importantly, egg-spots are, most likely, an
honest signal of male quality, as carotenoids cannot be synthesized
de novo by animals (pteridines, on the other hand, can be
synthesized; yet, this process appears to also be costly) [31,32].
There is evidence that dominant males often display more egg-
spots [33,34]. Moreover, competition among males appears as yet
another important component of color evolution in cichlids
[35,36].

To understand the function of egg-spots in the haplochromine
cichlid Astatotilapia burtoni, we conducted three experiments. First,
females had a choice based on visual cues only between two size-
matched males differing in egg-spot number (one trial with
naturally varying numbers of egg-spots (experiment 1.1) and one
trial with manipulated numbers of egg-spots (experiment 1.2)).
Second, we performed a female four-way choice experiment in a
partial partition set-up (see e.g. [16]), in which females had the
choice between four size-matched males with manipulated egg-
spot numbers; we measured fertilization rate and genotyped the
offspring in order to assess female preference by determining
paternity (experiment 2). Finally, we conducted male aggression
trials to test for a potential role of egg-spots in male-male
competition (experiment 3).

Results

Experiment 1: female two-way choice

In our female two-way choice experiments two size-matched
males were presented to a focal female in two outer tanks arranged
on both sides of the central female tank (Figure 2A). In experiment
1.1, 7 females laid more eggs in front of the male with many egg-
spots and 11 females laid more eggs in front of the male with fewer
egg-spots. Males with many egg-spots were not more likely to
receive more eggs from females than males with fewer egg-spots
(GLMM, n=18,z=—0.892, p=0.373; Figure 3A). In experiment
1.2 only 6 females laid more eggs in front of the male with egg-
spots and 15 females laid more eggs in front of the male without
egg-spots. Thus, females tended to lay eggs preferentially close to

January 2012 | Volume 7 | Issue 1 | e29878



shelter

Figure 2. Experimental set-up (schematic view). (A) The two-way
choice set-up showing the egg-traps and the shelters, which are
permeable to eggs. (B) The four-way choice set-up (‘partial partition’
method) with semi-permeable grids, passable for females but not for
males. (C) The set-up for the male aggression trials with stimulus males
in plastic cylinders and the focal male hiding in the shelter.
doi:10.1371/journal.pone.0029878.9002

males without egg-spots (GLMM, n=21, z=—1.897, p=0.058;
Figure 3B). Most females laid the whole clutch in front of a single
male but in 7 out of 18 trials in experiment 1.1 and in 3 out of 21
trials in experiment 1.2 the females laid eggs in front of both males.

Experiment 2: female four-way choice

The four-way choice set-up consisted of a large tank with five
equally sized compartments (‘partial partition’ design; Figure 2B).
Once a female was mouthbrooding, we removed the eggs or larvae
to determine the fertilization rate and to test for paternity using
microsatellites. In the first replicate, the three males with egg-spots
fertilized 75% or more of the offspring in 5 clutches and the male
without egg-spots fertilized 25% or more of the offspring in 18
clutches. Therefore, females preferred the male without egg-spots
(Binomial test, n=23, p<0.001). In replicate 2 and 3, however,
the males without egg-spots (fertilizing 25% or more of the
offspring in 2 and 10 clutches, respectively) were not significantly
preferred over males with egg-spots (fertilizing 75% or more of the
offspring in 12 and 21 clutches, respectively; replicate 2: Binomial
test, n = 14, p = 0.540; replicate 3: Binomial test, n = 31, p = 0.401;
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Figure 4). Due to the observation that within each replicate the
three egg-spot bearing males weren’t more attractive to females
than males without egg-spots, we did not test for differences in the
number of offspring sired by the three egg-spot bearing
phenotypes. Fertilization rate was close to 100% in all cases, also
in broods fathered by the male without egg-spots. A definitive
female choice was found in 58 out of the 68 broods genotyped
(93%), in which only one male sired the whole clutch. Multiple
paternity was detected in 10 out of the 68 broods genotyped (7%).
One out of these 10 broods was fathered by 3 different males,
whereas 2 fathers were detected in the remaining 9 broods.

Experiment 3: male aggression

To test the role of egg-spots in aggressive behavior, two size-
matched males, one with unaltered and one with removed egg-
spots, were placed in transparent cylinders and presented to a
territorial male of similar size (Iigure 2C). Out of 13 focal males,
10 showed a higher attack rate (bites, butts and quivers) towards
stimulus males without egg-spots, 2 showed a higher attack rate
towards stimulus males with egg-spots and 1 attacked both
stimulus males at a same rate. Taken together, focal males
attacked the stimulus males without egg-spots more often than the
stimulus males with egg-spots (GLMM, n=13, z=—2.218,
p=0.027; Figure 3C).

Discussion

It is widely recognized that secondary sexual traits are targets of
inter- or intrasexual selection, or both [4,5,16,37,38]. Sexual
selection is often considered a central driving force in the evolution
of the exceptionally colorful and species-rich haplochromine
cichlid fishes endemic to rivers and lakes in East Africa [7,9,10].
One particular feature of haplochromines (at least of the derived
‘modern haplochromines’) is their possession of true egg-spots on
the anal fins of males [12]. While previous work on the function of
egg-spots solely focused on intersexual selection (female choice), we
also tested, for the first time, for a putative role of egg-spots in
intrasexual selection (male-male competition). Here, we focus on
the haplochromine cichlid Astatotilapia burtonz, which is widely used
in various kinds of experiments and whose genome has recently
been sequenced (see e.g. [39,40]).

The two-way choice experiments revealed that there is no
female preference for many egg-spots in A. burtoni and that females
even tended to prefer males without egg-spots. In these
experiments, we used egg-traps to quantify if a focal female laid
more eggs towards one of the naturally distinct males (experiment
1.1) or towards one of the males with an artificial difference in egg-
spot number (experiment 1.2), as the actual egg-laying activity
towards a male appears to be a better predictor of female
preference than e.g. time-spent (see e.g. [41]). Our four-way choice
experiment, with free contact in combination with paternity
testing, corroborates that there is no preference for many egg-spots
in A. burtoni females. While the different replicates did not reveal
conclusive results with respect to a female preference for a certain
number or arrangement of male egg-spots, this experiment clearly
demonstrates that anal fin egg-spots are not required to attract
females and to fertilize eggs.

The results from our female two- and four-way choice
experiments contradict previous studies on the role of egg-spots
in mate choice [23,28] that did, however, not use the more
accurate methods of egg-traps (two-way choice set-up) or paternity
testing (four-way choice set-up). One biological explanation for the
discrepancy between our results and previous ones might lie in the
observation that egg-spot number correlates with the size of a male
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Figure 3. Percentage of eggs and attacks that males received in
experiments 1 and 3. Dots connected through lines indicate male
pairs used in experiments. Data points in dark shaded squares were
coded as 1 (the male with more egg-spots received more than 50% of
the eggs of a clutch laid by a female or more than 50% of attacks of the
focal male), data points in light shaded squares were coded as 0 (the
male with more egg-spots received 50% or less of the eggs of a clutch
laid by a female or 50% or less of the attacks of the focal male) for
further analyses with generalized linear mixed models (GLMM:s). (A) In
experiment 1.1, females showed no preference for males with many or
fewer egg-spots. (B) In experiment 1.2, females tended to prefer males
without egg-spots over males with egg-spots. (C) In experiment 3, focal
males attacked stimulus males without egg-spots at a higher rate
compared to stimulus males with egg-spots.
doi:10.1371/journal.pone.0029878.g003

so that larger males generally display more egg-spots in the wild
[42]. Females of Astatotilapia elegans, which prefer males with many
egg-spots to males with fewer spots, also prefer larger males [43],
whereas A. burton: females prefer dominant yet smaller males that
are more active during courtship [44].

The four-way choice experiment was also designed to detect
possible differences in the number of fertilized eggs per clutch
(fertilization rate) between the four males with distinct anal fin
phenotypes. Obviously, there is no effect of number and
arrangement of egg-spots on fertilization rate, as the number of
fertilized eggs was 100% in nearly every clutch, which is in line
with previous experiments in A. elegans [23]. Possibly, female
haplochromines have fixed the snapping behavior towards the
male anal fin after egg-laying and -uptake, so that egg-spots no
longer act as visual triggers (sensu Wickler [20,21]) — at least in
those species tested so far. This is further corroborated by the
relative position of the egg-spots on male anal fins, as they often
occur at the terminal end rather than close to the genital opening.
Moreover, intraspecific variation in egg-spot number (Figure 1B)
would not be likely to prevail if egg-spots were necessary for a
successful fertilization [34].

The genotyping of offspring and candidate parents in the four-
way choice experiments allowed us to test for extra-pair
fertilization in A. burtoni. Multiple paternity is rather common in
haplochromines. A study on several lekking rock- and sand-
dwelling species from Lake Malawi, for example, uncovered
multiple paternity in almost every brood [45]. Here we show that
multiple paternity also occurs in A. burton: (at least under
laboratory conditions), but that its frequency is low (10 out of 68
broods) compared to the natural situation in Lake Malawi cichlids.

Taken together, our female mate choice experiments demon-
strate that egg-spots in A. burtoni do not serve as recognition pattern
(at least on short distances) or attraction signal for females, and
that they do not maximize fertilization rates. Still, egg-spots are
present in most haplochromine species, indicating an important
function additionally to the one in intersexual selection. It has
previously been suggested that the honesty and genetic variance of
a trait are actually easier maintained through male-male
competition than through female choice [6]. Our new results
indeed point towards a function of egg-spots in an intrasexual
rather than an intersexual context: in a combat situation, males
without egg-spots suffered from increased attack rates compared to
males with intact egg-spots (Figure 3C), suggesting that egg-spots
are an honest signal of male quality used in male-male competition
(as carotenoid based ornaments [19,22], egg-spots are likely to
display health status or aggressiveness). It is important to note that
this effect could only be observed when size-matched males were
used; overall, the effect of body size, and possibly body weight,
outbalances differences in egg-spot number [34]. Differences in
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egg-spot number might still have a profound effect in the wild, as
males are likely to primarily encounter opponents of similar size.
In nature, only 10-30% of the males are territorial [46] resulting
in the situation that only the largest sized males are capable of
establishing a territory and gain access to females. If those males
fight, morphological or behavioral traits other than size — such as
the colorful egg-spots — may become important. It has been shown
in A. burtoni that the attack readiness of males was influenced by
specific body patterns - e.g. the head pattern in form of a black bar
increases and the orange patch on the cheek decreases number of
bites from a competitor [47]. In our study, the stimulus males
displayed all patterns known to indicate territorial status (e.g.
territorial body coloration, black bar and orange patch) but the
lack of egg-spots increased attacks of a competitor.

There are, in fact, other examples from cichlid fishes where
coloration or pigmentation signals have an intimidating effect in
male combats. Fights in the North American cichlid Thorichthys
meeki (formerly known as Cichlasoma meeki), for example, became
more violent when the ornament in form of an eye-spot had been
removed [48]. In the Lake Victoria haplochromine genus
Pundamilia, the advantage of more intensely colored males to win
a fight (under white light) vanished under green light conditions
masking the carotenoid-based red coloration [49]. Egg-spots in 4.
burtoni appear to exert a similarly intimidating effect on the
competitor during threatening and fighting.

Females of several species are known to prefer males with
increased carotenoid coloration, which indicates health status: in
sticklebacks, for example, the red belly coloration functions as a
threat signal in intrasexual competition but also in female mate
choice [50]. Note that there are reverted examples, too: in red-
collared widowbirds, females select against the male carotenoid
display, which also has a dominance function in male-male
competition [51], indicating that the display of male dominance
and aggressiveness can also have intimidating effects on females.
In general, however, such male displays are thought to aid keeping
the attack levels in intrasexual competition within limits, as the
aggression level and (health) status of rivals may be judged upon
these displays [52,53,54]. With respect to the egg-spots of
haplochromine cichlids it thus seems likely that the males with
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more (or more conspicuous) egg-spots are ranked as stronger
competitors. These males are then the ones to establish a territory,
which in turn gives them opportunity to mate, as social status and
mating success are typically correlated in most cichlids [40,55].
That way, females would choose males with more or brighter egg-
spots indirectly by choosing males that can pay the competitive
cost of gaining a high-quality territory.

Taken together, the involvement of egg-spots in female choice
[23,29] and in male aggression (our study) point towards multiple
functions of egg-spots in haplochromine cichlids.

Methods

Study species

The cichlid species Astatotilapia burtoni, a maternal mouthbroo-
der, is a generalist living in the estuaries and affluent river systems
of Lake Tanganyika, East Africa. As is typical for polygynous
mating systems, the species shows sexual dimorphism: males are
larger, more intensively colored and their egg-spots are much
more pronounced and show, in contrast to female egg-spots, a
hyaline circle, which is characteristic for ‘true egg-spots’ [56].
Phylogenetically, A. burtoni is member of a group of riverine
haplochromines that are the sister group to the species flock of
Lake Victoria region, and, together with the latter, the sister group
to the Lake Malawi species assemblage [12,57].

The female test animals were kept in a pure female tank
(100x50x50 cm) and the males in mixed-sex stock tanks
(100x50x50 cm), from which they were transferred into smaller
individual tanks before testing. All tanks provided standardized
conditions of constant water temperature of 26°C, pH 7, and a
12:12 h light:dark cycle. Flake food was fed twice a day and frozen
artemia was given once a day. Our aquaria strain population,
which was used in most of the experiments, originated from an
inbred line. The wild caught specimens used in the four-way
choice experiment were imported from the Kalambo region in
Zambia in 2009.

All laboratory mate choice experiments were performed at the
Zoological Institute of the University of Basel under the permission
of the Cantonal Veterinary Office, Basel, Switzerland (permit
numbers: 2356, 2403). Manipulations on anal fin egg-spots were
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performed under clove oil anesthesia (2-3 drops clove oil per liter
water).

Experiment 1: female two-way choice

A three-tank set up (see e.g. [29,44,58]) was used in order to test
female preference based on visual cues alone. Two males were
presented, in two outer tanks (40x25x25 cm), to the female,
which was placed in a central tank (60x30x30 cm). All tanks were
equipped with egg-traps in the form of a plastic grid (eggs would
simply fall through the grid so that females could not take them up
into their mouth). The outer male tanks contained one shelter
(made from a plastic grid) each, whereas three shelters were placed
in the central female tank (one on each males’ side and one in the
center; Figure 2A). Using this set-up, two female two-way choice
experiments were conducted. In the first experiment (experiment
1.1) the males’ egg-spots differed naturally; we tested males with
many (n=10; egg-spot number mean * sd=12.0%£2.055, range
9-16) versus males with fewer egg-spots (n = 10; egg-spot number
mean * sd=8.1+0.994, range 6-10). In the second experiment
(experiment 1.2) artificial variation was created through experi-
mental manipulations with dry ice to entirely remove all egg-spots
(‘freeze-branding’ method; [23,59]); we tested males with many
(n=11; egg-spot number mean * sd=11.7£2.005, range 9-15)
versus males without egg-spots (n=11). As a treatment control,
both competitors of a trial were freeze-branded, with one male
being treated directly on the egg-spots while the other one was
treated below the egg-spots. Males of a male pair had similar
territorial body coloration and were size-matched (using total
length and weight), therefore they did not differ in size nor weight
but in the number of anal fin egg-spots (experiment 1.1, Wilcoxon
signed-rank test, n=10: size V=22, p=1, weight V=40,
p=0.221, egg-spot number V=55, p=0.005; experiment 1.2,
Wilcoxon signed-rank test, n=11: size V =35.5, p=0.859, weight
V=52, p=0.102, egg-spot number V=66, p=0.004; Table
S1A). Due to limitations in the number of similar-sized males we
used eight male pairs in experiment 1.1 and ten pairs in
experiment 1.2 twice. Two pairs in experiment 1.1 and one male
pair in experiment 1.2 were tested only once.

To initiate an experimental run, males were given at least
24 hours (in experiment 1.1) or one week (in experiment 1.2 in
which recovery from the freeze branding treatment was necessary)
to acclimate to the outer tanks and to become territorial (as
indicated by nuptial coloration and behavior). Then a gravid
female (identifiable through swollen abdomen and enlarged
papilla; experiment 1.1: n=18; experiment 1.2: n=21; Table
S1A) was introduced in the central tank. Female and male
behavior was recorded with a video camera (Sony handicam,
DCR-HC90E PAL, 3.0 mega pixels). The female was left in the
tank until she laid eggs or for a maximum of 7 days and the
position of eggs in the egg trap (choice zone next to male 1 (12 cm)
versus choice zone next to male 2 (12 cm)) was recorded. The
percentage of eggs per clutch that a female laid in front of each
male was calculated. Due to the fact that often all eggs were laid
exclusively next to one male, causing zero inflation in the data, we
coded the data as 1 if the male with egg-spots received more than
50% of the eggs and 0 if it received 50% or less of the eggs laid by
the female compared to the male with fewer egg-spots (experiment
1.1) or without egg-spots (experiment 1.2). We applied generalized
linear mixed models (GLMMs) with a logistic link function (LME4
package [60]), because the response variable was binary (male with
egg-spots received more than 50% of the eggs versus male with
egg-spots received 50% or less of the eggs). To account for the fact
that some pairs of males were used twice, we included male pair as
a random factor. We tested whether the probability that a male
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with egg-spots received more than 50% of eggs was significantly
different from 0.5 (i.e. whether the intercept on the logit scale was
different from 0). Statistical analyses were performed using the
software R, version 2.14.0 [61].

Experiment 2: female four-way choice

This round of experiments made use of the ‘partial partition
method’ (see e.g. [16]). A large tank (150 x50 x50 cm) was divided
into five equally sized compartments (30 x50 x50 cm), which were
separated by a plastic grid. The chosen grid-size allowed the
smaller females to migrate freely, whereas the larger males were
restricted to a single compartment. In each compartment a halved
flowerpot served as territory center and hiding place. The middle
compartment served as a resting area for the females (Figure 2B).

Four different male phenotypes were produced by freeze
branding: (1) no egg-spots; (2) half the amount of egg-spots
(remaining at the end of the anal fin); (3) half the amount of egg-
spots (remaining close to the genital opening); (4) all egg-spots
present (freeze-branding was done at a different area of the fin as
treatment control; Figure 4). The males were checked regularly
and freeze-branding was repeated if egg-spot pigments reap-
peared. For this purpose the females were removed from the
experimental tank as long as the males needed to recover from the
treatment (between two and seven days).

Three replicates with four males each and constantly 12 to 20
females were conducted; males were matched by size and weight
(Table S1B) and swapped regularly between compartments to
avoid compartment effects. Once a female was mouthbrooding
(Figure 1C) she was caught, measured, fin-clipped (for DNA
extraction) and the eggs or larvae were removed from her buccal
cavity. Fertilization rate was recorded by estimating the number of
fertilized eggs or larvae versus unfertilized eggs. The fertilized eggs
or larvae were incubated in an Erlenmeyer flask for one to six days
until they were developed enough for DNA extraction. DNA of
ten larvae of each of the total 68 clutches (replicate 1: 23 clutches,
replicate 2: 14 clutches, replicate 3: 31 clutches), their corre-
sponding mothers and the putative fathers were used for paternity
testing with at least five available un-linked microsatellite markers
using a multiplex approach (Qiagen multiplex kit). We used the
following markers: Abur82 [62], HchiST68 [63], Osu22d [64],
Ppun5, Ppun7, Ppun2l [65], Pzeb3 [66], UNH130 [67], and
UNH989 [68]. The amplified DNA samples were genotyped on
an Applied Biosystems (ABI) 3130x/ genetic analyzer and sized in
comparison to LIZ 500(-250) (ABI) internal size standard.
Genotypes were determined manually using the Genemapper
software (version 1.0, ABI). With this procedure the father of each
fry could be determined and it became apparent if multiple
paternity occurred. Similarly as in experiment 1, we coded the
data as 1 if the three males with egg-spots sired 75% or more of the
eggs and 0 if the male without egg-spots sired 25% or more of the
eggs. The three replicates were analyzed separately using binomial
tests with a probability of 0.75 to check if the three egg-spot
bearing males had a benefit and therefore received a higher
number of clutches.

Experiment 3: male aggression

This set up consisted of a tank (60x30x30 cm) containing a
shelter for the focal male (n=13) and two transparent plastic
cylinders (d=9.5 cm, h=27 c¢m), one for each stimulus male
(Figure 2C). The focal male was introduced into the aquarium and
allowed to acclimate for at least 24 hours. Then two size-matched
males (one with intact egg-spots (n = 8; egg-spot number mean *
sd=7.8£2.123; range 5-11) and the other without egg-spots
(n=48)) were each placed in cylinders to avoid injuries. Three
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stimulus male pairs were used once and five stimulus pairs were
used twice in alternating positions. Males of a male pair had
similar territorial body coloration and were size-matched (by size
(total and standard length) and weight), therefore they did not
differ in total length, standard length and weight, but they differed
in the number of anal fin egg-spots as described above (Wilcoxon
signed-rank test, n=28: total length V=22, p=0.641, standard
length V=225, p=0.575, weight V=19, p=0.945, egg-spot
number V=36, p=0.014; Table S1C). We then recorded the
behavior of the focal male towards the two intruders by counting
the three aggressive behaviors bites, butts and quivers [34]. These
measurements were analyzed for a period of ten-minutes (right
after the first interaction of the focal male with a stimulus male)
from a one-hour video (Sony handicam; see above). The total
number of times an aggressive behavior of one of the three
categories was performed was used as a total aggression rate for
the analysis. Similar to the analysis of experiment 1, the data were
coded as 1 if the male with egg-spots had a higher and 0 if it had
the same or a smaller aggression rate as the male without egg-
spots. Generalized linear mixed models (GLMMs) with binomial
error distribution and male pair as a random factor was used to
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determine if the focal male reacted differently to males with or
without egg-spots.
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Table S1 Measurements taken from test animals. (A) Experiment 1.1 and 1.2. (B) Experiment 2. (C) Experiment 3.
doi:10.1371/journal.pone.0029878.s001

range mean range of the dif mean of the
experiment type of test group measurement of all indivit of all indi bety indivi between individuals
min - max *sd of a pair of a pair
min - max *sd
experiment 1.1 males (Nyais = 10, Nipg = 20) total length (mm) 97 - 114 105.3 £4.22 0-3 1.6+0.97
weight (g) 13.24-21.16 16.83 + 1.83 0.24-2.98 1.22+0.91
egg-spots (num) 6-16 10.05 + 2.54 8 3.90+1.73
females (n = 18) total length (mm) 61-83 7.12+0.65 - -
weight before testing (g) 3.73-9.08 6.11+1.62 - -
weight after testing (g) 3.41-8.04 5.38+1.36 - -
eggs laid (num) 7-123 61.06 + 33.89 - -
experiment 1.2 males (Ngaie = 11, Nipg = 22) total length (mm) 89.33 - 113.90 105.29 +7.81 0.04 -9.00 2374273
weight (9) 8.51-20.75 16.20 +3.78 0.42-4.29 1.45+1.10
egg-spots artificial (num) 0-15 5.86+6.16 9-15 11.73 +£2.00
egg-spots original (num) 6-15 10.55 +2.48 0-7 2.36 +£3.47
females (n = 21) total length (mm) 62.23 - 82.19 75.00 £ 5.50 - -
weight before testing (g) 3.89-9.08 6.91+1.34 - -
weight after testing (g) 323-7.71 6.08 + 1.22 - -
eggs laid (num) 30-133 96.33 + 31.00 - -
range mean range of the difference
experiment type of test group measurement of all indi of all indi by indivi
min - max +sd of a group
min - max
experiment 2 -replica1  |males (Nyqp = 1, Ny = 4) total length (mm) 96.24 - 99.58 97.38 £ 1.51 0.38-3.34
standard length (mm) 75.60 - 79.16 78.23+1.75 0.05 - 3.56
weight (g) 11.94 - 14.32 12.96 + 1.21 0.00-2.38
egg-spots artificial (num) 0-11 5.25+4.57 2-1
egg-spots original (num) 6-11 8+2.16 1-5
females (n = 23) total length (mm) 4.60 - 6.34 5.43+0.48 -
standard length (mm) NA NA -
weight after testing (g) 1.50 - 3.32 2.30+0.52 -
eggs laid (num) 15-79 44.35 + 15.92 -
experiment 2 -replica2 |males (Noon = 1, Nt = 4) total length (mm) 85.16 - 86.73 85.99 + 0.65 0.28-1.57
standard length (mm) 67.10 - 68.72 68.19£0.74 0.07 - 1.62
weight (g) 8.20 - 8.55 83+0.17 0.01-0.35
egg-spots artificial (num) 0-7 3.75+2.87 3-7
egg-spots original (num) 6-11 75+2.38 0-5
females (n = 14) total length (mm) 47.87 - 64.51 53.36 + 5.86 -
standard length (mm) 38.97 - 52.68 43.01 +4.86 -
weight after testing (g) 1.08 - 3.90 2.08 £0.85 -
eggs laid (num) 18 - 59 32.21+£13.40 -
experiment 2 - replica 3  |males (Nyou = 1, Ning = 4) total length (mm) 97.39-99.91 98.46 £ 1.16 0.28 - 2.52
standard length (mm) 77.38 - 79.86 7912117 0.12-2.48
weight (g) 12.00 - 14.54 13.46 +1.18 0.26 - 2.54
egg-spots artificial (num) 0-5 2.75+2.06 2-5
egg-spots original (num) 5-6 5.25+0.50 0-1
females (n = 31) total length (mm) 46.40 - 61.35 53.98 + 3.81 -
standard length (mm) 37.09 - 49.49 43.37 +3.52 -
weight after testing (g) 1.24 -3.02 2.14+0.43 -
eggs laid (num) 14 - 64 35.39 +13.88 -
range mean range of the di mean of the
experiment type of test group measurement of all indivi: of all i i bet indivi between individuals
min - max +sd of a pair of a pair
min - max *sd
experiment 3 stimulus males (Nyais = 8, Nipg = 16) total length (mm) 85.77 - 103.43 94.22 +593 0.01-2.18 1.02 £0.97
standard length (mm) 66.60 - 80.41 73.13+£4.90 0.01-2.07 1.43 £0.80
weight (g) 7.92-1524 11.33 £2.46 0.21-1.18 0.82+0.48
egg-spots artificial (num) 0-1 3.88+4.26 5-11 7.75+212
egg-spots original (num) 5-11 7.71£1.90 1-4 217 +1.17
focal males (n = 13) total length (mm) 86.02 - 108.85 93.90 +7.51 - -
standard length (mm) 66.78 - 87.08 73.14 £ 6.67 - -
weight (9) 8.19-18.38 10.97 +2.88 - -
egg-spots (num) 6-11 8.31+1.49 - -
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Assessing an opponent’s strength is an important component of attack strategies in territorial combats between males. Body size is
often considered to directly influence an individual’s strength, but other honest visual signals may also affect the assessment of oppo-
nents. Among such visual signals are the so-called egg-spots, a conspicuous ovoid marking on the anal fin of male haplochromine
cichlid fishes, made up of carotenoid-containing and other pigment cells. It has long been assumed that egg-spots are mainly relevant
in courtship and spawning behavior, and previous work has focused primarily on their function in intersexual selection. Recently,
however, both body size and egg-spots have been suggested to play a role in male-male interactions. To test whether egg-spots func-
tion in female choice or whether egg-spots and/or body size function as a predictor of strength and the subsequent attack strategy
in male—male interactions, we performed a series of behavioral experiments in the haplochromine cichlid Astatotilapia calliptera. The
trials revealed a limited involvement of egg-spots in female choice, yet a much stronger influence in male interactions. Territorial males
combined information from the strength assessment based on body size and egg-spots to adopt their attack strategies. They launched
more attacks against the larger intruder with many egg-spots compared with the smaller intruder without or with fewer egg-spots. Our
study provides evidence that egg-spots serve as honest visual signal and that the level of asymmetries in egg-spot pattern and body
size determines the relative impact of each trait in strength assessment.

Key words: Astatotilapia calliptera, attack strategy, East African cichlid fishes, egg-spots, f le choi Lake Malawi, male
aggression.
INTRODUCTION 1986; Keeley and Grant 1993; Pavey and Fielder 1996; Jenssen

et al. 2005; Odreitz and Sefc 2015). In case body size asymmetry is

Competition over mates constitutes a key mechanism in the process A A N R
small between opponents or if body size is not a reliable indicator

of sexual selection, either through mate choice by the opposite sex
or via contests for mates (Darwin 1859, 1871; Andersson 1994). In
many territorial species, for example, one of the sexes—most com-
monly males—competes for a territory in order to gain access to

of strength, other factors included into strength assessment either
add to or cancel out the effect of body size (Clutton-Brock and
Albon 1979; Beaugrand et al. 1996; Sneddon et al. 1997). Other
mating partners. Males have thus evolved a variety of strategies to factors' that may influence the aS§essmer'1t of an opponeflt s streng'th
comprise a wide array of male signals, including conspicuous traits

pursue own interests without investing too much energy into fight- . R .
such as ornaments (Berglund et al. 1996). The production and dis-

ing or taking the risk of injuries (Maynard Smith and Price 1973).

An important component of such male-male interactions is the
evaluation of the strength of an opponent, the so-called “resource
holding potential” (RHP), which serves to prevent the escalation of
fights (Parker 1974). Body size is a direct predictor of the RHP in
intraspecific contests because larger males are usually more likely
to win combats (e.g, Iryer and Iles 1972; Tokarz 1985; Crespi

play of ornaments that signal male quality involve costs, which in
turn prevent dishonest signaling and therefore incorrect strength
assessment (Zahavi 1975).

A prime example for honest visual signals are ornaments based
on pigment cells containing carotenoids, which cannot be syn-
thesized de novo by animals and, thus, have to be taken up via
diet (Goodwin 1986). The costs arising from carotenoid-based
visual signals can be manifold and may include competition for
carotenoids in environments with carotenoid-poor food (Hill
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reallocation of carotenoids from antioxidant activities and/or other
physiological processes to the ornament (reviewed in Svensson and
Wong 2011). Therefore, only healthy and strong individuals should
be able to afford the costs of carotenoid allocation to visual sig-
nals (Lozano 1994, 2001). Consistently, reddish signals in general
correlate positively with winning combats throughout the animal
kingdom (e.g,, Evans and Norris 1996; Pryke et al. 2002; Hill and
Barton 2005; Hamilton et al. 2013; Sefc et al. 2015). Moreover,
there is growing evidence that red coloration may constitute a gen-
eral signal of intimidation (e.g., Dijkstra et al. 2005; Pryke 2009).
The intimidation effect of red coloration and body size seems to
be context dependent, though, and can sometimes be defeated by
deploying a high-risk strategy. In male three-spined stickleback, for
example, red belly coloration has been shown to intimidate oppo-
nents outside a settled territory (Bakker and Sevenster 1983; Baube
1997), but to evoke attacks in territorial males toward more red-
dish intruders (Ter Pelkwijk and Tinbergen 1937; Tinbergen 1948).
Additionally, in some species smaller individuals are more aggres-
sive or even prompt a combat (Moretz 2003; Svensson et al. 2012).

1513

The initiation and outcome of a combat can therefore not always
be predicted based on the contestants’ strength alone because an
individual’s investment often depends on factors such as the sub-
jective value of the contested resource (see “sequential assessment
game” and its extension, Enquist and Leimar 1983, 1987). In
other words, individuals will fight more, if the subjective value of
resource is higher. Therefore, in different contexts, the same visual
signal can either inhibit or evoke aggression.

In this study, we focus on a visual signal that is characteristic to
the most species-rich group of cichlid fishes and test whether this
carotenoid-based ornament and/or body size function as a pre-
dictor of strength and subsequent attack strategy in male-male
interactions. The visual signal under investigation is the so-called
egg-spot pattern of the East African haplochromine cichlids, which
are ovoid markings on the anal fins of males (Salzburger et al.
2007; Santos et al. 2014) (Figure la) (note that they can also be
found in females but are then usually less elaborate). Previous work
on the function of egg-spots has primarily focused on their puta-
tive role in female choice. Wickler (1962), for example, suggested

@

Y
~—

>

Figure 1

Haplochromine egg-spots and a schematic view of the experimental setups. (a) Egg-spot patterns on male anal fins of Astatotilapia calliptera (from left to right:
male with many egg-spots; male with few egg-spots; male without egg-spots). (b) The 2-way female choice setup (experiment 1) with the female in the central
tank containing an egg-trap and flanked by the stimulus males’ tanks (male with many egg-spots vs. male without egg-spots). (c) The setup for the male
aggression experiments with the territorial focal male being able to interact with the 2 stimulus intruder males in the plastic cylinders (experiment 2.1: male
with many egg-spots vs. male without egg-spots; experiment 2.2: male with egg-spots vs. male with fewer egg-spots).
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that egg-spots mimic real eggs, act as releasers for egg-uptake, and
maximize fertilization rates. Mate choice experiments in Astatotilapia
elegans (Hert 1989) and Pseudotropheus (Maylandia) aurora (Hert 1991)
revealed that females prefer males with many egg-spots over males
with fewer egg-spots. Couldridge (2002), on the other hand, found
that P (M.) lombardoi females preferably choose males with an artifi-
cially enlarged egg-spot over males with one natural or many egg-
spots. More recently, however, experiments with Astatotilapia burtoni
demonstrated that females of this species do not show a preference
for males with many egg-spots (Henning and Meyer 2012; Theis
et al. 2012). Instead, it appears that egg-spots have an intimidating
effect in male—male competition in A. burtoni (Theis et al. 2012), sug-
gesting that this ornament serves multiple, species-specific functions
in haplochromine cichlids. Interestingly, this intimidating effect of
egg-spots was not found in the same species during male aggres-
sion trials with direct contact between the 2 opponents (Henning
and Meyer 2012). The latter study allowed for large asymmetries
in body size, though, which was in the end the only trait that deter-
mined winning a combat. Taken together, it thus seems that the
egg-spot phenotype as well as body size asymmetries of opponents
can influence the strength assessment and interact with each other
and that the attack strategy is based on the intimidating effect of
egg-spots and body size in A. burtoni.

Here, we evaluate whether egg-spots function in female choice
or in male-male interactions. To this end, we performed a series
of behavioral experiments in Astatotilapia calliptera (Ginther 1893),
which represents the Lake Malawi “counterpart” to the previ-
ously examined A. burtoni from Lake Tanganyika. We first tested,
using the same setup as in Theis et al. (2012), whether in 4. cal-
liptera females also show no preference for males with many egg-
spots over males with artificially removed egg-spots (experiment 1).
We then examined whether asymmetries in egg-spot pattern alone
(experiment 2.1) or in combination with body size asymmetries
(experiment 2.2) could be a predictor of strength and subsequent
attack strategy, and therefore male aggression, in A. calliptera.

METHODS
Study species

Astatotilapia calliptera occurs in shallow, weedy habitats along the
shoreline of Lake Malawi, but also inhabits ponds, small lakes,
and rivers of its catchment (Konings 2007; Tyers and Turner
2013). With its congener A. burtoni from Lake Tanganyika, it shares
a generalist lifestyle, the occurrence in lake and stream habitats,
and a lek-like breeding system (Theis et al. 2014), in addition to
the typical characteristics of haplochromines such as sexual dimor-
phism, female mouthbrooding, and anal fin egg-spots (Salzburger
et al. 2005). The A. calliptera test animals used in this study were
F1 individuals originating from Chizumulu Island in Lake Malawi,
Malawi. Males from this locality display a blue-gray body color-
ation, which differs from the yellow body coloration of other A. cal-
liptera populations (Tyers and Turner 2013).

Females and males were kept in separate tanks (150 X 50 X 50 cm?)
providing standardized conditions with constant water temperature
(26 °C) and a 12:12-h light:dark cycle. Flake food was fed twice a
day, complemented with frozen Artemia once a day. The test animals
were kept individually in mesh cylinders (¢ = 16cm, £ = 40cm)
to enable individual identification. All males were photographed
(Nikon D5000, Nikon Speedlight SB-900) for later size measure-
ments (Adobe Photoshop CS3 extended, v 10.0.1) and egg-spot
counts (a complete egg-spot was counted as 1 and incomplete
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egg-spots as 0.5; analogous to Albertson et al. 2014). To reduce
handling stress, fish were anesthetized during the procedure (3
drops of clove oil per liter water) and were given time to recover
before an experimental run (stimulus males at least 2h, focal
males 20h of acclimation). All experiments were performed at the
Zoological Institute of the University of Basel under the permis-
sion of the Cantonal Veterinary Office, Basel, Switzerland (permit
numbers: 2356, 2403).

Experiment 1: female choice

We used the same experimental setup as in Theis et al. (2012). In
cach experimental round, we placed a gravid female (ng,,. = 18)
in a central tank (60 X 30 X 30 cm® and allowed visual contact with
2 males with varying egg-spot patterns presented in 2 outer tanks
(40 x 25 x 25 cm®) (Figure 1b). The paired males were size matched
in standard body length (SL) as precisely as possible (e pairs = 125
meangy, giguence L standard deviation [SD] = 0.97£0.61 mmy;
ranges;, gierence = 0-12-2.12mm) and introduced at least 20 h before
the start of each experimental round to allow for acclimation and
territorial behavior to develop. Egg-spots in 1 stimulus male were
removed completely (“freeze branding” method; Hert 1986, 1989;
see also Theis et al. 2012) but were left unaltered in the other stim-
ulus male (Meange oo number difference = SD = 4.22£ 1.06; range,,,.
spot number difference = 2-0-6) (Figure la). As a treatment control, the
unaltered stimulus males were also freeze branded directly above
the egg-spots. All manipulations on the anal fins were performed
under clove oil anesthesia (3 drops per liter water). In cach experi-
mental round, the female was able to see and to interact with both
males of the stimulus pair and laid eggs within a period of few
hours up to 7 days (the experiment was terminated if the female
did not lay eggs within this time period). Because of the grid placed
in the aquaria, eggs laid by the female would fall into this “egg-
trap” before the female was able to take them up into her mouth
for incubation. The egg-trap, which completely covered the floor
of the female tank (see Figure 1b), made it possible to assess if the
female laid the eggs in front of the male with egg-spots, the male
without egg-spots, or in front of both. The position of the eggs laid
was used as measure for female preference. Additionally, the inter-
action time of the female with each of the 2 presented stimulus
males was analyzed for the first half an hour (recorded using a Sony
handicam HDR-XR550VE, 12.0 mega pixels; analyzed in iMovie,
v. 9.0.4) of the experiment to test if females preferably interacted
with males with many or without egg-spots and if interaction time
correlated with the number of eggs laid.

Because many of the females (9 out of 18) laid their eggs exclu-
sively next to one of the males, the data was coded into 1 and 0 to
circumvent the problem of zeroinflation in statistical analyses. The
data was coded as 1 if the male with egg-spots received more than
or exactly 50% of the eggs and as a 0 if the male with egg-spots
received fewer than 50% of the eggs. The binomial data were then
analyzed with a generalized linear mixed effects model (GLMM)
with a logistic link function using the package Ime4 (Bates et al.
2014) in R (version 3.0.3, R Core Team 2014), which was also used
for all further statistical analyses. The factor male pair was included
as a random effect to account for dependence of the data, that is,
the use of 6 male pairs twice. A second model was applied to test
if the female spent a different amount of time interacting with one
of the 2 stimulus males (note that for models with interaction time
sample size is reduced by 1 due to the lo