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Abstract 

Recent studies suggest that male-male competition for spawning sites can exert 
negative frequency-dependent selection on a male secondary sexual trait, for 
example nuptial coloration. This is the case when males bias aggression towards 
rivals of their own color, conferring a fitness advantage upon rare phenotypes. Such 
an aggression bias may promote the evolution and maintenance of stable color 
polymorphisms in the course of speciation. It could operate in the extensive color 
radiations of haplochromine cichlid fish. In a previous study using wild-caught blue 
and red Pundamilia males from Lake Victoria we measured aggression biases in 
simulated intruder choice tests. We found that wild-caught blue males from a 
location where red males are absent, biased aggression towards blue stimulus 
males, whereas those from a location where blue and red occurred sympatrically, 
biased aggression towards red stimulus males. Here we test, using lab-bred blue 
males from both types of communities, the hypothesis that exclusive experience 
with blue males leads to an aggression bias towards blue, and that experience with 
blue and red males leads to an aggression bias towards red. Contrary to predictions, 
blue males without prior experience with red did not distinguish between blue and 
red males. Blue males with prior experience with blue and red preferentially 
attacked blue stimulus males. The data suggest that prior experience can affect 
aggression biases, and that experience with more than one phenotype is required 
for the development of biases. Yet, our results cannot explain the direction of 
differences in specific biases observed in wild-caught males from different 
populations.  
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Introduction 

Effects of learning on developing mating preferences have been intensively 
investigated. Filial imprinting (Clayton 1988; Oetting et al. 1995), sexual imprinting 
(Ten Cate & Vos 1999) as well as learning in the adult phase (Bisschof 1994; 
Mugarran & Ramnarine 2004) may help animals to identify conspecific mates (see 
also e.g. Bereczkei et al. 2004). Learned mate preferences may also play a role in 
speciation, e.g. in determining the rate at which premating isolation can arise 
(Laland 1994; Irwin & Price 1999; ten Cate & Vos 1999; Verzijden et al. 2005). Few 
studies on learning concern intrasexual interactions (Vos 1994; Hansen & Slagsvold 
2003; Engeszer et al. 2004). Since intrasexual selection is increasingly recognized 
as a diversifying force (Seehausen & Schluter 2004; Mikami et al 2004; Van Doorn 
et al. 2004; this thesis), learned aggression biases may likewise play a role in the 
process of speciation.  
 Research on sympatric speciation by sexual selection has largely focused on 
the role of female mate preference in driving changes in male phenotypes (Turner 
& Burrows 1995; Payne & Krakauer 1997; Higashi et al. 1999; Kawata & Yoshimura 
2000; Arnegard & Kondrashov 2004). Van Doorn and co-workers (2004) indicated 
that intrasexual selection can be a previously neglected essential ingredient to the 
process. If males bias aggression towards like-colored phenotypes, rare males 
would receive less aggression and may consequently enjoy elevated fitness (Mikami 
et al. 2004; Seehausen & Schluter 2004; Van Doorn et al. 2004). The negative 
frequency-dependence that is expected to arise from such an own-type bias in 
aggression might promote the spread of novel male phenotypes and the 
stabilization of color polymorphisms, thereby facilitating sympatric speciation. A 
previous study showed color-based aggression biasing in a Lake Victoria cichlid fish 
(chapter 2). Although aggression biases are likely to have a heritable basis, learning 
effects may modulate the strength of own-type biases. For example, an ancestral 
morph may learn to weaken its own-type bias in aggression when the novel morph 
increases in relative abundance. Such learning would explain differences in own-
type aggression bias observed among populations of haplochromine cichlid fish 
from Lake Victoria (chapter 2 & 3). The aim of the present study was to test the role 
of learning in shaping aggression biases in Lake Victoria cichlid fish. 
 Lake Victoria’s flock of endemic haplochromine cichlid fishes is among the 
most rapidly speciating groups of vertebrates (Johnson et al. 1996; Seehausen 2002; 
Kocher 2004), and is a textbook example of explosive evolution and adaptive 
radiation (Greenwood 1981; Kaufman 1997; Seehausen et al. 2003). The mating 
systems of the most species rich genera suggest that both inter- and intrasexual 
selection on male nuptial dress may be a potent diversifying force (Dominey 1984; 
Seehausen et al. 1997; Seehausen & Van Alphen 1998; Maan et al. 2004; Seehausen 
& Schluter 2004; this thesis). In their lek-like mating system, parental investment 
is strongly skewed towards females (Seehausen 1996). Males vigorously defend 
permanent territories, and it appears that possession of a territory can be a 
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prerequisite for mating success (Maan et al. 2004). Females use territory quality 
cues for assessing prospective mates (Maan et al. 2004; chapter 7). Hence, 
competition over territory sites is likely intense (Fryer & Isles 1972; Seehausen et al. 
1998b), and may be an important component of sexual selection (Seehausen & 
Schluter 2004).  
 In this study we tested the role of learning in shaping aggression bias in 
blue male phenotypes of the Pundamilia complex, endemic to Lake Victoria, 
towards either red or blue intruding phenotypes. Red and blue Pundamilia 
phenotypes represent a common color dichotomy among closely related species of 
haplochromine cichlids (Seehausen et al. 1999a). The blue phenotype is distributed 
throughout the lake, whereas the red phenotype shows a patchy distribution nested 
within that of blue (Seehausen 1996; Seehausen & Van Alphen 1999). This may 
suggest that blue nuptial coloration represents the ancestral state and that blue 
populations have been invaded repeatedly by red forms during independent 
speciation events (Seehausen 1997; Seehausen & Van Alphen 1999).  
 In a previous study using wild-caught blue and red Pundamilia males we 
measured aggression biases in simulated intruder choice tests (chapter 4). Blue 
males occurring sympatrically with red biased aggression towards red rivals, 
whereas those from a location without a red population biased aggression towards 
blue. This difference between the populations may be heritable, or it may be 
attributable to the difference in experience with the red phenotype. The learning 
hypothesis predicts that aggressive experience with only blue males would lead to a 
bias in aggression towards blue males, whereas experience with both blue and red 
males would lead to a bias towards red males. We used first generation lab-bred 
blue sons of wild-caught blue males originating from locations where they occur 
sympatrically with red, and from one location where the red species is absent.  

Methods 

Species  

We studied lab-bred fish the parents of which originated from two kinds of 
populations. The first were two populations where ‘red’ and ‘blue’ Pundamilia are 
incipient species (referred to as ‘incipient-species population’ type). The second 
was a population of only one Pundamilia species most males of which are blue 
(referred to as ‘single-species population’ type).  
 The incipient-species populations from Python and Kissenda Islands in the 
Mwanza Gulf of Lake Victoria (Tanzania), consist of a red incipient species, 
resembling Pundamilia nyererei (Witte-Maas & Witte, 1985) and a blue incipient 
species, resembling Pundamilia Pundamilia (Seehausen et al., 1998a) from sites 
with no hybridization. We use the term ‘incipient’ because the occurrence of some 
intermediate forms between red and blue around Kissenda and Python Islands 
suggests some hybridization (Seehausen 1997; unpublished data), resembling an 
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incipient stage of speciation (chapter 2 & 3). Males of P. nyererei are crimson 
dorsally, yellow on their flanks, and have a crimson dorsal fin. We refer to them as 
‘red’. Males of P. Pundamilia are greyish white dorsally and on the flanks, and have 
a metallic blue dorsal fin. We refer to them as ‘blue’. Both are confined to rocky 
shores and islands in Lake Victoria (Seehausen 1996). Kissenda and Python males 
are phenotypically indistinguishable and wild-caught males have similar aggression 
biases (chapter 2 & 3).  
 Fish from the single-species population were collected around Luanso 
Island, Lake Victoria (Tanzania). Most males from this population are similar to 
Pundamilia Pundamilia, some are intermediate between the blue and the red 
phenotype, but fully red males have not been reported (Seehausen 1996; 1997). We 
hence refer to Luanso males as ‘blue’. 

Housing 

We bred fish from wild-caught males and females in single-species aquaria. 
Individual sib-groups were housed in 50-100L aquaria and guarded by their 
mother for one week. The sides and the back of the aquaria were covered with black 
plastic sheets. All aquaria were connected to a central biological filter system and 
water circulated continuously. Water temperature was kept at 25 ± 2oC and a 12:12 
h light:dark cycle was maintained. All aquaria contained a gravel substrate. The fish 
were fed flake food (TetraMin Tropical Fish Flakes) once per day. 

Blue- and mixed-housing treatment 

When starting the experiment, we randomly assigned fish (standard length range 
29.3-63.8 mm) to one of the two treatments (explained below). Both treatments 
contained several aquaria each housing a group of eight fish. When assigning the 
fish to the two treatments, they were at least six months of age when nuptial 
coloration started to develop. Prior to treatment allocation fish had been raised in 
sib-groups and were, hence, naive with respect to the red phenotype. Fish were 
selected from 10 sib-groups of incipient-species populations and 5 of the single-
species population. Each treatment group (each housed in 110-170L aquaria) had 
the following features. First, males from the three populations were never used 
together in the same treatment group. Second, since allocation to treatment groups 
was randomized with respect to sib-group, the majority of males did not have 
sibling in their treatment group. Finally, each treatment group consisted of three to 
five males, supplemented to eight individuals with females. For the incipient-
species populations we created 10 treatment groups per treatment and for the 
single-species population we created 5 treatment groups, so that there was a total 
of 30 treatment groups or aquaria.  
 Blue-treatment groups were housed between two blue neighboring males, 
whereas each mixed-treatment group was positioned between one blue and one red 
neighboring male. Neighboring males (lab-bred Pundamilia males from Kissenda 
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Island SL range 72.0-90.1 mm, N=60) were individually confined at both ends of 
an aquarium, using perforated (diameter 23 mm) transparent sheets. The 
perforations allowed treatment-group fish to move between compartments. Thus, 
each treatment group aquarium consisted of a central compartment for the 
treatment-group fish and two side compartments. The perforated sheets ensured 
that neighboring males remained in their compartments, while allowing treatment-
group fish to see and physically interact with the neighboring males. Neighboring 
males in each treatment group were matched for standard length: the difference 
was less than 2.2%, measured as (100x(L-S))/ S, where L= the longest and S= the 
shortest fish. Neighboring males were larger than the treatment-group fish, and 
they were always in territorial condition, as indicated by dark vertical bars. 
Territoriality of the neighboring males was further ensured by providing them with 
a PVC tube for shelter (see figure 1). They would usually expel intruding treatment-
group fish from their compartment. This set-up standardized dominance 
relationships among treatment groups, since each group consisted of one dominant 
treatment-group fish (by necessity a blue phenotype), and two dominant 
neighboring males. Males were kept three months long in the treatment groups 
before they were tested for aggression biases. In case a treatment-group fish died 
(mortality was 0.9 fish/treatment group during the treatment housing), we 
replaced the fish by a female P. Pundamilia from Kissenda Island to ensure that 
group size remained the same. 
 After the three months treatment, treatment-group males (now referred to 
as test males, standard length range 42.4-74.7 mm) were individually housed for at 
least a week prior to transfer to the test aquarium in which the aggression bias was 
measured. During the individual housing, males were kept in separate 
compartments, each with a PVC tube refuge and with visual contact to one blue 
male through a transparent plastic sheet. The individual housing ensured territorial 
condition but avoided unwanted effects of social isolation. For the incipient-species 
population type we tested 19 blue-treated males (9 from Kissenda Island and 10 
from Python Island) and 21 mixed-treated males (11 from Kissenda Isand and 10 
from Python Island). For the single-species population type we tested 20 blue-
treated males, and 18 mixed-treated males.   

Aggression choice test 

We used the same test paradigm as described elsewhere (chapter 2 & 3). Test males 
were transferred from their individual compartment to the test aquarium one day 
before a trial to allow them to acclimatize. A PVC tube was provided as a refuge. A 
test aquarium consisted of a larger experimental compartment (55 x 35 x 39 cm, l x 
w x h) with a PVC tube for the test fish, and a smaller compartment (5 x 35 x 39 cm) 
for a neighboring fish. The neighboring fish was a small P. Pundamilia male 
(Kissenda/ Python Island, first generation offspring) needed to maintain territorial 
condition of the test fish. The neighboring male was separated from the test fish by 
a transparent partition. At the start of a trial, size-matched (standard length) blue 
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and red stimulus males confined in watertight transparent tubes were 
simultaneously placed in the compartment 20 cm apart. The test males perceive 
these stimulus males as intruders, and typically respond aggressively to both 
stimulus males, whilst the small neighboring fish is neglected. Directly after 
introduction of stimulus males the trial was recorded on videotape for 5 minutes. 
Between trials we alternated the left and right position of the stimulus males with 
respect to color.  
 Stimulus males consisted of first generation lab-bred red and blue males 
from Kissenda or Python Island. Kissenda and Python males are indistinguishable. 
We have shown previously using light manipulation experiments, that aggression 
biases in these populations are based on differences in nuptial coloration rather 
than on other traits of the males (chapter 2). Stimulus pairs (N=21) were formed by 
matching a blue and a red male for standard length: the difference was less than 
4.9%. Each stimulus fish was used only once per treatment-population type 
combination, except for four red and four blue males. These fish were used in two 
pairs, but when using a male for the second time, it was never paired with the same 
male as before (Kodric-Brown & Johnson 2002; Pauers et al. 2004). Before the 
trials, stimulus males were kept in separate compartments within which a PVC tube 
was placed as a refuge and with visual contact to a red or blue male through a 
transparent plastic sheet for at least a week. 

Analysis 

We scored the number of attack behaviors to the blue stimulus male (Ab) and the 
red stimulus male (Ar) from the videotapes (Baerends & Baerends-Van Roon 1950; 
chapter 2 & 3). Tape analysis was carried out blindly with respect to population and 
treatment. The aggression bias, expressed as the attack ratio, was the fraction of all 
attacks of a male that was directed towards the blue stimulus male [Ab/(Ar+Ab)]. 
The attack ratio data were arcsine square root transformed. The level of aggression 
is expressed as the total number of attacks to both stimulus males during the five 
minute trial period. 
 We first tested for associations between sib-group and attack ratio, using 
linear hierarchical modeling in MlWin 2.0. We tested on average 2.6 males per 
community (standard error ± 0.2, median = 2, range 1-5). The possible non-
independence of individual test fish from the same treatment group explained none 
of the observed variation in the attack ratio (P>0.5). In further analysis we treated 
each male as an independent case. The aggression bias in the two incipient-species 
populations did not differ significantly in either treatment (blue treatment: 
t17=1.279, P=0.2; mixed treatment t19=-1.440, P=0.2). Hence, we pooled the data. 
All other tests were performed in SPSS 12.0.1. We tested for the effect of treatment 
and population type (both two levels) on the attack ratio by ANOVA. We evaluated 
aggression bias for each treatment separately by testing whether the attack ratio 
deviated from 0.5 using a repeated measure ANOVA with population type as 
explanatory variable.  
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 All reported probabilities are for two-tailed tests of significance. We report 
means and ± standard errors.  

Results 

Males directed aggressive behaviors to both types of stimulus males. On average, 
males performed 42.6 ± 2.0 attacks/5 min.  
 Figure 1 shows the attack ratio of blue-treated and mixed-treated males 
from the single-species population and the incipient-species population type. Blue-
treated males showed no aggression bias: their attack ratios did not deviate from 
0.5 (Figure 1, RM-ANOVA, deviation from 0.5: F1,38=0.435, P=0.5). This lack of a 
bias was observed both in males from the single-species and males from the 
incipient-species population types (population type effect: F1,37=0.12, P=0.7). By 
contrast, mixed-treated males showed a bias for the blue stimulus male: their 
attack ratio deviated highly significantly from 0.5 (Figure 1, RM-ANOVA, deviation 
from 0.5: F1,38=11.807, P<0.001). Also this bias did not differ between population 
types (F1,37=0.021, P=0.9). After removing population type (F1,75=0.018, P=0.9) and 

Figure 1 The aggression bias, expressed as the attack ratio, for males from the single-species population 
(open bars) and the incipient-species populations (grey bars) for the blue treatment and the mixed 
treatment. Sample sizes are shown inside the bars. The attack ratio was calculated as the number of 
attacks towards blue divided by the total number of attacks within a trial. The dashed line indicates the 
no-bias line. Indicated above the bar is the deviation from 50%. Also indicated is the significance of the 
treatment effect. *P<0.05, **P<0.01. For statistics see results section. 
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the interaction treatment x population type (F1,74=0.118, P=0.7) from the model, we 
found a significant treatment effect on attack ratio (ANOVA, F1,76=4.177, P<0.05). 
This suggests a role for learning in shaping aggression bias (Figure 1) and that the 
effect was similar for both population types.  
 Post-hoc tests revealed no significant treatment effect for the two 
population types separately (independent t-test: incipient-species population type 
t38=1.542, P=0.1; single-species population type t36=1.311, P=0.2), probably due to a 
lack of power. Further, we evaluated aggression biases for each population type and 
treatment combination separately testing attack ratios against 0.5 with one-sample 
t-tests. The attack ratios did not deviate significantly from 0.5 in males from the 
blue treatment (incipient-species population type t19=-0.690, P=0.5; single-species 
population type t18=-0.213, P=0.8). Attack ratios deviated significantly from 0.5 in 
males from the mixed treatment (incipient-species population type t17=3.001, 
P<0.01; single-species population type t20=-2.192, P<0.05). 

Discussion 

Male-male competition may facilitate the invasion of novel or rare male phenotypes 
and maintain stable co-existence of incipient species through negative frequency-
dependent selection (Mikami et al. 2004; Seehausen & Schluter 2004; Van Doorn 
et al. 2004; chapter 3). Frequency-dependence may arise when territory defenders 
bias aggression towards similarly-colored rivals. We tested whether aggression bias 
can be modulated by learning, and whether a different social background could 
explain the differences observed among populations. We observed indeed a 
significant effect of learning: exclusive experience with blue males resulted in lack 
of aggression bias, whereas experience with blue and red males resulted in an 
aggression bias towards blue males. Wild-caught fish of the different populations 
do differ in aggression bias (chapter 2 & 3), but not the lab-bred fish in this study. 
This contrast indicates that the difference in aggression bias in wild-caught males 
might be attributable to learning and differences in experience. 
 Although the evidence for learning supports our main hypothesis, the 
results do not support our predictions concerning the direction of the effect. 
Predictions stemmed from aggression biases of wild-caught males measured in a 
previous study (chapter 2 & 3): a bias towards blue in the single-species population 
where red males are absent, and a bias towards red in blue males from incipient-
species populations where they co-occur with red. We can only speculate about the 
possible reasons why the direction of the treatment effect is opposite to the 
expectation. First, our treatment was not likely to mimic the situation in the wild 
for either population type. For example, in the incipient-species populations red 
phenotypes are the most abundant Pundamilia form (Seehausen 1997; 
unpublished), a situation not reflected in our mixed treatment. Secondly, in the 
wild these males experience both color types from an early age onwards, whereas 
we specifically looked at the effect of learning in sexually mature fish. Finally, males 
from the single-species population do not only experience competition with blue 
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conspecifics, but also with males of other species some of which have different 
nuptial coloration. Our results suggest that experience with more than one color 
phenotype may be required to develop any aggression bias.  
 From a functional perspective, learning might be important to recognize 
competitors for mating opportunities (Hansen & Slagsvold 2003) and allows 
individuals to adapt quickly to changing environments (Immelmann 1972; Bolles & 
Beeher 1988). To what extent this applies to learned aggression biases in 
haplochromine cichlid fish in the wild is a topic that deserves more empirical and 
theoretical investigation. Learning is theoretically an effective way of generating 
own-type biases in aggression in newly arising species, because they do not require 
linkage disequilibria to form between alleles causing different colors and alleles 
causing different aggression biases. In theory, learning may thus modulate the 
strength and symmetry of frequency-dependent selection generated by male-male 
competition.   
 In conclusion, this study shows that aggression biases may at least partially 
be acquired by learning in an animal species with strong inter- and intrasexual 
selection on the male secondary sexual traits. Our findings may have implications 
for understanding the role of male-male competition in speciation and species co-
existence.  
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