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Abstract 
 
Divergent sensory drive implies divergent natural selection on sensory systems, tuned to 
optimize communication and survival in a given environment. For aquatic organisms, this 
often involves visual adaptation, as the natural attenuation of light through water results in 
distinct photic conditions. As such, visual adaptation has been implicated as a diversifying 
mechanism in many fish species. Here, we explore the fitness consequences of visual 
divergence in Pundamilia cichlids from southeastern Lake Victoria. Sympatric blue and red 
morphs occur at many rocky island locations and are typically depth-differentiated - each 
inhabits different photic conditions, that correlate with differences in male colour, female 
mate preference, and visual system characteristics. In this study, we test whether the observed 
correlation between visual conditions and visual system properties in the wild is due to 
divergent natural selection for environment-dependent visual performance. We quantified 
foraging performance of both species in light conditions mimicking their natural habitats and 
found that foraging performance was highest when fish were tested in their ‘natural’ light 
environments, consistent with divergent visual adaptation. We also manipulated the light 
conditions during development, inducing changes in visual system traits, to test for a causal 
relationship between vision and foraging. There was no interaction between rearing and test 
light, precluding the inference of a causal relationship between plastic changes in the visual 
system and variation in foraging performance. Finally, we found that hybrids outperformed 
non-hybrids, suggesting disruptive natural selection mediated by foraging performance does 
not explain the maintenance of reproductive isolation. Together, the results of this study are 
consistent with divergent sensory drive in Pundamilia but also suggest the involvement of 
additional factors. 
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Introduction 
 
The natural attenuation of light through water results in distinct light environments to which 
aquatic organisms must adapt. This is both depth- and turbidity-dependent: short wavelengths 
penetrate to greater depths in clear water while in turbid water, long wavelengths often 
penetrate deeper. Consequently, species residing at different depths and/or different turbidity 
levels often display correlated differences in visual system characteristics. This is illustrated 
by numerous examples from both marine (Partridge et al., 1989; Lythgoe et al., 1994; White 
et al., 2004; Shand et al., 2008) and freshwater fishes (Bowmaker et al., 1994; Fuller et al., 
2003; Ehlman et al., 2015; Veen et al., 2017). For taxa that use visual cues in intraspecific 
communication, variation in visual environments and visual system properties often 
correlates with aspects of sexually selected coloration traits, suggesting a role for divergent 
sensory drive in population divergence (Endler, 1992); see e.g. guppies (Endler, 1992), 
sticklebacks (Reimchen, 1989; McDonald et al., 1995; Boughman, 2001, 2002; Boughman 
et al., 2005), killifish (Fuller, 2002; Fuller et al., 2005; Fuller & Noa, 2010), swordtails (Kolm 
et al., 2012), surfperch (Cummings, 2007), and pygmy perch (Morrongiello et al., 2010). 
However, comprehensive evidence for sensory drive requires not only demonstrating the 
coevolution of signals and sensory properties, but also a causal link between sensory 
properties and habitat-dependent fitness. Here, we test this component of sensory drive by 
quantifying light-dependent foraging performance in cichlid fishes from Lake Victoria.  
 The effect of the local light environment on foraging behaviour has been the subject 
of many studies in fish, predominantly focusing on variation in light intensity or turbidity. 
Results have shown that foraging performance is generally not affected by light intensity 
(Galis & de Jong, 1988; Ryer & Olla, 1999; Richmond et al., 2004; Vollset et al., 2011; 
Schwalbe & Webb, 2015), whereas turbidity effects are often prey dependent (De Robertis 
et al., 2003; Granqvist & Mattila, 2004; Ranåker et al., 2012). Variation in the spectral 
composition of light has been studied in the context of aquaculture, mainly as it relates to 
growth (as reviewed by: Villamizar et al., 2011), and a few studies have demonstrated effects 
of UV light on foraging (Jordan et al., 2004; Leech & Johnsen, 2006; Leech et al., 2009; Rick 
et al., 2012). Together, these studies demonstrate that light-dependent foraging performance 
in fish can be quantified in a laboratory setting.    

Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei (Witte-
Maas & Witte, 1985) are two closely related species of cichlid fish found at rocky islands in 
southeastern Lake Victoria. At locations with relatively low water transparency, similar 
sympatric Pundamilia species pairs occur (P. sp. ‘pundamilia-like’ & P. sp. ‘nyererei-like’). 
Males of the sympatric species are distinguished by their nuptial coloration; P. pundamilia 
and P. sp. ‘pundamilia-like’ are blue/grey, whereas P. nyererei and P. sp. ‘nyererei-like’ are 
orange/red dorsally and yellow on the flanks; all males have black vertical bars on the flanks. 
Females of both species are yellow/grey (Seehausen, 1996). Male colour is important in both 
inter- and intraspecific female mate choice (Seehausen & van Alphen, 1998; Maan et al., 
2004; Haesler & Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014). The species pairs 
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tend to be depth differentiated – the blue species is found in shallower waters while the red 
species extends to greater depths (Seehausen, 1996; Seehausen et al., 2008). High turbidity 
in Lake Victoria results in a shift of the light spectrum toward longer wavelengths with 
increasing depth, so the red species tend to inhabit an environment largely devoid of short-
wavelength light (Maan et al., 2006; Seehausen et al., 2008; Castillo Cajas et al., 2012). The 
species have diverged in visual system properties, consistent with their different light 
environments (Carleton et al., 2005; Seehausen et al., 2008), which is also associated with 
different sensitivity to blue vs. red light (Maan et al., 2006). Correspondence between these 
traits – differences in visual system characteristics, the photic niche, male coloration, and 
female preference - suggest a role for sensory drive in the divergence of blue and red 
populations (Maan & Seehausen, 2010). Recently, blue vs. red phenotypes were shown to 
have different survival rates in manipulated light environments; both species survived less 
well in ‘unnatural’ conditions (Maan et al., 2017). This suggests that the observed correlation 
between visual conditions and visual system properties in Pundamilia is due to divergent 
natural selection, resulting in light-dependent visual performance. Here, we experimentally 
test this hypothesis by quantifying foraging performance of both species under ‘natural’ and 
‘unnatural’ light conditions.  

To establish a causal relationship, we also manipulated the developmental light 
environment. Many fish species, including cichlids, show phenotypic plasticity in visual 
system development when reared in experimental light conditions (Van der Meer, 1993; 
Shand et al., 2008; Fuller et al., 2010; Hofmann et al., 2010; Fuller & Claricoates, 2011; 
Smith et al., 2012a; Dalton et al., 2015; Stieb et al., 2016; Nandamuri et al., 2017; Veen et 
al., 2017). Working from this knowledge, we reared the blue and red phenotypes under light 
conditions mimicking the shallow vs. deep light environments of Lake Victoria and then 
tested foraging performance under both light conditions. We have previously shown that 
these light manipulations induce changes in the relative expression levels of visual pigment 
genes (chapter 5 of this thesis).   

In this study, we address three predictions. The first is that each species should have 
visual properties ‘tuned’ to maximize foraging in their natural light environment. Therefore, 
the blue phenotypes should forage better when tested in shallow light and the red types better 
when tested in deep light. As we also manipulated the developmental light environment, our 
second prediction is that ‘matched’ light conditions (e.g. shallow-reared, shallow-tested) 
would lead to higher foraging performance compared to ‘mismatched’ light conditions (e.g. 
shallow-reared, deep-tested). Finally, we predict that the species-specific response to the light 
treatments may be strongest in the blue phenotypes. The red fish naturally reside in deep 
(narrow-spectrum) light and may perform equally well in shallow (broad-spectrum) light. 
The blue types, on the other hand, may suffer from being reared and/or tested in deep light.  
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Methods 
 
Experimental fish - F1 offspring of wild caught P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-
like’ (hereafter referred to as blue and red phenotypes, respectively), collected in 2010 and 
2014 at Python Islands (-2.6237, 32.8567) in the Mwanza Gulf of Lake Victoria, were reared 
in light conditions mimicking those in shallow and deep waters at Python Islands (described 
in detail below). F1 families (hybrid and non-hybrid) were created opportunistically as 
reciprocal crosses, with 11 dams and 13 sires. Twenty-one crosses (7 red x red; 6 blue x blue; 
3 red x blue; 5 blue x red) resulted in a test population of 33 fish from 19 families (2 red x 
blue and 2 blue x red crosses were full-sibs; family details provided in table S6.1). We 
included hybrids because their heterozygosity (particularly at loci influencing visual 
properties and/or foraging behaviour) could allow us to more clearly observe an effect of our 
environmental manipulations, which may be obscured by strong genetic effects in the 
parental species. Hybridization occurs with low frequency at Python Islands (Seehausen et 
al., 2008) and can be accomplished in the lab by housing females with heterospecific males. 
Pundamilia are maternal mouth brooders; to reduce the opportunity for imprinting (Verzijden 
& ten Cate, 2007) fertilized eggs were removed from brooding females approximately 6 days 
after spawning (mean ± se: 6.3±0.5 days post-fertilization; eggs hatch at about 5-6 dpf) and 
split evenly between light conditions. Fish were maintained at 25±1oC on a 12L: 12D light 
cycle and fed daily a mixture of commercial cichlid flakes, pellets, and frozen food (artemia, 
krill, spirulina, black and red mosquito larvae). This study was conducted under the approval 
of the Institutional Animal Care and Use Committee of the University of Groningen (DEC 
6205B; AVD105002016464). 
 
Experimental light conditions - Experimental light conditions mimicked the natural light 
environments of the blue and red phenotypes at Python Islands, Lake Victoria (described in 
greater detail in: Maan et al., 2017). Light spectra were created in the laboratory (Fig. S6.1) 
by halogen light bulbs filtered with a green light filter (LEE #243, Andover, UK). In the 
‘shallow’ condition, mimicking the habitat of the blue phenotype, the spectrum was blue- 
supplemented with Paulmann 88090 compact fluorescent 15W bulbs. In the ‘deep’ condition, 
mimicking the habitat of the red phenotype, short wavelength light was reduced by adding a 
yellow light filter (LEE #015). In our light treatments, we prioritized mimicking spectral 
differences rather than intensity differences. Light intensity in the deep treatment was ~70% 
of that in the shallow treatment (at Python Islands in 2010, the mean (± se) light intensity in 
the deep environment was 34.15 ± 3.59% of that in the shallow environment; Fig. S6.1). 
  
Experimental setup – During experimental trials, individual Pundamilia males were kept in 
aquaria (25 x 40 x 25 cm), interspersed by smaller ‘neighbour tanks’ (23 x 36 x 24 cm) 
containing two female Haplochromis pyrrhocephalus and a solid rock barrier to prevent 
males from seeing one another (see example in Fig. S6.2). Neighbour tanks were intended to 
prevent aggression between subject males (as it would likely distract from foraging), while 
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still providing social context. Each test male had visual access to one neighbour tank; the 
opposite was blocked by an opaque barrier. All tanks had a thin layer of fine sand on the 
bottom, a continuously running, internal filter, and a heater. Fish were maintained at 25 ± 
1oC on a 12L: 12D light cycle; lighting was as described above (see experimental light 
conditions) and could be readily switched between shallow and deep conditions.  
   
Foraging trials – Foraging trials took place over a two-year period, from March 2016 to 
March 2018. For each round of foraging trials, fish were moved from their housing tanks into 
the experimental tanks, with light conditions matching their rearing environment (H. 
pyrrhocephalus were reared in standard fluorescent aquarium light). The next 2-3 weeks 
served as an acclimation period; fish were fed twice daily, until normal feeding behaviour 
was observed (as in the housing tanks: foraging immediately when offered food). With the 
onset of normal feeding, fish were switched to live prey (Chaoborus sp. – purchased 
commercially) and were again fed twice daily until normal feeding was observed (~1-2 
weeks). In this way, fish were allowed to habituate to the new, live prey items (none had 
experienced this food previously). We chose to use Chaoborus larvae because insect larvae 
are a natural prey of both species at Python Island (Bouton et al., 1997) and they were 
consistently available from local suppliers. Additionally, the transparent Chaoborus larvae 
should be visually demanding (Giguère & Dunbrack, 1990), as opposed to red Chironomid 
larvae (also used, described in more detail below). For clarity, we will refer to the Chaoborus 
larvae as white and the Chironomid larvae as red.  
 Prior to experimental trials, fish were not fed for 24 hours. At the beginning of each 
trial, the heater and filter were removed from the experimental tank and a camera was set up 
in front. Fish were given ten minutes to habituate before 25 live white larvae were introduced 
(pilot trials identified 25 as a number that could be easily consumed in 10 minutes). Trials 
lasted for 13 minutes (from the first feeding attempt); the first 10 minutes with only the white 
larvae and then final 3 minutes with an additional small number (~5) of red larvae. This three-
minute extension was intended to confirm that a lack of feeding attempts during the prior 10 
minutes was due to disinterest and not due to being unable to see the white prey (the red 
larvae are very well visible while the white larvae are semi-transparent). In the analyses, we 
include only white larvae feeding attempts - there were never any instances of fish not 
responding to the white larvae but feeding on the red larvae. At the conclusion of each trail, 
the remaining prey items were removed with a fine mesh net.  

All fish were tested a total of four times, two times each under shallow and deep 
light (the first trial always under light that matched the rearing environment, alternating 
thereafter), with a maximum of two trials per day (morning: ~9:00-11:00 and afternoon: 
~15:00-17:00). Fish that failed to forage in three successive trials (no attempts for white or 
red larvae) were excluded from the experiment. Trials were video recorded in high resolution 
(1080p, 48fps) using a GoPro Hero 4 Silver camera (GoPro Inc., California, USA) and 
monitored remotely via the GoPro smart phone app (v4.5.1) so as not to influence feeding 
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behaviour. In total, we tested 33 fish: 15 reared in deep light (5 each of blue, red, and hybrids) 
and 18 reared in shallow light (6 each of blue, red, and hybrids).     
 
Foraging behaviour – From videos, we scored foraging behaviour in BORIS (Friard & 
Gamba, 2016), categorizing each feeding attempt as successful or unsuccessful, depending 
on whether the prey item was captured during the attempt. Ambiguous attempts (prey item 
not visible to the observer) were not scored. From this, we calculated (for each trial): the 
number of successful attempts, the success rate (successful attempts / total attempts), latency 
to the first attempt (from the introduction of the white prey), and the rate of feeding (estimated 
as the mean time between the first 5 successful foraging attempts). To account for potential 
species differences in foraging strategy, we also scored the vertical location of each feeding 
attempt (‘bottom’, ‘middle’, or ‘top’; horizontal location was not scored) and the amount of 
time fish spent interacting with neighbours (i.e. approaches, bites, lateral displays) or at ‘rest’ 
(not moving for more than 10 seconds). These observations showed that both species and 
their hybrids responded similarly to the experimental paradigm (see Fig. S6.3 and 
supplementary methods for complete details).  
 
Prey behaviour - Variation in foraging performance could be due to light-induced differences 
in prey activity. To test this, we measured the movement frequency of the Chaoborus larvae 
in 10 randomly selected trials (5 each in deep and shallow light). For each trial, we randomly 
selected three individual larvae and counted the number of movements in one minute; starting 
from 30 seconds after the prey were introduced into the tank. We found no difference in 
movement frequency between larvae in the shallow and deep light conditions (t = -0.15, df = 
26.88, P = 0.87). Thus, light-induced differences in prey activity are unlikely to have 
contributed to the results presented here.  
   
Body and eye size – Foraging performance could be size-dependent, so all fish were 
measured for body size (SL) prior to being used in foraging trials. At the conclusion of the 
experiment, fish were also measured for eye size (length & depth, as in: Barel et al., 1976; 
van Rijssel et al., 2018). This was done from standardized photographs, in ImageJ (Schneider 
et al., 2012), and eye size was corrected for body size - dividing each measurement by a 
second measure of SL (taken from the same photographs). Four fish were excluded from this 
analysis because they died prior to photography (two deep-reared hybrids, one shallow-reared 
hybrid, and one shallow-reared P. sp. ‘nyererei-like’). 
 
Statistical Analysis 
  
Using linear mixed modeling (lmer function in the lme4 package: Bates et al., 2014) in R 
(v3.5.0; R Development Core Team), we tested foraging behaviour for the influence (and 
interactions) of: rearing light (shallow vs. deep), test light (shallow vs. deep), and species 
(blue, red, or hybrid), plus the individual effect of trial number. We included trial number as 
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a covariate in all models as fish may have habituated to the experiment and foraged better in 
later tests (when ‘trial’ was significant, we report parameter estimates accounting for this 
effect). Random effects included fish identity, parental identity, and aquaria position to 
account for: 1) repeated sampling, 2) shared parentage among fish (table S6.1), 3) different 
tank positions within the experimental setup. The optimal random effect structure of models 
was determined by AIC comparison (Sakamoto et al., 1986) and the significance of fixed 
effect parameters was determined by likelihood ratio tests (LRT) via the drop1 function. 
Minimum adequate statistical models were selected using statistical significance (Crawley, 
2002; Nakagawa & Cuthill, 2007). We used the Anova function in the car package (Fox et 
al., 2017) to estimate the effect size of fixed effect parameters and report values based on F-
tests, with Kenward-Roger degrees of freedom (Kenward & Roger, 1997, 2009). In the case 
of more than two categories per fixed effect parameter (i.e. species), we used post hoc Tukey 
(glht - multcomp package: Hothorn et al., 2008) to obtain parameter estimates. 
 For analyses of body and eye size, we used generalized linear modeling (glm), to 
test the influence of rearing light and species. Model simplification followed the same 
procedure as above, except that we report Chi-square values from the Anova function.  
 
Results 
 
Test light influences foraging performance – We predicted that each species (non-hybrids) 
would maximize foraging performance in their natural light environment: blue fish should 
forage better in shallow and red fish better in deep. We found that overall, males tested in a 
‘natural’ light environment caught more prey (F1, 64.01 = 4.01, P = 0.049; Fig. 6.1a). The 
feeding rate (mean time between the first 5 successful attempts) was also slightly faster in 
naturally tested males (F1, 64.01 = 2.82, P = 0.097). Other measures of foraging performance 
were not significantly affected by test light category (P > 0.14). 

These results were further supported by a significant interaction of species and test 
light (F1, 63.00 = 4.00, P = 0.049; Fig. 6.1b). Tukey post hoc revealed no significant differences 
for shallow vs. deep test light within each species (blue: P = 0.8; red: P = 0.18) but patterns 
for both went in the directions we expected (i.e. red fish caught more prey in deep light). 
Feeding rate was also influenced by a weak species, test light interaction (F1, 63.01 = 2.80, P = 
0.098), though pairwise comparisons were again non-significant (P > 0.34). Still, patterns 
were in the expected directions (each species fed more quickly in its natural light 
environment). Success rate (P = 0.9) and latency (P = 0.16) were not affected by the same 
interaction and there was no overall influence of test light as an individual effect (P > 0.37 in 
all analyses).  
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Figure 6.1. Naturally tested fish caught more prey – (A) Fish tested in a ‘natural’ light environment (red 
fish in deep and blue fish in shallow) caught more prey than those tested in an ‘unnatural’ light environment 
(red fish in shallow and blue fish in deep). (B) This was supported by a significant interaction between species 
and test light. (C) Hybrid prey capture did not differ between test light environments (P = 0.8; there was also 
no overall effect of test light). Error bars represent ± standard error and sample sizes are indicated above each 
bar. *indicates P < 0.05. 

 
Foraging performance not influenced by rearing light, test light interaction – Our second 
prediction was that foraging performance would be influenced by an interaction between 
rearing and test light, such that fish would do better when tested in light conditions that 
matched the rearing environment. However, this was not the case – the two-way interaction 
did not significantly influence total prey capture, success rate, or the rate of feeding (P > 0.26; 
Fig. 6.2). Only for the latency to forage did we find an interaction (F1,96.74 = 4.75, P = 0.031); 
Tukey post hoc showed that that deep-reared, deep-tested fish were slightly faster to forage 
than deep-reared, shallow-tested fish (Z =2.38, P = 0.07). All other comparisons were far 
from significant (P > 0.6). We also specifically compared match vs. mismatch situations but 
once again, only the latency to forage was affected; fish reared and tested in matched 
conditions were quicker to forage (F1,97.73 = 4.07, P = 0.046). All other measures of foraging 
performance were unaffected (P > 0.31 for all). When repeating the analyses without hybrids, 
we found that none of the measures of foraging performance differed between match and 
mismatch situations (P > 0.25). 
 

 
Figure 6.2. Rearing light, test light treatment combinations – The interaction between rearing light and 
test light was non-significant but, as shown here, variable among species. Error bars represent ± standard 
error and sample sizes are indicated above each bar. Matched conditions are indicated with a white 
background, mismatched with a grey background. 

6
5

6

5

P. sp. 'pundamilia−like' P. sp. 'nyererei−like'

Shallow Deep Shallow Deep
0

5

10

15

20

25

Test light

To
ta

l c
au

gh
t

*
11

11

0

5

10

15

20

25

Natural Unnatural
Test light environment

To
ta

l c
au

gh
t

*

A) B)

6
5

Hybrid

Shallow Deep
0

5

10

15

20

25

Test light

To
ta

l c
au

gh
t

C)

6 6

5

5
6

6

5
5

6

6

5

5

P. sp. 'pundamilia−like' Hybrid P. sp. 'nyererei−like'

S:S S:D D:S D:D S:S S:D D:S D:D S:S S:D D:S D:D
0

5

10

15

20

25

Rearing light : test light

To
ta

l c
au

gh
t



Chapter 6 

 128 

Overall effect of rearing light treatment – Independent of test light, fish reared in the deep 
environment tended to capture more prey than their shallow-reared counterparts (F1, 30.89 = 
2.98, P = 0.093, Fig. 6.3a). The total number of feeding attempts (successful + unsuccessful 
attempts) was also slightly higher in deep-reared fish (F1, 31 = 3.07, P = 0.089) but the success 
rate did not differ (P = 0.23). Latency to feed (P = 0.68) and the rate of feeding (P = 0.23) 
were also unaffected by differential rearing. As with test light, we also recategorized the 
rearing environments as ‘natural’ vs. ‘unnatural’ for each species (again, hybrids excluded) 
but found no influence (P > 0.55 for all). Thus, fish reared in their ‘natural’ light environment 
did not perform better. 
 

 
Figure 6.3. Deep-reared fish captured more prey – (A) Overall, deep-reared fish tended to catch more prey 
than shallow-reared fish. (B) In each of the three species groups, fish reared in deep light tended to catch 
more prey, though all differences were non-significant (Tukey post hoc: P > 0.6). Error bars represent ± 
standard error and sample sizes are indicated above each bar. • indicates P < 0.1. 

 
Response to the light treatments not strongest in the blue phenotypes – Our third prediction 
was that P. sp. ‘pundamilia-like’ would be more strongly influenced by the light treatments, 
as it naturally resides in shallow (broad-spectrum) light. Therefore, rearing and/or testing in 
deep (narrow-spectrum) light would likely impact foraging performance. This was not the 
case: blue fish were not more strongly influenced by test light (Fig. 6.1) and for rearing light, 
non-significant patterns suggest the blue species foraged slightly better in deep conditions 
(opposite of our prediction; Fig. 6.3). The interaction of the treatment lights was also non-
significant (Fig. 6.2).  
 
Species-specific foraging performance – Independent of the light treatments, we observed 
species differences in foraging performance. The species groups tended to differ in the 
number of successful foraging attempts (F2, 30.04 = 3.22, P = 0.053; Fig. 6.4a); Tukey post hoc 
revealed significantly higher prey capture in hybrids compared to the red phenotypes (Z = 
2.53, P = 0.03) but there were no differences between hybrids vs. blue or red vs. blue (P > 
0.3). The rate of feeding was also significantly different between species (F2, 30.05 = 3.76, P = 
0.034, Fig. 6.4b): hybrids were significantly faster than the red phenotypes (Tukey post hoc: 
Z = 2.58, P 0.026) and tended to be faster than blue phenotypes (Z = 2.09, P = 0.09). Finally, 
the latency to forage tended to differ between species as well (F2, 30.03 = 2.76, P = 0.078; Fig. 
6.4c); hybrids were slightly faster to start foraging than red types (Z = 2.24, P= 0.064) but 
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did not differ from blue types (P = 0.18). Success rate did not differ among the three species 
groups (P = 0.28).  
 

 
Figure 6.4. Hybrids caught more prey – (A) Independent of the light treatments, hybrids caught more prey 
than both parental species; significantly more than the red phenotypes. (B) Hybrids were also quicker to catch 
prey, indicated here as the feeding rate: the mean amount of time between the first five successful attempts. 
(C) Finally, hybrids were also quicker to start foraging. Sample sizes given above each bar and error bars 
represent ± standard error. *indicates P < 0.05, • indicates P < 0.1. 

 
Size influence – Body size (SL) did not differ between rearing environments (P = 0.6) and 
did not covary with total prey capture (P = 0.35). Eye size, however, was related to foraging 
performance: there was a nearly significant, negative relationship between total prey capture 
and relative eye length (F1, 26.95 = 4.17, P = 0.0508). This is probably due to the fact that deep-
reared fish tended to catch more prey (see above) and had smaller relative eye size (eye 
length: χ2 (1) = 7.14, P = 0.007; eye depth: χ2 (1) = 4.05, P = 0.044, Fig. S6.4a). The 
relationship between total prey capture and relative eye depth was non-significant (P = 0.25). 
Absolute eye size (not corrected for SL) did not influence prey capture (P > 0.3 for both 
measures) and did not differ between light environments (P > 0.3). 

Between species, there was a very weak trend for differences in SL (χ2 (2) = 4.62, P 
= 0.099; blue fish were somewhat larger than red fish, hybrids were intermediate) but all 
pairwise comparisons were non-significant (P > 0.14). Relative eye size did not differ 
between species (P > 0.9 for both measurements) but absolute eye size was largest in the blue 
phenotypes - for both measures, blue types had significantly larger eyes than red types (P < 
0.03), while hybrids were intermediate.  
 
Discussion 
 
Sensory drive predicts that visual adaptation to the local light environment should increase 
the efficiency of visually mediated behaviour. In this way, divergent visual adaptation can 
influence both communication and survival, directly impacting reproductive isolation 
between differently adapted populations. Previous work in Pundamilia has implicated visual 
adaptation as a diversifying mechanism between populations inhabiting different depth 
ranges, resulting in distinct morphs or species with either blue or red male coloration and 
associated female preferences (Seehausen et al., 2008; Maan & Seehausen, 2010). Here, we 
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explicitly tested one facet of this hypothesis: visual adaptation should influence foraging 
performance in a light environment-specific fashion.  
 
Test light influenced prey capture – Our first prediction was that each species has visual 
systems tuned to maximize foraging performance in their natural environments. We found 
support for this: fish tested in their natural light environment caught more prey. We also 
found a significant species, test light interaction and patterns (though non-significant) went 
in the directions we expected. The effects we find are small, but they suggest that species-
specific characteristics, presumably in the visual system, influence foraging performance in 
a visual-environment-dependent way. This corresponds with the finding that each species 
survives better when reared in their natural light environment (Maan et al., 2017) and is 
consistent with the predictions of divergent sensory drive. 
 
No rearing by test light interaction – Our second prediction was that fish reared and tested in 
the ‘matched’ light conditions would forage better than fish reared and tested in ‘mismatched’ 
light conditions. We found no evidence for this prediction: the interaction between rearing 
and test light never influenced foraging performance. The only indication of an interaction 
was for latency to forage – deep-reared, deep-tested fish were slightly faster to forage than 
deep-reared, shallow-tested fish – but shorter latency did not translate into increased 
performance. In a similar study in bluefin killifish, the test light environment was found to 
have an immediate effect on the proportion of bites directed at coloured disks, but this 
changed depending on which light environment the fish experienced during development 
(Fuller et al., 2010). We expected to see similar patterns in this study, but this was not the 
case. These results highlight the complex nature of visual adaptation and it is likely that the 
joint effects of different visual system components (i.e. opsin genotype and relative 
expression), plus foraging experience in a particular environment (i.e. our aquarium setup), 
have influenced the results presented here.  
  
Higher prey capture in deep-reared fish – Though we found no evidence to support our second 
prediction, we did find an overall effect of rearing light. Deep-reared fish tended to catch 
more prey than shallow-reared fish (for all species). This effect was weak, but consistent with 
our previous studies; we also found an influence of rearing light on female mate preference 
(chapter 2; Wright et al., 2017) and relative opsin expression (chapter 5). Fish reared in the 
deep light treatment express relatively higher levels of the long wavelength sensitive (LWS) 
opsin and, though we did not measure opsin expression of the fish used in this study, we 
assume similar expression patterns. Motion detection in fish has been attributed to long 
wavelength sensitivity (Schaerer & Neumeyer, 1996; Krauss & Neumeyer, 2003), so fish 
reared in the deep light environment may be more sensitive to prey movement due to higher 
LWS expression, facilitating prey capture. Earlier work in Lake Malawi cichlids found 
similar results; fish reared in a red-shifted light environment had increased LWS expression, 
which correlated with performance in optomotor tests (Smith et al., 2012a). 



Light influences cichlid foraging 

 131 

 Previous work in cichlids has also shown effects of rearing light on retinal 
development. Van der Meer (1993) observed that rearing fish in light environments lacking 
short-wavelength light lead to a loss of single (short wavelength sensitive) cones and an 
enlargement of double (including long wavelength sensitive) cones. A similar pattern was 
observed in a historical comparison of wild populations: fish collected after increased 
eutrophication in Lake Victoria (resulting in a more red-shifted light environment) had fewer 
single cones than those collected prior (Van der Meer et al., 2012). Thus, higher foraging 
performance in deep-reared fish could be due to an increase in double cones, resulting in 
higher LWS sensitivity and better motion detection.  
  
Blue fish not more strongly affected by light – P. sp. ‘pundamilia-like’ naturally resides in 
broad-spectrum light, so our third prediction was that rearing and/or testing the blue fish in 
deep light would negatively impact foraging performance. However, this was not the case. 
Testing the blue fish in different light environments had no influence on foraging 
performance and differential rearing had only a weak influence (deep-reared, blue fish did 
slightly better). Thus, P. sp. ‘pundamilia-like’ were not more strongly influenced by the light 
treatments than P. sp. ‘nyererei-like’ or hybrids.   
 
Hybrids captured more prey than parental species – Independent of the light manipulations, 
we found that hybrids tended to catch more live prey, have less time between each successful 
attempt, and start foraging faster. This seems to suggest that, at least for our measures of 
foraging performance, hybrids suffered no ill consequences. This correlates with our previous 
finding that hybrid survival did not differ from the parental species (Maan et al., 2017) and 
with those of Van der Sluijs et al. (2008), showing that hybrids suffered no intrinsic fitness 
reduction. In chapters 4 and 5, we showed that hybrids have opsin expression profiles 
intermediate to the parental species; a pattern we also expect of the hybrids used here. This 
would imply that, unlike the parental species, foraging performance in hybrids is not reduced 
by a mismatch between the visual system and visual environment and that visual system 
characteristics alone do not determine hybrid fitness. Thus, while our results are consistent 
with divergent selection on visual system properties (non-hybrids do better when tested in 
natural light), they also suggest that the evolution and maintenance of reproductive isolation 
between the two types in nature involves additional factors. These factors are likely excluded 
in our laboratory setting. This was also seen in sticklebacks, where benthic/limnetic hybrids 
(morphologically intermediate) were shown to have high fitness in a lab setting, but when 
transplanted to field enclosures, hybrid growth was inferior to both parental types (Hatfield 
& Schluter, 1999).  
 
Size influence - Body size did not influence foraging performance but there was a weak, 
negative relationship between eye size and prey capture. This relationship is interesting but 
we are reluctant to infer a causal link. We measured eye size at the completion of all 
experimental trials – resulting in a time lag of nearly 2 years for some fish, but only a few 
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months for others. So, it is likely that allometric differences explain this result. To establish 
a causal link, eye size should have been measured at the time of testing. 
 Perhaps more interesting is the light-induced difference in eye size itself: deep-
reared fish had smaller eyes (relative to SL), while body size did not differ. In historical 
cichlid samples from Lake Victoria, eye size decreased after eutrophication but this is 
probably due to rapid adaptation to larger prey, involving changes in head morphology (Van 
der Meer et al., 2012; van Rijssel & Witte, 2013). In our experimental population, differences 
in eye size must be due to phenotypic plasticity, most likely in response to the light 
treatments. The effect is present across datasets, as we also found smaller eye size in the 
deep-reared fish (Fig. S6.4b) used in a prior study (chapter 3; Wright et al., 2018). As 
discussed above, changes in eye size may coincide with changes in cone density and/or 
number. The consequences of these changes for visual functioning are unknown and deserve 
further study.  
 
Sample size – It must be noted that our main conclusions are based on only marginally 
significant results; testing more fish may have yielded stronger patterns. In two years, we 
tested 50 males, 33 of which were successful and included here. Thus, the experiment was 
not necessarily limited by the success rate (~66%), but instead by the long periods of 
habituation and acclimatization prior to conducting foraging trials (up to 2 months). Future 
studies may benefit from developing methods that reduce this time. 
 
Conclusion - The results presented here are consistent with the predictions of divergent 
sensory drive. We found behavioural evidence for species-specific visual adaptation 
influencing foraging performance: non-hybrids caught more prey when tested in visual 
conditions that mimic their natural habitat. However, we observed no light-dependent 
consequences of foraging performance for hybrids, suggesting that other factors may be 
involved. We also found some effects of the developmental light environment, possibly 
mediated by increased LWS expression in deep light, allowing superior motion detection and 
thereby prey capture. Together, the results of this study provide evidence that sensory 
divergence has environment-specific fitness consequences, but establishing the contribution 
of different visual system components requires further study. 
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Supplementary information 
 
Supplementary methods  
 
For each foraging attempt, we scored the vertical location as ‘bottom’, ‘middle’, or ‘top’ 
(horizontal location was not scored). ‘Bottom’ was defined as a feeding attempt within one 
body depth’s distance from the bottom of the tank. Similarly, ‘top’ was defined as a feeding 
attempt within one body depth of the surface of the water. Location of the remaining feeding 
attempts was categorized as ‘middle’. We also scored the total amount of time fish spent 
interacting with neighbours (i.e. approaches, bites, lateral displays) and the time spent at 
‘rest’ (not moving for more than 10 seconds). 

 
For all species and treatment combinations, foraging attempts were predominantly in the 
lower regions of the tank (see Fig. S6.3). The total number foraging attempts was 
significantly influenced by location (F2, 361 = 391.72, P < 0.001); post hoc tests revealed that 
most attempts occurred at the bottom of the tank, followed by the middle, then the top (P < 
0.001 for all comparisons). The number of successful attempts followed the same pattern: 
location significantly influenced successful attempts (F2, 369,47 = 360.01, P < 0.001; bottom > 
middle > top; P < 0.001 for all comparisons). These results indicate that our foraging assay 
did not preferentially favor either species; all fish foraged equally well in the lower and 
middle regions locations. 
 
The amount of time spent interacting with neighbours was influenced by a very weak rearing 
light-by-species interaction (P = 0.096) but post hoc revealed no significant differences (P > 
0.16). The individual effects of rearing light, test light, and species group had no influence 
on neighbour interaction (P > 0.3 for all). The same was true for time spent at rest (P > 0.14 
for all).   
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P. ‘nyererei-like’ Hybrid P. ‘pundamilia-like’ 
family D S family D S family D S family D S 

 NN18a 1 1 NP6 - 2 PN1 1 - PP93 - 2 
 NN20a - 2 NP71e 1 - PN85 - 1 PP114e - 1 
 NN211a 1 1  NP81e 1 1 PN105 1 - PP12f 1 1 
 NN242b - 1    PN113g 1 1 PP13f 1 1 
 NN251b - 1       PN123g - 1 PP143 1 1 
 NN262c 1 -          PP154 2 - 
 NN281c 2 -           

Total 5 6 Total 2 3 Total 3 3 Total 5 6 
 
Table S6.1. Test male families – Sample size for each cross, separated by family and by deep (D) 
and shallow (S) rearing light. Family names are expressed as mother x father, such that ‘NP’ 
indicates P. sp. ‘nyererei-like’ female x P. sp. ‘pundamilia-like’ male. NP and PN families are 
collectively grouped as hybrids. Superscripted numbers indicate families with the same mothers; 
superscripted letters indicate families with the same fathers. 

 
 

 

 
Figure S6.1. Natural and experimental light conditions – Experimental light environments were created 
to mimic natural light conditions experienced by P sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ at Python 
Islands, Lake Victoria. Vertical lines indicate the peak sensitivities of the three main Pundamilia 
photoreceptors: SWS2a (453nm), RH2 (531nm), LWS (565nm) (Carleton et al., 2005). 
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Figure S6.2. Experimental set-up – Subject Pundamilia males were housed next to ‘neighbour tanks’ 
containing heterospecific females (Haplochromis pyrrhocephalus). Subject males were visually 
isolated from each other by a solid, rock barrier inside the neighbour tanks and had visual access to 
only one neighbour tank; the opposite was blocked by an opaque barrier. Each tank had a continuously 
running, internal filter and heater. 

 

 
 
 
 
 
 

 
Figure S6.3. Foraging attempts predominantly low in the tank – Across all treatment combinations 
and species, most successful foraging attempts were in the bottom and middle regions of the tank. Here, 
circles indicate the mean number of successful attempts, with the success rate (%) given below each. 
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Figure S6.4. Shallow-reared fish have larger eyes – (A) Eye size (relative to body size, SL) was 
significantly larger in shallow-reared fish in this experiment. This was consistent across species, but 
slightly stronger in P. sp. ‘pundamilia-like’ (post hoc comparison of shallow- vs. deep-reared blue fish: 
Z = 2.74, P = 0.065; all other comparisons P > 0.21). (B) This pattern was also present in the fish used 
in chapter 3. **indicates P < 0.01, *indicates P < 0.05. Error bars represent ± standard error. 
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