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Fig. 5. Chromatic distances (AS) of colors in experiments 1 and 2. Chromatic distances between stimuli for experiments 1 and 2 are given for light blue (A,B),
blue (C,D) and dark blue (E,F), against distracter stimuli (G, gray; LG, light gray; DG, dark gray; LY, light yellow; Y, yellow; DY, dark yellow). (A,C,E) AS for a
trichromatic visual system; (B,D,F) AS for a dichromatic visual system. Pure (P) and coexpression combinations (1—4) are specified for each color pair.

analyzing the neural network of the cichlid retina are needed in
order to better understand how color opponency takes place.

Color opponency needs at least two different spectral channels
whose quantum catches are compared (Bowmaker and Hunt, 2006).
In cichlids, the presence of multiple cone types to produce these
different spectral channels is supported by our previous in situ
labeling of different opsins to examine the spatial distribution of
cone types in the closely related Malawi cichlid, M. zebra (Dalton
et al., 2014, 2015). In those studies, we found a highly organized
retinal mosaic with single and double cones. Both single and double
cones contain spectrally different opsins, including unique opsins in
opposite members of double cones. More interestingly, Dalton et al.
(2016) showed that M. zebra has an area centralis in the retina close
to the optic nerve, with high densities of both photoreceptors and
ganglion cells, and minimal opsin coexpression. This suggests that
this region in the retina provides high acuity for visual tasks,
including color discrimination. We further found that the spatial
patterns of opsin coexpression vary between individuals, with at
least one of six individuals showing coexpression in the area
centralis (Dalton et al., 2016).

In our visual modeling, opsin coexpression increases AS for some
colors but decreases AS for others (Figs 5 and 6, Table S2C,D).
Interpretation of the size of JNDs should be done with caution
because, even though chromatic distance is an indicator of color
discriminability, it does not assess perceptual similarity from highly
discriminable stimuli (Kelber et al., 2003). Large AS values do not
necessarily mean that some colors are more discriminable than
others; instead, this suggests that color discrimination is preserved
over longer distances because water acts as an attenuating medium
making colors more achromatic over larger distances (Champ et al.,
2016). This effect is irrelevant in our experiment because fish were
very close to the stimuli. Even though we have not confirmed opsin
coexpression in M. benetos, qPCR data suggest that, because of the
expression of multiple single cone opsins, it is likely (Carleton et al.,
2008; Hofmann et al., 2010). However, coexpression is less
common in the area centralis, where fish would be viewing objects
of interest. We suggest that opsin coexpression might have
negatively affected discrimination between specific colors where
coexpression decreased AS (e.g. blue versus purple), and this is in
concordance with our behavioral evidence. Furthermore, some
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Fig. 6. Chromatic distances (AS) of colors in experiment 3. Chromatic
distances between blue and colors used in experiment 3. (A) Trichromatic
visual system; (B) dichromatic visual system. Pure (P) and coexpression
combinations (1—4) are specified for each color pair.

individuals show more difficulty with discrimination than others,
and this might occur in the few individuals with increased
coexpression. This would require further genetic testing.

Color discrimination and the Weber fraction

In this study, we wanted to take the first step in understanding vision
in cichlids and to know whether they have true color vision. Further
studies are needed to dissect the cichlid visual system as well as its
adaptations and limitations but, given our visual modeling and
behavioral results, we can infer the physiological characteristics of
the cichlid retina. Initially, based on previous fish-vision studies
applying the RNL model, we assumed a Weber fraction of 0.05
(Champ et al., 2016; Cheney et al., 2009; Dalton et al., 2016;
Wilkins et al., 2016) for the LWS channel. However, in order to
better predict cichlid performance, we adjusted this to a higher
Weber fraction of 0.1. We did this because, even though we are not
evaluating color discrimination thresholds, increasing the Weber
fraction, and hence lowering chromatic distance, would partially
explain the mistakes fish made (Figs 2 and 3). In general, a Weber
fraction of 0.05 is accepted for most animals (Vorobyev and Osorio,
1998) but it is known that predicted thresholds can disagree with
experimental data (Avargués-Weber and Giurfa, 2014; Olsson et al.,
2015).

There were a few color combinations where fish were more likely
to make mistakes. Fish more often made mistakes with
discriminating blue from purple. This might be explained by the
similarities in the reflectance profiles of these colors (Fig. S1F).
Mistakes of blue versus purple might also be explained by opsin
coexpression. With opsin coexpression combination #2, AS is low
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(<1 JND) (Fig. 6A, Table S2C), thus making discrimination
‘harder’ for the fish. In contrast, mistakes by several of the
individuals between light blue and grays are not explained by either
opsin coexpression, similarities in quantum catches or low JND.
Light blue and grays exhibit a AS above 1 JND in most coexpression
combinations in both dichromatic and trichromatic visual systems.
One possibility is that the receptor noise is greater than 0.1, resulting
in lower AS. Indeed, if we increase the noise ratio to 0.3, AS
between light blue and grays decreases proportionately by a factor of
3 (0.7-1.1 IND). Higher levels of noise could be a consequence of
the low stimulation of the short-sensitive cone (which is UV
sensitive in M. benetos). This is supported by absolute quantum
catches calculations (Table S2B), which remove the von Kries
correction and better account for the fact that the light environment
in which fish were tested lacked UV light (Fig. 1D), thus affecting
the stimulation of single cones (Fig. S3). Hence, the low stimulation
of single cones and high levels of photoreceptor noise might explain
fish mistakes in discriminating between light blue and grays.

Overall, only trichromacy would allow fish to successfully choose
blue over gray because these colors are only discriminable in a
trichromatic visual system (Fig. 5C). In a dichromat, blue and gray
would only be discriminated when there is opsin coexpression
(Fig. 5D); however, we have shown that coexpression is uncommon
in the area centralis (Dalton et al., 2016). Further, if cichlids are
trichromats, with or without coexpression, they would be able to
discriminate blue and purple (Fig. 6A). In contrast, dichromats with
coexpression would not be able to choose blue over purple (Fig. 6B),
which was not the case: all fish significantly chose blue over purple.

These mistakes fit with the RNL model predictions, where
chromatic discrimination is only plausible under bright illumination
and not in low-illumination conditions because achromatic
mechanisms may become important (Kemp et al., 2015;
Vorobyev, 2003; Vorobyev and Osorio, 1998). This is because
the Weber law suggests that, in bright light, photoreceptor noise is
independent of the signal, whereas, in dim light, chromatic
discrimination is affected by both internal photoreceptor noise
and fluctuations in the number of absorbed photons. Thus, the
Weber law is no longer valid (Schaefer et al., 2007). It is remarkable
that, even with very little stimulation of single cones when photon-
shot noise is considered (Table S2B), M. benetos succeeded in
discriminating color stimuli, reinforcing the assumption that there is
color opponency between members of double cones.

Lastly, there might be a behavioral component we are overlooking
causing fish to make mistakes. It is noteworthy that, in spite of their
mistakes, most fish succeeded in choosing the trained stimuli over the
distracter in all tests. Likely, M. benetos is achieving color vision
using their area centralis, where color discrimination would be at its
best. In addition, in bright environments like Lake Malawi, there is
significantly more UV light to stimulate single cones so that
photoreceptor shot noise would be smaller and color discrimination
better.

Color vision and its relationship with cichlid ecology and
evolution

Our results are particularly relevant for the study of evolution in the
cichlid lineage because the exploitation of color vision allows
cichlids to use communication channels that can be subject to
variation. Subsequently, this organismal variation in sensory cues
can lead to bursts of signaling evolution, where male secondary
sexual characteristics diversify leading to cladogenic events
(Kocher, 2004; Streelman and Danley, 2003). This is likely
important for M. benetos because its sympatric close relatives,
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M. zebra and Metriaclima sandaracinos, differ mainly in coloration
patterns (Albertson et al., 1999; Stauffer et al., 1997).

In the wild, M. benetos would benefit from color vision. Similar
to many Malawi cichlids, this species relies heavily on visual cues
for foraging and mating. M. benetos would use color vision to
identify conspecifics and to discriminate between dominant and
subordinate individuals. This has been suggested because male
M. benetos are especially UV reflective in the dorsal fin and flanks,
which are displayed in mating and social-rank signaling (Jordan
et al., 2003, 2004a). Chromatic discrimination would also benefit
females because they would be able to choose between conspecific
males. Male coloration pattern is important for African cichlids’
assortative mating and this has been studied behaviorally
(Seehausen and van Alphen, 1998; Sechausen et al., 1997; Selz
et al., 2014) because visual signals are likely the first step in the
multimodal courtship (Escobar-Camacho and Carleton, 2015).

Color vision would also facilitate foraging tasks for M. benetos
because rock-dwelling cichlids are notorious omnivores with a
broad spectrum of feeding habits and items, ranging from scraping
algae to zooplanktivory (Genner et al., 1999; Mckaye and Marsh,
1983; Reinthal, 1990). Color discrimination would enable cichlids
to tell apart specific food items from a variety of different objects
and backgrounds. Indeed, UV sensitivity improves foraging
efficiency in M. benetos (Jordan et al., 2004b); however, this
discrimination could rely on contrast as well as color vision.

More experiments are needed to further test cichlids’ chromatic
discrimination capabilities. In this study, fish were trained
exclusively for blue but we do not know whether cichlids exhibit
bias towards specific colors. There is the possibility that M. benetos,
owing to its coloration pattern and its main sensitivity to the ‘short’
range of the wavelength spectrum, succeeded in discriminating blue
because of a preexisting preference towards this wavelength. Color
bias has been reported in teleosts before. Picasso triggerfish
(Rhinecanthus aculeatus) seems to avoid yellow and blue, and both
the Picasso triggerfish and the lunar wrasse (Thalassoma lunare)
seem to prefer green and red (Cheney et al., 2013). Preference
towards specific colors in assortative mating could also underlie a
sensory bias. This has been reported for the stickleback’s preference
for red (Smith et al., 2004) and the guppy’s preference for orange
(Rodd et al., 2002). Because male M. benetos exhibit a pale-blue
nuptial coloration (Stauffer et al., 1997), sensory bias studies are
needed to test whether there is a preexisting preference for blue.

Conclusions

In this study, we have shown that cichlids can be trained through
classical conditioning in order to perform color discrimination
tasks. Cichlids successfully discriminated blue from gray as well as
from several different color targets. Our visual modeling and
behavioral results suggest that cichlids have color vision, probably
through color opponency mechanisms produced by neural
interactions of three different photoreceptor spectral channels.
Furthermore, we suggest that opsin coexpression can vary in its
effects on color perception towards specific wavelengths and,
hence, in color discrimination power. The capability of color
discrimination in cichlids can have a big impact in understanding
the natural history of this speciose clade because cichlids’ visual
capabilities and coloration patterns have been associated with their
adaptive radiation and evolutionary success.
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