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Abstract External body colour is an important trait

contributing to phenotypic diversity and individual

fitness in fish species. In this study, we use a combina-

tion of experimental techniques and field observations to

examine patterns of colour divergence in the introduced

Nile perch population of Lake Nabugabo, Uganda. We

aim to determine whether the proportion of black–

brown body colouration of Nile perch differs over a

number of size classes, across ecologically distinct

wetland edge and forest edge habitats, and whether these

differences are the result of rapid (physiological) or

ontogenetic (morphological) colour change. We found

substantial colour differences in Nile perch between

habitats, but trends were not consistent across size

classes. Small Nile perch (\15 cm SL) from wetland

edge habitats had darker skin pigmentation than those

from forest edge; however, no significant colour

differences existed between medium (15–40 cm SL)

and large ([40 cm SL) Nile perch. Inter-habitat differ-

ences in colour in the small size class, and shifts in

colour from juvenile to adult appear to be the result of

morphological colour change associated with distinct

ontogenetic shifts in resource use.

Keywords Introduced predator � Lake Victoria

basin � Ecological divergence � Ontogenetic shifts �
Body colour

Introduction

External body colour is an important and well-studied

trait contributing to phenotypic diversity and individ-

ual fitness in many fish species. Body colouration

varies widely within taxa, and can be affected by diet,

intra- and inter-specific interactions, and/or environ-

mental conditions. Colour patterns act as signals for

mating, and agonistic interactions (Höglund et al.,

2000; Maan et al., 2004) contribute to thermoregula-

tion (Cott, 1957; Stuart-Fox & Moussalli, 2009) and/or

reflect adaptations for camouflage or mimicry in prey

capture and predator avoidance (Cott, 1957; Donnelly

& Whoriskey, 1991; Khoda & Hori, 1993). Habitat-

associated colour variation in freshwater fishes has

been shown to contribute substantially to ecological

divergence, and in some cases, speciation in fish

populations occupying divergent habitat types (Gray

& McKinnon, 2007; Seehausen et al., 2008). For
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example, in some haplochromine cichlid fishes of

Lake Victoria, differences in male nuptial colouration

across depth gradients serve as important mate-choice

cues for females, contributing to speciation in this

group (Seehausen et al., 2008; Maan et al., 2010).

Understanding the function of colour variation is more

complicated when individuals in a population undergo

colour changes over their lifetime. Size-based changes

in resource use, known as ontogenetic niche shifts, are

nearly universal among fishes (Werner & Gilliam,

1984; Winemiller, 1989), and are instrumental in

defining phenotypic trajectories, including colour

(Werner & Gilliam, 1984; Olson, 1996). Furthermore,

two individuals from the same population may

undergo these shifts at different times or in different

ways if they occupy divergent habitats. Thus, explo-

ration of both size-related and habitat-specific colour

variation is a key to inferring functional significance.

Colour changes in fishes vary in rate and mechanism

(Booth, 1990; Leclercq et al., 2010). Rapid (physio-

logical) colour changes are controlled by the dispersion

and concentration of pigment molecules within chro-

matophores (pigment-containing cells) in the integu-

ment. Physiological colour changes are reversible,

occur on the order of seconds to minutes, and are often

responses to changes in microhabitat (Booth, 1990;

Leclercq et al., 2010). Gradual (morphological) colour

changes, controlled through synthesis or degradation

of pigments, occur over days, weeks or months, are

non-reversible, and often coincide with specific devel-

opmental stages over an individual’s lifetime. Such

colour changes associated with shifts in body size are

termed ontogenetic colour changes (Booth, 1990;

Leclercq et al., 2010). When colour within a population

is habitat specific, knowledge of whether rapid or

ontogenetic processes control colour changes is critical

to evaluating the potential for fitness tradeoffs between

habitats that might contribute to maintenance of colour

variation and, potentially, genetic divergence.

The introduced Nile perch (Lates niloticus) of the

Lake Victoria basin, East Africa, provides an excellent

system in which to explore these concepts. Nile perch

occupy a broad range of habitat types, undergo dramatic

ontogenetic niche shifts in diet and habitat use and

display strong divergence in body size and morphology

across habitats (Paterson & Chapman, 2009; Nyboer &

Chapman, 2013b). We use this system to investigate the

interaction between body size and habitat in explaining

patterns of habitat-associated colour variation in this

species, and we explore the mechanism (rapid vs.

ontogenetic) underlying these patterns.

The Nile perch was released into Lake Victoria and

other lakes in the region (lakes Kyoga and Nabugabo)

in the 1950s and 1960s, to compensate for depleted

fisheries, and in the case of Lake Victoria, to develop a

sports fishery (Balirwa et al., 2003; Pringle, 2005;

Goudswaard et al., 2008). The Nile perch population

increased dramatically in the 1980s and became an

important part of the fishery yield (Ogutu-Ohwayo,

1994; Goudswaard et al., 2008; Paterson & Chapman,

2009). Recent studies, however, have noted declines in

Nile perch biomass and catch per unit effort in heavily

fished regions of the lake (Balirwa et al., 2003;

Matsuishi et al., 2006). Heavy fishing pressure has also

apparently contributed to shifts in distribution and diet

of Nile perch (Paterson & Chapman, 2009). Studies

conducted in Lake Nabugabo have shown that

proportions of Nile perch have increased in wetland

ecotones, as compared to forest edge or exposed

habitats, over a 12-year period (Paterson & Chapman,

2009). Forest edge and wetland edge habitats differ in

structural complexity, bottom composition and dis-

solved oxygen (DO) availability, and many instances

of ecological divergence have been noted in Nile perch

between these two habitats. For example, in waters

near wetland ecotones, the mean size of Nile perch

caught in experimental nets is larger, and the gill size

of juvenile Nile perch is larger, associated with more

hypoxic conditions (Paterson & Chapman, 2009;

Paterson et al., 2010). In addition, Nile perch in

wetland ecotones undergo an ontogenetic dietary shift

from insectivory to piscivory at a smaller body size

than those in forested regions, most likely due to

differences in prey availability. This dietary difference

appears to be reflected in morphological divergence in

fishes between the two habitat types (Nyboer &

Chapman, 2013b). Habitat-associated colour differ-

ences have also been observed (EAN pers. obs.) in

small-sized Nile perch with body colour (as perceived

by human eyes) ranging from completely silver (forest

edge) to completely brown (wetland edge) (see

Appendix A, Fig. A1a, c for examples of light and

dark morphs); however, colour characteristics have

never been quantified.

In this study, we use a combination of experimental

and observational techniques to examine patterns of

colour divergence in the Nile perch population of Lake

Nabugabo, Uganda. We aim to determine whether
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body colouration differs over a range of size classes,

across wetland edge and forest edge habitats, and

whether these differences are the result of rapid colour

change, or reflect ontogenetic shifts. Specifically, our

study has three main objectives. First, we characterize

the underwater light of forest edge and wetland edge

habitats in Lake Nabugabo to determine if and how the

two habitats vary in background colour and relative

light intensity. Second, we perform body colour

analyses on Nile perch from wetland edge and forest

edge habitats to (a) quantify variation in colour

between habitats, and (b) compare divergent trends

across size classes. Finally, using a controlled labo-

ratory experiment, we test whether divergent colour

patterns in any developmental stage are due to long-

term (ontogenetic) responses to habitat cues, or rapid

and reversible colour change in response to changes in

background colour.

Materials and methods

Study location

Nile perch were sampled from Lake Nabugabo,

Uganda, a relatively small and shallow lake (surface

area = 33 km2; mean depth = 3.13 m) situated 4 km

west of Lake Victoria, (Latitude: 0�2201.500S, Longi-

tude: 31�5403.200E). A widespread survey of the lake

in March, 2011 showed it to be characterized by a high

surface temperature (mean = 25.8�C) and low water

transparency (mean Secchi depth = 0.69 m) (Nyboer

& Chapman, 2013a). Lake Nabugabo was once a bay

of Lake Victoria but has been isolated from the main

lake by an extensive swamp and sand bar for

approximately 5,000 years (Stager et al., 2005).

Approximately 3/4 of the lake’s perimeter consists

of dense wetland characterized by high structural

complexity, low oxygen conditions (mean

DO = 5.5 mg/l in March, 2011), and a thick layer

of coarse particulate organic matter (CPOM) on the

bottom. The wetlands are composed primarily of the

grasses Miscanthidium violaceum and Vossia cuspi-

data, along with two species of water lily, Nymphaea

lotus and N. caerulea. The west side of the lake is

edged by dense forest and fishing villages, and is

characterized by low structural complexity, sandy

bottoms, and relatively high oxygen conditions (mean

DO = 7.0 mg/l in March, 2011) (Fig. 1a, b).

Habitat spectral properties

The underwater photic environment of each habitat

(forest edge and wetland edge) was assessed by

measuring relative irradiance along depth and distance

from shore profiles. Measurements were taken

between 9:30 and 11:00 am on a single day with clear

skies. We chose to present morning light measure-

ments because Nile perch exhibit crepuscular move-

ment patterns (Olowo et al., 2004). At three

haphazardly chosen sites within each habitat, side-

welling irradiance measurements were taken at depths

of 5, 50, 100 and 150 cm to a maximum of 300 cm at 5

and 100 m from shore, with the probe pointed towards

the shore. Side-welling irradiance incorporates light

from the surface, reflected from the substrate, and

from the shore, providing a good estimate of light

available to fish for vision (Endler, 1990; Clarke &

Schluter, 2011). Underwater light was measured using

a spectrometer (Ocean Optics OEM S2000), 3.0 m

fibre optic cable (Ocean Optics ZP50-2X-VIS), cosine

corrector (for irradiance; CC-3-UV Ocean Optics) and

Spectra Suite (Ocean Optics) acquisition software.

Five scans were averaged to generate a spectrum for

each measurement. For each irradiance spectrum, we

determined maximum relative light intensity (i.e.

relative to light intensity measured just above the

water’s surface) and kP50, which is an index of the

spectral distribution (i.e. water ‘‘colour’’) determined

by halving the area under the spectral curve. The kP50

represents the wavelength about which most photons

are found, representing the predominant visual envi-

ronment (McFarland & Munz, 1975; Gray et al.,

2011b).

We used separate univariate ANOVAs to test the

main effects of habitat (forest edge, wetland edge), depth

(5, 50, 100 and 150 cm) and distance from shore (5 and

100 m) on two light properties, maximum relative

intensity and kP50. Relative light intensity below

150 cm was on average\5% of surface light and was

not included in the analysis. Non-significant interaction

terms were removed step-wise from the models.

Inter-habitat differences in Nile perch body colour

Nile perch between 7.8 and 84.5 cm SL were sampled

from both wetland edge (n = 60) and forest edge

(n = 55) habitats in Lake Nabugabo. Nile perch\30 cm

were collected in the morning hours (*8–10 am)
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between June and November, 2011 with beach seines

and experimental gill nets, and held in buckets of lake

water until they were processed (\20 min). Since our

experimental gears did not catch larger fish, some Nile

perch [30 cm were sampled between January and

November, 2012 from fishers’ catches. Fishers identified

where each fish was caught by indicating GPS coordi-

nates on an ethno-geographic map (Nyboer & Chapman,

2013b). Each individual was measured for total length

(TL) and SL to the nearest 0.1 cm, and weighed to the

nearest 0.1 g.

Nile perch were anaesthetized, placed left-side-up

on a standard grid-ruled background and photo-

graphed with a Canon Powershot� G10 camera. In

some cases, larger Nile perch were photographed

directly from fishers’ catch at the landings. These fish

were usually fresh, but some were dead, in which case

no anaesthetic was needed. These fish were quickly

processed and returned to the fishery. Fish were

photographed in full shade between 9:00 and 11:00 am

to ensure consistent lighting. Each photograph con-

tained a white standard. Nile perch images were

Fig. 1 Representative photographs depicting structural differ-

ences between (a) forest edge and (b) wetland edge habitats in

Lake Nabugabo, and underwater light spectra (relative to

surface intensity) at 5, 50, 100 and 150 cm depths (c–f). Panels

(c) and (d) represent light readings taken 5 m from shore from

forest edge and wetland edge habitats, respectively, and panels

(e) and (f) represent readings taken at 100 m from shore in forest

edge and wetland edge habitats, respectively. Dashed vertical

lines indicate mean kP50 (nm) for habitat and distance from

shore. Light readings were taken between 9:00 and 11:00 am
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opened in Adobe Photoshop CS5� in random order

and processed by one individual who was unaware of

the capture locations. Images were corrected for minor

differences in ambient light quality using the white

balance tool and the white standard in each photo to

equalize hue between photographs (Maan et al., 2004).

The fish was then clipped from the background, which

was deleted. To ensure that only body colours were

included in the analysis, fins and eyes were clipped

from the image as well as any dirt or leaves that were

on the Nile perch when photographed (see Appendix

A, Fig. A2 for an example).

To calculate colour scores, we used methods

similar to those outlined in Maan et al. (2004) whereby

we defined a range of black-brown colours that

encompassed pigments of interest observed in Nile

perch. This colour range was then used to determine

the proportion of the body that contained these

pigments. We created the colour range using Adobe

Photoshop CS5� swatch tools by selecting 13

swatches representing the range of brown colours

present (i.e. those apparent to the human eye). Using

the eyedropper tool, we selected all pixels in the Nile

perch image that fell within this colour range. The

number of selected pixels was then divided by the total

pixels representing the entire body, yielding a per-

centage of body colouration falling within this pre-

determined range, which we refer to as percent brown

(% brown). We developed this technique as an

alternative to the SigmaScan Pro� method used by

Maan et al. (2004) because the colour range required

for this analysis was not available in the Sigma Scan

Pro� software.

To determine whether the above procedure affected

Nile perch colour, we photographed a subset of fish

(n = 6) from both wetland edge and forest edge

habitats three times each; first, immediately after

capture; second, after anaesthesia and third, after

euthanasia. We used a repeated measures ANOVA to

determine whether there were differences in colour

after each handling procedure. To detect relationships

between body size (SL and weight) and body colour

(% brown) we used Spearman rank correlation. These

size 9 colour analyses were done separately for Nile

perch from the two major habitat types (wetland edge

and forest edge). Data from each habitat were then

separated into small (\15 cm SL), medium

(15–40 cm SL) and large ([40 cm SL) size classes.

These size classes were chosen as they represent

approximate sizes at which Nile perch undergo

ontogenetic shifts in diet (insectivory to piscivory)

and habitat use (inshore to offshore) (Schofield &

Chapman, 1999; Chapman et al., 2003; Paterson &

Chapman, 2009; Nyboer & Chapman, 2013a). Fish in

these three size categories also differ in body shape

allometry (Nyboer & Chapman, 2013b). We tested

whether body colour differs across habitat types and

over size classes by performing a factorial ANOVA

with square-root transformed % brown as the inde-

pendent variable, and size (large, medium and small)

and habitat (wetland edge and forest edge) as fixed

factors. To determine whether within-size-class means

in % brown differed across habitats, we used Mann–

Whitney U tests, with habitat as the predictor variable

and % brown as the variable of interest. Mann–

Whitney U tests were also used to detect possible

differences in SL and weight across habitats within the

three size categories. We used non-parametric tests for

all within-size-class analyses, as our data did not meet

assumptions of normality and linearity. To determine

the approximate body size at which Nile perch colour

converges, Nile perch from each habitat were split into

10 cm size classes, and average % brown was

compared across habitats for each category.

The use of digital photography has become stan-

dard in analyses of animal colour (e.g. Maan et al.,

2004; Stevens et al., 2007; Clarke & Schluter, 2011)

and provides a good assessment of overall body

colouration; however, to quantify the spectral range of

colour pattern components free from human visual

biases, spectrometry is required (Endler, 1990; Gray

et al., 2011a). Therefore, in addition to the photo

analysis technique, we took spectral reflectance mea-

surements from a sub-sample of fish (\25 cm SL)

from each habitat (forest edge n = 9, wetland edge

n = 6), following Gray et al. (2011a), see Appendix A

for details. Briefly, we measured spectral reflectance

of 10 patches on each fish: five along the dorsal

surface, and five along the lateral surface (Appendix

A, Fig. A1c). Nile perch body colour was represented

by a complex, variable spectrum with multiple peaks,

the combination of which likely results in what is

perceived (by humans) as gold-brown or silvery-

green. We used Endler’s segment classification

method (Endler, 1990), to calculate values of ‘bright-

ness’ (intensity), ‘chroma’ (saturation) and ‘hue’

(shape of the spectrum, often interpreted as ‘color’)

for each spectrum (See Appendix A for details). Each
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spectral variable (brightness, chroma and hue) was

analyzed separately for each fish and compared

between habitats. We used non-parametric (Mann–

Whitney U) tests because of unequal variances

(Levine’s test P \ 0.05) for all three spectral vari-

ables. In addition, we used Wilcoxon signed rank tests

for paired values to test for differences in the spectral

properties between dorsal and lateral body areas

within a fish to assess if our (human) observation of

counter-shaded patterns in forest edge fish could be

quantified.

Colour change experiment

Results from the inter-habitat colour analysis showed

that small Nile perch differed in % brown, but that

differences diminished in individuals over 25 cm SL

(see ‘Results’ section). We therefore performed an

experiment (February–March, 2013) testing the ability

of Nile perch \25 cm SL to undergo rapid colour

change based on a different background colour and

light regime. We created experimental tanks repre-

senting ‘light’ and ‘dark’ colour extremes that Nile

perch experience across contrasting habitats in Lake

Nabugabo (see ‘Results’ section). We used a crossover

study design in which each individual was exposed to

both light and dark backgrounds in turn, after a 1-h

acclimation period in each tank. Equal numbers of

individuals from both habitats experienced either light

or dark treatments first, to control for treatment order.

Nile perch were photographed before the experiment,

and after each treatment. Photographs were processed

as above for % brown body colour.

We used methods described in Clarke & Schluter

(2011) to create experimental tanks using colours that

would contrast similarly to forest edge and wetland

edge habitats in Lake Nabugabo. Briefly, we used

photographs taken at the water’s surface at mid-day in

each habitat type and imported the images to Adobe

Photoshop CS5�. Results from the habitat colour and

light intensity measures revealed that forest edge had

greater light intensity than wetland edge (see ‘Results’

section). We therefore selected 20 random pixels from

the 5 to 10th percentile of the brightest pixels in forest

edge photographs, and 20 random pixels from the 5 to

10th percentile of the darkest pixels from wetland edge

photographs. This method ensures that colours chosen

for our backgrounds are from a range of colours found

in the two habitats, and results in treatments that are

highly contrasting in brightness. One colour was

randomly chosen from both pixel samples to loosely

represent forest edge and wetland edge habitats, and

these colours were printed on sheets of high-quality

waterproof paper, which were used to line the inside of

our experimental tanks.

Four experimental tanks (two light and two dark)

with dimensions 45 9 15 9 30 cm were placed in an

alternating fashion on the shaded veranda of the Lake

Nabugabo Research Station laboratory. Each tank was

filled with 25 cm of clean lake water at the start of

every trial, and supplied with an airstone attached to a

portable aerator. To ensure that sufficient contrast

existed between the two treatments, the photic envi-

ronment of each tank was assessed by measuring

maximum relative light intensity and colour (kP50)

underwater in each tank at 5 and 20 cm below the

surface following the methods described above (see

Habitat colour and light intensity measures). Nile

perch\25 cm SL were collected in the morning hours

(9:00 to 11:00 am) from either wetland edge or forest

edge habitats using experimental beach seines, and

brought to the research station in a large bucket of lake

water. Each fish was photographed (as above) on its

left side in full shade before being subjected to either

treatment. A grey shade cloth was used to ensure

similar light quality in each image. Each fish was then

placed alone in a light or a dark experimental tank and

allowed to acclimate for 1 h. During acclimation, fish

were covered with a clear, plexiglass lid and not

disturbed. After 1 h, fish were removed from their

tanks, photographed and transferred to a tank of the

opposite colour. Nile perch were allowed to acclimate

for 1 h in their second tank, and then photographed for

a third time. After the experiment, each individual was

weighed, measured for TL and SL, and returned to the

lake. Trials were conducted between 11:00 am and

3:00 pm, with a maximum of two trials per day. In

total, we tested 32 wetland edge and 32 forest edge

Nile perch, with even numbers from each habitat

experiencing either the light or the dark treatments

first.

To test for contrasts in the photic environment of

the experimental tanks, we used a one-tailed indepen-

dent t test to determine whether significant differences

exist in relative intensity and kP50 between the light

and the dark tanks. To determine whether Nile perch

were capable of rapid colour change when exposed to

these different photic environments, we used a
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repeated measures ANOVA with tank colour as a

within-subject effect and habitat (wetland edge vs.

forest edge) and first treatment (dark first vs. light first)

as the between-subject effects. We initially included

SL as a covariate in our analysis, but removed it from

our model, as it was not significant. We used both

Helmert and simple within-subjects contrasts to iden-

tify which treatments resulted in significant differ-

ences. All data were tested for sphericity, and in no

instance was this assumption violated. To test whether

there were inter-habitat differences in the amount of

colour change between the two treatment types, we

subtracted colour scores from the dark and the light

treatments and performed a univariate ANOVA with

change-in-colour as the independent variable and

habitat as the fixed factor. Again, SL was initially

included as a covariate but was removed because it

was not significant.

Results

Habitat light measurements

In Lake Nabugabo, the inshore forest edge habitat

(5 m from forest edge) differed from the inshore

wetland edge habitat (Fig. 1c, d), most notably with

respect to relative light intensity (F1,34 = 32.99,

P \ 0.001). There was, however, a strong habi-

tat 9 distance from shore interaction (F1,34 = 21.64,

P \ 0.001), driven by higher relative intensity 5 m

from the forest edge compared to the inshore wetland

edge, and similar light intensities 100 m from shore

(Fig. 1e, f). There was a similar, but only marginally

significant, trend with respect to the dominant wave-

length of underwater light (kP50), with the inshore

forest edge having less long-wavelength light relative

to inshore wetland and both offshore habitats (habi-

tat 9 distance: F1,34 = 3.48, P = 0.071) (Fig. 1c–f).

There was no overall effect of habitat or distance from

shore on kP50. There was a strong depth effect for both

relative intensity (F3,34 = 31.44, P \ 0.001) and kP50

(F3,34 = 104.1, P = 0.001), reflecting a decrease in

the amount of light and a shift to long-wavelength

light, respectively, with depth (Fig. 1c–f). This pattern

was expected due to the very turbid nature of Lake

Nabugabo. This pattern was consistent across habitats

and distance from shore (three-way and two-way

interactions including depth, P [ 0.05).

Inter-habitat differences in Nile perch body colour

Anaesthesia and euthanasia of Nile perch did not

overall significantly affect body colour (F2,4 = 5.07,

P = 0.08); however, because there was a weak trend,

we carried out post-hoc comparisons between awake,

anaesthetized and euthanized fish, and found the

difference between anaesthetized and euthanized fish

to be significantly different at P = 0.023. Because

only a small number of fish were photographed after

being euthanized, and because these were represented

evenly across habitats (11 from forest edge, 8 from

wetland edge), we do not believe that this has affected

our results. The percentage of brown colouration

tended to decline with body size (SL) for wetland edge

fish, though the relationship was weak (rs = -0.233,

P = 0.07). For fish from the forest edge, the trend was

positive with % brown increasing with SL (rs = 0.464,

P \ 0.0001). For analyses where Nile perch were split

into small, medium, and large size classes, we found

that body colour patterns changed over ontogeny.

Results of the factorial ANOVA showed significant

differences in square-root transformed % brown body

colour between habitats (F = 10.4, df 1, P = 0.002),

and a significant habitat 9 size interaction (F = 8.5,

df 2, P \ 0.001). Small fish from the wetland edge

were characterized by a higher proportion of brown

body colouration than small fish from forest edge

environments (Table 1). This pattern disappeared in

medium and large Nile perch, with no significant

difference in body colour between wetland edge and

forest edge fish (Table 1). No other characteristics (SL,

weight) differed between habitats for small, medium or

Table 1 Differences in % brown, standard length (SL) and

weight (W) of Nile perch between habitats (forest edge vs.

wetland edge) in small, medium and large size classes. Bolded

values are significant at or below P = 0.05

Size class Variable U n P value

Small % Brown 47.0 33 0.001

SL 104.0 33 0.248

W 90.5 33 0.101

Medium % Brown 146.0 39 0.234

SL 136.0 39 0.140

W 135.0 39 0.128

Large % Brown 193.0 43 0.356

SL 186.0 43 0.274

W 163.0 43 0.098
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large size classes (Table 1); it is, therefore, unlikely

that differences in colour detected between habitats

were due to the size structure of the samples. Plots of

average % brown of 10 cm size categories compared

across habitats show that % brown converges as perch

grow larger. This convergence appears to occur at the

20–30 cm SL range (Fig. 2).

Spectral reflectance readings support the photo-

graphic findings of differences in body colour in Nile

perch \25 cm SL. The resulting spectral reflectance

curves for dorsal and lateral body areas were complex

and highly variable (Appendix A, Fig. A1b, d), likely

representing reflectance from a variety of melanin,

carotenoid and structural elements since they do not

show typical single peaks or step functions associated

with blue–green colours and carotenoid pigments,

respectively (Marshall, 2000; Hofmann et al., 2006).

The multiple peaks and trend of increased percent

reflectance from short to long wavelengths likely

result in the brownish appearance observed in the

wetland fish and support our use of % brown in photo

analysis. Overall, wetland edge fish had higher chroma

than forest edge fish (U = 7.0, P = 0.018); however,

hue (U = 20.0, P = 0.456) and brightness (U = 12.0,

P = 0.088) did not differ between habitats. The dorsal

and lateral areas of forest edge fish (n = 9) differed

significantly in brightness (Z = -2.547, P = 0.011),

chroma (Z = -2.666, P = 0.008) and hue (Z =

-2.666, P = 0.008) (Appendix A, Fig. A3), demon-

strating a counter-shaded colour pattern, while wet-

land edge fish (n = 6) did not differ in any of the

spectral metrics between body areas (all P [ 0.05)

(Appendix A, Fig. A3).

Colour change experiment

The relative light intensity in the light tanks was higher

(t1,6 = 2.10, P = 0.04) and long-wavelength shifted

(t1,6 = 4.24, P = 0.003) compared to the dark tanks,

indicating that our experimental treatments were highly

contrasting in colour and brightness (Fig. 3). Nile perch

from both wetland edge and forest edge environments

showed some ability to change colour depending on the

background colour they were exposed to (Table 2,

Fig. 4). Nile perch from both habitats were significantly

darker after both the light and the dark treatments when

compared to their original colour, and were also signif-

icantly darker after the dark treatment when compared to

the light treatment (Table 2, Fig. 4). None of the

interaction terms were significant. The order in which

the fish were placed in the two treatments (dark vs. light)

did not affect the amount or direction of colour change

(Table 2). The habitat of origin effect was strong, and the

change in colour between treatments was not enough to

outweigh the persistent inter-habitat differences (Table 2,

Fig. 4). There was no difference in the amount of colour

change experienced by wetland edge and forest edge Nile

perch between dark and light background colours

(habitat: F = 0.20, df 1, P = 0.654; first treatment:

F = 1.99, df 1, P = 0.164; habitat * first treatment:

F = 0.0, df 1, P = 1.0).

Fig. 2 Mean (±SE) %

brown for seven size classes

of Nile perch from two

habitat types (wetland edge

and forest edge) in Lake

Nabugabo
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Discussion

In this study, we tested for body colour divergence in

Nile perch occupying wetland edge and forest edge

habitats that differ in structural complexity, bottom

composition and background colour, and whether

observed differences were maintained across ontoge-

netic stages. Results indicated clear phenotypic dif-

ferences in body colour between small Nile perch

across habitats, although these differences disap-

peared in the medium and large size classes, possibly

reflecting important ontogenetic niche shifts experi-

enced by Nile perch. We also tested whether colour

differences found in small individuals were the result

of ontogenetic or rapid colour change. We found that

Nile perch have some capacity for rapid colour

change; however, differences between wetland edge

and forest edge fish were more pronounced than

differences between experimental trials, leading us to

Fig. 3 Relative mean side-

welling irradiance in light

and dark treatment tanks

(relative to surface light).

The light tank is slightly

brighter (one-tailed t test:

t1,6 = 2.097, P = 0.04) and

(b) long wavelength shifted

(one-tailed t test:

t1,6 = 4.243, P = 0.003).

The dashed vertical lines

indicate the mean kP50

values of all the light

readings

Table 2 The effect of tank colour (dark vs. light) on body

colour of Nile perch originating from two different habitats

(forest edge vs. wetland edge), and experiencing different

experimental treatments (dark vs. light) first. Bolded values are

significant at or below P = 0.05

Variable F df P value

Within-subjects

Tank colour 8.30 2 <0.001

Tank colour * habitat 0.18 2 0.836

Tank colour * first treatment 0.91 2 0.406

Tank colour * habitat * first treatment 0.06 2 0.947

Between-subjects

Habitat 25.29 1 <0.001

First treatment 0.00 1 0.990

Habitat * first treatment 0.00 1 0.951

Fig. 4 Effect of experimental treatment (light and dark

background colour) on % brown in Nile perch body colour.

Points represent the mean (±SE) % brown in Nile perch from

forest edge and wetland edge habitats before the experiment,

after 1 h acclimation in the light tank, and after 1 h acclimation

in the dark tank. Because order of treatment had no significant

effect on % brown, all individuals were averaged together

regardless of which treatment they experienced first. Different

letters represent significant differences between means (simple

and Helmert between-subjects contrasts)
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conclude that inter-habitat colour differences are

morphologically induced. Taken together, it seems

likely that plasticity in the expression of melanophore

pigments in the integument is the central mechanism

driving this colour divergence.

Patterns of colour divergence

Nile perch juveniles (\25 cm SL) in Lake Nabugabo

showed two distinct, habitat-associated colour mor-

phs; a dark (brown), monochrome morph in the

wetland edge habitat, and a lighter, counter-shaded

morph in the forest edge habitat. Intra-specific diver-

sity in fish colour is common, and pigmentation is

often under strong selection (Endler, 1983; Gray &

McKinnon, 2007; Seehausen et al., 2008; Leclercq

et al., 2010). Body colour functions in mimicry,

camouflage and mate attraction, and variation in fish

pigmentation is often correlated with habitat-specific

conditions such as background colour, water transpar-

ency and predator–prey interactions (Endler, 1978,

1983; Donnelly & Whoriskey, 1991; Whiteley et al.,

2009; Kekäläinen et al., 2010; Leclercq et al., 2010).

In Lake Nabugabo, forest edge and wetland edge

habitats differed substantially in environmental con-

ditions, and results from this study have shown that

there are also differences in light regime (colour and

intensity) in the inshore zone. As expected, the

structurally complex wetland edge habitats had a

lower (darker) light intensity compared to the inshore

forest edge, which was characterized by more avail-

able light. It is possible that the variation in colour

patterns observed in small Nile perch could be a

response to divergent selection pressures encountered

across this heterogeneous landscape.

Body colour in fishes is mediated by a number of

different types of chromatophores, cells containing

pigments that absorb or reflect a range of light

wavelengths (Sugimoto, 2002; Leclercq et al., 2010).

The main chromatophores present in Nile perch skin

are likely to be melanophores (Leclercq et al., 2010),

cells that contain light-absorbing pigments (melanins)

that produce dark black–brown colours. Melanin is

one of the most important pigments for freshwater fish

and is commonly used for camouflage, photo-protec-

tion, and visual communication (reviewed in Sugim-

oto, 2002; Leclercq et al., 2010). Many fish species are

highly plastic in their expression of the amount and

distribution of melanophores in their skin cells, and

commonly increase melanophore concentrations in

their skin when set against darker backgrounds to

enhance camouflage (Donnelly & Whoriskey, 1991;

Sugimoto, 2002). A potential advantage of cryptic

colouration for Nile perch is predator avoidance, since

small Nile perch are subject to cannibalism by adult

conspecifics in both forest edge and wetland edge

habitats (Paterson & Chapman, 2009). Although little

is known about the Nile perch’s visual system, the

adults are known to be visual hunters (Hamblyn,

1966); a small Nile perch associated with wetland

ecotones may, therefore, generate more melanin

pigments than those from forest edge or exposed

habitats as a dark, monochrome colour pattern is likely

to camouflage better in a darker habitat than a counter-

shaded morph (Sumner, 1935; Endler, 1978, Donnelly

& Whoriskey, 1991; Ruxton et al., 2004a). On the

other hand, fishes in brighter and more exposed

habitats often exhibit pale or counter-shaded colour

patterns with darker pigments concentrated in the

dorsal surface. This strategy has been shown to reduce

conspicuousness when viewed from below against

bright down-welling light or from above against dark

up-welling light (Thayer, 1896; Cott, 1957; Ruxton

et al., 2004b; Price et al., 2008). Adult Nile perch have

been observed attacking fish prey from below (Hamb-

lyn, 1966) indicating that a counter-shaded strategy

may be very effective in the brighter forest edge

habitat. Camouflage in wetland ecotones may also be

advantageous for small Nile perch to improve their

efficiency as piscivores, since Nile perch in wetland

edge habitats undergo an earlier ontogenetic dietary

shift to piscivory than those in forest edge or exposed

habitats (Schofield & Chapman, 1999; Paterson &

Chapman, 2009). Camouflage has been shown to

improve foraging efficiency in a number of fish

species. For example, Khoda & Hori (1993) found

that pale–dark dichromatism in predatory cichlid

fishes in Lake Tanganyika optimizes prey capture

across habitats that vary in light condition and

complexity; dark-morph predatory cichlids targeted

prey from rocky habitats, while pale morphs searched

for prey in open water.

Patterns of divergence were not maintained in the

larger Nile perch size classes. Instead of dark mono-

chrome and bright counter-shaded morphs, colour

patterns in larger Nile perch converged at approximately

25 cm SL to a more evenly coloured morphology with

some counter-shading still present (Appendix A, Fig.
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A2). This size-related shift may reflect an ontogenetic

component to colour pattern development for Nile

perch. Ontogenetic niche theory suggests that increases

in body size fundamentally change how an organism

interacts with its environment and community. Pisciv-

orous fishes, in particular, often undergo rapid ontoge-

netic shifts in diet, habitat use, vulnerability and ability

to cope with physiological stressors (Werner & Gilliam,

1984; Winemiller, 1989; Booth, 1990; Olson, 1996).

Nile perch are known to undergo a number of ontoge-

netic shifts in resource use and community interactions.

Larger Nile perch are less vulnerable to predation than

smaller individuals, do not penetrate as far into near-

shore vegetation as their smaller counterparts (Paterson

& Chapman, 2009), select cooler waters and higher

oxygen conditions than smaller fish, and are thus found

further offshore where these conditions are more

prevalent (Nyboer & Chapman, 2013a). Nile perch also

make an important dietary shift to piscivory. Given this

information, a number of scenarios may explain onto-

genetic colour shifts from juvenile to adult in Nile perch.

The first is that colour patterns that are useful to

juveniles are not effective at later life stages. Need for

crypticity decreases as vulnerability to predators dimin-

ishes. Since adult Nile perch are not likely to be under

risk of predation (except from humans), camouflage

may no longer carry the same fitness benefit, particularly

since melanin production is likely to be energetically

costly (Price et al., 2008). Second, it is possible that

crypticity remains important for adult Nile perch (to

avoid detection by prey species), but that camouflage

strategies change in exposed, open-water habitats. As

Nile perch move offshore, their habitat background

changes, and colour patterns that were cryptic in the

inshore may be conspicuous in the open-water environ-

ment (Endler, 1978; Booth, 1990). The benefits to

increasing melanin pigments or having a highly con-

trasting counter-shaded colour pattern may be more

limited for Nile perch not using inshore habitat. A third

possibility is that body colour changes during the

ontogenetic dietary shift to piscivory. Colour changes in

freshwater fishes are commonly associated with

increases or decreases of pigments/pigment-synthesiz-

ing nutrients in their diet (reviewed in Leclercq et al.,

2010). This scenario is unlikely for Nile perch, however,

as the timing of the ontogenetic dietary shift occurs at

different body sizes across habitats (Paterson & Chap-

man, 2009). The shift in colour, on the other hand,

occurs at approximately the same size in both forest

edge and wetland edge environments, coinciding more

closely with the timing of the shift to offshore waters at

*25–30 cm SL. Background matching or crypticity is

one of the most commonly cited reasons for ontogenetic

colour change (Booth, 1990; Price et al., 2008),

especially where melanin is involved (Price et al.,

2008). Therefore, the most likely function of the

difference in colour as juveniles, and the convergent

shift in colour from both habitats, is the avoidance of

detection by predators (when under threat of cannibal-

ism) or prey (when piscivorous).

Colour change experiment

Results from our colour change experiment showed

that all individuals are capable of some instantaneous

colour change; however, habitat-associated colour

differences in Nile perch were maintained across

treatments, and were greater than the short-term

physiological colour changes. Furthermore, Nile perch

from the forest edge habitat did not exhibit a greater

increase in brown body colour when placed against a

dark background than did the individuals from the

wetland edge habitat. This indicates that the striking

differences in colour and pattern found across habitats

are morphological (induced by the generation or

apoptosis of pigments/chromatophores) and not phys-

iological. This lends further support to the hypothesis

that colour differences between adult and juvenile Nile

perch are the result of ontogenetic colour change,

which is, in large part, morphologically induced. The

Nile perch are capable of some instantaneous colour

change which is not surprising; instantaneous colour

changes in fishes are extremely common, but this does

not necessarily mean that they override more perma-

nent pre-existing colour patterns (Sköld et al., 2012).

Numerous studies have documented rapid increases in

melanin concentration in relation to stress (Höglund

et al., 2000, 2002; Ruane et al., 2005; Sköld et al.,

2012). The instantaneous colour change in the Nile

perch could likewise be a stress response to handling,

with the amount of change mediated by experimental

condition (light vs. dark treatment).

Implications of divergent trends

Our results contribute to a growing body of evidence

regarding the ability of Nile perch to adjust phenotyp-

ically to novel environments (Worthington, 1929;
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Paterson et al., 2010; Nyboer & Chapman, 2013b).

Habitat-associated divergence in the colour patterns of

Nile perch follow established eco-morphological trends

for fish species across habitats that differ in predation risk

and light regime (Endler, 1978; Donnelly & Whoriskey,

1991; Ruxton et al., 2004a; Whiteley et al., 2009;

Kekäläinen et al., 2010). Although it is unknown whether

the observed variation reflects genetic differences or

phenotypic plasticity, the convergence in body colour in

the largest Nile perch suggests that differences in colour

at the juvenile stage are likely to be environmentally

mediated (i.e. plastic), with Nile perch changing body

colouration over their lifetime through synthesis or

apoptosis of pigments. One might expect high rates of

population mixing in this small lake that could buffer

local adaptation and select for high levels of phenotypic

plasticity; however, we cannot at this stage exclude the

possibility of habitat-associated genetic differences in

the developmental colour trajectory. Interestingly, diver-

sification that occurs early in ontogenetic space may

have a large effect later, and may lead to genetic

differentiation and divergence when there are fitness

consequences (Olson, 1996; Holtmeier, 2001). Ontoge-

netic niche shifts can potentially divide a population into

ecologically distinct subsets that interact differently with

their community and environment, highlighting the

importance of a temporal perspective when examining

resource-associated diversification (Werner & Gilliam,

1984; Olson, 1996). Understanding how phenotypic

differences can aid in increasing fitness at any or all of

life can provide insight into the evolutionary trajectory of

a species. Future common garden studies will be

informative in addressing mechanisms contributing to

trait variation in this population.
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