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Abstract Foraging trait specialization is important

for polymorphic Arctic charr and whitefish, but visual

capabilities of different morphs are unexplored. Pho-

toreceptor complements and absorbance spectra of rod

visual pigments were studied by microspectrophotom-

etry in two sympatric Arctic charr morphs and three

sympatric whitefish morphs from two subarctic lakes.

Four spectral classes of photoreceptor cells, rods and

three types of cones, were found in all morphs of both

species. Arctic charr rods had a pure A1 pigment

(rhodopsin) with wavelength of maximum absorbance

kmax & 511–512 nm and no significant differences

either between littoral and profundal morphs or

sampling times (January/August). Rods of littoral and

pelagic whitefish had practically pure A2 pigment

(porphyropsin), whereas profundal whitefish had chro-

mophore mixtures with A2:A1 & 0.8:0.2 in June, A1

decreasing to a smaller fraction in September. kmax

values of littoral and pelagic whitefish rods were

similar and did not change significantly with season

(539.3 ± 0.3 nm/539.3 ± 1.1 nm and 538.4 ± 0.4/

539.8 ± 0.3 nm in June/September) but differed from

profundal whitefish (kmax = 531.5 ± 0.8/536.7 ±

1.0 nm). Differences between Arctic charr and white-

fish morphs suggest importance of local light environ-

ment determining visual pigment composition.

Keywords Adaptive radiation � Ecological
speciation � Niche � Eye � Light � Photoreceptors �
Retina � Visual pigments

Introduction

Parallel divergence of teleost fishes into pelagic and

benthic morphs has occurred in many distantly related

species that inhabit postglacial lakes in the northern

hemisphere (Skúlason & Smith, 1995; Hendry, 2009).

Adaptive radiation to different niches may include

morphological, physiological and life-history special-

izations (Schluter, 2000; Bernatchez et al., 2010).

These sympatric morphs have diverged rapidly (in ca.

10,000–15,000 years) after the last Ice Age and
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provide excellent model systems for studies of adap-

tive radiation and ecological speciation over short

evolutionary timescales (Schluter, 2000; Rundle &

Nosil, 2005; Hendry, 2009).

Arctic charr (Salvelinus alpinus (L.)) and whitefish

(Coregonus lavaretus (L.)) are highly polymorphic

species across northern Scandinavia (Jonsson &

Jonsson, 2001; Amundsen et al., 2004; Siwertsson

et al., 2010). Population genetic studies indicate

reproductive isolation among sympatric morphs of

both species (Westgaard et al., 2004; Østbye et al.,

2006; Præbel et al., 2013), suggesting adaptive

radiation and incipient ecological speciation as a

mechanisms behind their divergence. Besides the

general pattern of divergence in polymorphic fish

populations along the littoral-pelagic resource axis,

both Arctic charr and whitefish may also diverge into

the third principal niche available in subarctic lakes,

the profundal habitat (Kahilainen & Østbye, 2006;

Knudsen et al., 2006). One of the traits most likely to

undergo niche-specific divergence along the depth

gradient is the physiology of the eye and the retina,

since adaptation to the light environment in the

foraging habitat is critically important for visually

feeding fishes such as Arctic charr and whitefish

(Clarke, 1936; Langeland & Nøst, 1995; Elliott,

2011).

The intensity and spectral properties of light in an

aquatic habitat depends on absorbance and scattering.

Depending on the amount of primary production and

dissolved organic matter, the spectral peak of trans-

mitted light may be displaced from about 470 nm in

clear water to almost 700 nm in heavily stained water

(Wetzel, 1983). With increasing depth, the light

intensity decreases and the spectrum narrows, and in

stained waters, these changes are steep within a just

few metres from the surface. For fishes living below

the euphotic zone, it is particularly important that dim-

light (rod) vision is spectrally adapted to utilize the

available wavelengths as efficiently as possible.

Closer to the surface, on the other hand, colour (cone)

vision can be important both in foraging and mate

choice (Seehausen et al., 2008; Muir et al., 2012).

Especially, the genus Salvelinus is famous for differ-

ent colouration patterns of morphs, which could be

related to mate selection in addition to body size

(Jonsson & Jonsson, 2001; Muir et al., 2012). In the

dim and spectrally restricted illumination of the deep

profundal habitat, however, colour vision is virtually

useless, and this may explain why profundal Arctic

charr morphs are often pale compared to their littoral

relatives. Profundal whitefish morphs, on the other

hand, are more brownish than their silvery counter-

parts in the littoral, consistent with decreased benefit

of mirror camouflage at the greatest depths (Lythgoe,

1979). Polymorphic Arctic charr and whitefish in

postglacial lakes provide interesting systems to study

the role of vision in adaptive divergence, since the

three principal niches constitute very different photic

environments, particularly the dark profundal com-

pared with the two others (littoral and pelagic).

Spectral tuning of a visual pigment molecule in

fishes can be achieved in two different ways: (1) the

amino acid sequence of the receptor protein, opsin,

can be changed on an evolutionary time scale, i.e.

within thousands of generations (e.g. Cowing et al.,

2002), and (2) the chromophore (the light-absorbing

prosthetic group covalently bound to the opsin) can be

switched between 11-cis-retinal (A1) and 11-cis-3,4-

dehydroretinal (A2) on a physiological timescale, i.e.

within a single generation (e.g. Bridges, 1972; Saari-

nen et al., 2012). Switching from A1 to A2 shifts

absorbance spectra towards longer wavelengths in a

predictable manner (Dartnall & Lythgoe, 1965;

Hárosi, 1994). Many fresh- and brackish-water fishes

have mixtures of the two chromophores (see, e.g.

Jokela-Määttä et al., 2007), and the proportions may

change between seasons and different stages of life

history (cf. Bridges, 1972). The wider implications of

opsin- or chromophore-based spectral shifts are very

different. The former concerns heritable differences in

visual capabilities, which may even drive speciation

(for a recent example, see Seehausen et al., 2008),

whereas chromophore-based shifts confer phenotypic

plasticity in response to environmental variation

(Dartnall et al., 1961; Bridges, 1972; Saarinen et al.,

2012). It is therefore essential to distinguish between

these mechanisms for achieving spectral shifts. In the

present work, we base the distinction on the fact that

the two mechanisms affect the shape of absorbance

spectra differently, as A2 pigments have generically

wider spectra than A1 pigments (e.g. Dartnall &

Lythgoe, 1965; Govardovskii et al., 2000). Varying

proportions of A1 and A2 pigments have been

documented for a range of both shallow- and deep-

water species, suggesting no direct correlation of the

pigment type with depth (Lythgoe, 1972; Jokela-

Määttä et al., 2007). Temperature is the main single
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environmental factor affecting the A1 $ A2 balance,

whereby raising temperature shifts the balance

towards A1 (Tsin & Beatty, 1977). This makes

functional sense, since the thermal stability of A2

pigments is tens of times lower than that of their A1

counterparts (Donner et al., 1990; Ala-Laurila et al.,

2004a, 2004b, 2007). Shifting from A2 to A1 will

therefore decrease the neural noise due to thermal

pigment activations and thus increase the signal-to-

noise ratio (SNR) of vision. Dim-light (rod) vision of

fish in long-wavelength-shifted light environments are

therefore expected to benefit from a higher proportion

of A2 pigment when the water is cold, but to shift

towards a higher proportion of A1 as the water

temperature increases. The lake habitats utilized by

fish morphs in northern postglacial lakes differ with

respect to both light and temperature regimes, but

their respective visual pigments have never been

explored.

Here, we selected two well-studied lakes with

polymorphic Arctic charr and whitefish to reveal

potential differences in visual pigments. In Lake

Fjellfrøsvatn, Arctic charr have diverged into ecolog-

ically and genetically distinct littoral and profundal

morphs (Westgaard et al., 2004; Knudsen et al., 2006).

Their foraging traits are correlated to their specific

niches. The profundal morph has an enclosed swim

bladder for permanent dwelling in the deep habitat and

large eyes, which seems to be a heritable trait

(Klemetsen et al., 2002; Knudsen et al., 2011).

Whitefish in Lake Muddusjärvi have ecomorpholog-

ically and genetically diverged into three specialized

morphs (Harrod et al., 2010; Couton, 2012). The

number of gill rakers is a heritable trait in whitefish

and correlated with niche utilization (Kahilainen et al.,

2011; Præbel et al., 2013). The morphs are named

according to body size and gill raker traits: the small

sparsely rakered (SSR) whitefish is a profundal

dwelling morph with the lowest number of gill rakers,

the large sparsely rakered (LSR) whitefish a littoral

morph having intermediate numbers of gill rakers and

the densely rakered whitefish (DR) is a small sized

pelagic morph with the highest number of gill rakers

(Kahilainen & Østbye, 2006; Kahilainen et al., 2011).

Furthermore, SSR whitefish dwell in the coldest

habitat and have the lowest respiration rate and largest

eye size (Kahilainen & Østbye, 2006; Kahilainen

et al., 2014). The eyes of profundal morphs are larger

than those of the other morphs throughout their

ontogeny (Knudsen et al., 2006; Harrod et al., 2010).

Our primary objective was to look for differential

traits of dim-light vision that could be related to the

different photic environments in the respective niches

of the morphs in two different lakes. We hypothesized

that the spectral absorbance of the photoreceptors,

especially the rods, is correlated with the habitat-

specific light environments utilized by each morph to

enhance photon capture while keeping thermal noise

low enough to maximize the signal-to-noise ratio of

vision. We argue that the large eyes of the deep-water

morphs of both species also enhance photon capture in

the dark profundal environment. In addition, we

measured non-systematically cone pigments for initial

evaluation of the presence of different cone types in

the morphs. Here, the tentative hypothesis was that

profundal morphs permanently using the deep-water

habitats may have a reduced complement of cone

pigments, as the usefulness of good colour vision is

limited in the dim and spectrally narrow illumination

at greater depths.

Materials and methods

Study area

The study lakes are situated in subarctic Fennoscan-

dia: Lake Fjellfrøsvatn in the northwest (69�050N,
19�200E) and Lake Muddusjärvi in the northeast

(69�000N, 26�500E). At these latitudes, there are

2 months with midnight sun (from mid-May to late-

July) and 2 months with polar nights (from late

November to mid-January). Both Lakes Fjellfrøsvatn

and Muddusjärvi are oligotrophic with surface area of

6.5 and 48 km2 and maximum depths of 88 m and

73 m, respectively. The littoral zone extends to 15 m

in Lake Fjellfrøsvatn and to 7 m in Lake Muddusjärvi

with corresponding Secchi depths of 13 m and 3 m,

respectively (Amundsen & Knudsen, 2009; Kahi-

lainen et al., 2009; Eloranta et al., 2013). Lakes

Fjellfrøsvatn and Muddusjärvi are situated at 125 and

146 m a.s.l., respectively, and are usually ice-covered

from late November to early June. Lake Fjellfrøsvatn

is inhabited by two fish species: Arctic charr and

brown trout (Salmo trutta L.), whereas Lake Mud-

dusjärvi additionally has whitefish, grayling
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(Thymallus thymallus (L.)), perch (Perca fluviatilis

L.), pike (Esox lucius L.), burbot (Lota lota (L.)),

common minnow (Phoxinus phoxinus (L.)), three-

spined stickleback (Gasterosteus aculeatus L.) and

nine-spined stickleback (Pungitius pungitius (L.)).

Arctic charr are the most numerous species in Lake

Fjellfrøsvatn and whitefish in Lake Muddusjärvi.

Sampling and measurements

The sampling periods in both lakes were planned to

present contrasting light and temperature conditions.

Winter sampling was conducted only in Lake

Fjellfrøsvatn, whereas in Lake Muddusjärvi, the ice-

melting period in early June was considered to reflect

cold-water conditions. Arctic charr were collected

using gill nets and baited wire traps in Lake

Fjellfrøsvatn in January (under the ice) and August.

The littoral morph was caught from 2 to 8 m depth and

the profundal morph deeper than 25 m. Whitefish

were caught with gillnets (pelagic 0-3 m, profundal

15-20 m) and beach seine (littoral 0-3 m) habitats in

June 2004 and September 2007. They were prelimi-

narily classified to morph visually and later checked

for gill raker counts in the laboratory (for details see

Kahilainen & Østbye, 2006). The light intensity in the

water column at depths 0–12 m was measured with a

photometer (LI-1400, Li-Cor, Inc., USA, wavelength

range 400–700 nm). In addition, the spectrum of

transmitted light in the wavelength range 300–700 nm

was measured at depths 0–12 m (multispectral

RAMSES, VIS-ACC radiometer) in Lake Mud-

dusjärvi. Due to technical problems, the light spectrum

data (300–600 nm) from Lake Fjellfrøsvatn were

available only from January.

Selected good condition fish individuals were kept

alive in circular plastic tanks (70 l) at complete

darkness for 1 h to ensure that most of the visual

pigments were regenerated. All further procedures

were carried out in dim red light in the laboratory to

minimize bleaching. Fish were captured from the

plastic tank with a hand net, euthanized by cerebral

concussion and dispatched on ice in light-tight boxes

to the University of Helsinki for microspectropho-

tometry (MSP). The weight and total length of each

individual were measured at accuracies of 0.1 g and

1 mm, respectively. The eyes were carefully dis-

sected, and the diameter of the isolated pair of eyes

was measured with an accuracy of 0.01 mm using a

dial caliper. The measured eye diameters were com-

pared at a common fish length to correct for the

allometric relationship between eye size and body size

using the procedure outlined in Howland et al. (2004).

Similarly, length corrected eye size measures of the

two morphs from Lake Fjellfrøsvatn were extracted

fromKlemetsen et al. (2002) for comparative purposes

(Table 1). Eye and head size show allometric growth

in many fish including whitefish and Arctic charr

underlining the need for length corrections for robust

comparison of morphs (Klemetsen et al., 2002;

Kahilainen & Østbye, 2006).

For MSP, pieces of isolated dark-adapted retina

were teased apart under dim red light in fish Ringer on

a microscope slide to produce either isolated photore-

ceptors or outer segments protruding from small

pieces of retina. The preparation was covered with a

coverslip and sealed at the edges with Vaseline.

Absorbance spectra were recorded from the outer

segments of photoreceptor cells with the measuring

light laterally incident on the outer segment and

polarized perpendicularly to its longitudinal axis. For a

full description of the equipment and procedures, see

Govardovskii et al. (2000).

Analysis

Absorbance spectra of all visual pigments with a

certain chromophore have a standard shape in the

sense that all can be described by a single mathemat-

ical expression with only one variable, the wavelength

of maximum absorbance (kmax). The parameters of

this expression, which will be referred to as the visual

pigment template, are somewhat different for A1 and

A2 pigments, reflecting the fact that A1 and A2 spectra

have somewhat different shapes. Therefore, both the

wavelength of maximum absorbance (kmax) and the

chromophore identity (A1 or A2, or the A1:A2 ratio in

cases of mixed chromophore content) can be deter-

mined by fitting of pure A1 or A2 templates or sums of

these. In the present work, Govardovskii et al. (2000)

templates were fitted to MSP spectra averaged across

cells of the same type within each individual. In cases

of mixed chromophore content, A1:A2 ratios were

obtained from the proportions of ‘‘paired’’ A1 and A2

templates (kmax values coupled by the Hárosi, 1994

relation) that gave the best fit when linearly summed.

To support the highest visual sensitivity, rod

pigments should maximize the signal-to-noise ratio
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(SNR) by optimally absorbing the wavelengths avail-

able in the environment and at the same time be

thermally stable to minimize randomly occurring

spontaneous activations, i.e. pigment noise (Barlow,

1956, Baylor et al., 1980). The performance of

pigments in terms of SNR at very low light levels in

a given light environment was quantified by relative

photon capture (‘‘quantum catch’’, QCrel) and concep-

tual signal-to-noise ratio (SNRdark), estimated as

described by Jokela-Määttä et al. (2007): QCrel by

convolution of the best-fitting visual pigment template

with the spectrum of the downwelling light, and

SNRdark as the ratio of QCrel to the Poisson standard

deviation (i.e. Hmean) of the rate of thermal pigment

activations (Ala-Laurila et al., 2004b, 2007).

The total number of analysed individuals was 48 for

whitefish and 21 for Arctic charr (Table 1). In each

individual, recordings were made from 15–50 rods. In

addition, absorbance spectra were non-systematically

recorded from cone outer segments. This simply

entailed recording from all morphologically good-

looking cone outer segments encountered while sys-

tematically scanning the preparation for good rod

outer segments. The sample sizes for each morph and

season are typical or even slightly higher compared to

many visual pigment studies (e.g. Jokela-Määttä et al.,

2007; Saarinen et al., 2012). We acknowledge that a

higher number of samples and sampling times would

have been necessary to focus more on cone pigments

and potentially reveal more insights to A1:A2 ratio

along fish ontogeny. Despite these shortcomings, we

considered our study important to promote future

studies on polymorphic species.

Student’s t tests (Arctic charr) or Analysis of

Variance with Tukey’s HSD pairwise tests (whitefish)

were used to test differences between the morphs in

photoreceptor kmax and eye size, both normally

distributed, whereas kmax differences within the same

Table 1 Basic information on whitefish morphs in Lake Muddusjärvi and Arctic charr morphs in Lake Fjellfrøsvatn

(average ± SEM)

Month and variable SSR whitefish LSR whitefish DR whitefish Littoral Arctic charr Profundal Arctic charr

June January

n 7 7 9 7 6

Total length (cm) 16.5 ± 0.6 17.6 ± 0.4 14.7 ± 0.5 25.0 ± 0.6 11.1 ± 0.5

Weight (g) 32.0 ± 3.3 36.9 ± 2.4 20.0 ± 2.3 136.1 ± 8.7 10.1 ± 1.6

Gill raker count 15.6 ± 0.5 22.3 ± 0.6 35.7 ± 0.5 – –

Eye diameter (mm) 9.8 ± 0.1a 7.9 ± 0.1b 8.6 ± 0.1c 5.9 ± 0.2j* 6.6 ± 0.4 k*

A2 (%) 80 ± 2 100 ± 0 99 ± 1 0 0

kmax 531.5 ± 0.8d 539.3 ± 0.3e 538.4 ± 0.4e 511.4 ± 0.5 l 511.9 ± 0.3 l

September August

n 8 8 9 4 4

Total length (cm) 16.3 ± 1.0 23.6 ± 1.2 14.7 ± 1.0 30.9 ± 2.7 10.7 ± 0.3

Weight (g) 30.7 ± 6.0 109.6 ± 17.6 25.0 ± 5.6 301.4 ± 99.4 9.1 ± 0.4

Gill raker count 17.8 ± 0.5 23.9 ± 0.6 35.1 ± 0.6 – –

Eye diameter (mm) 9.8 ± 0.2f 8.7 ± 0.1g 8.9 ± 0.1g 5.9 ± 0.2m* 6.6 ± 0.4n*

A2 (%) 80 ± 12 98 ± 2 100 ± 0 0 0

kmax 536.7 ± 1.0h 539.3 ± 1.1h,i 539.8 ± 0.3i 512.6 ± 0.9o 511.5 ± 0.4o

kmax is the wavelength of maximum absorbance of the rod visual pigment as measured by MSP in single-rod outer segments.

Differences between whitefish morphs (SSR = small sparsely rakered whitefish, LSR = large sparsely rakered whitefish,

DR = densely rakered whitefish) in eye size and kmax were tested with ANOVA and Tukey’s HSD pairwise tests, whereas the

Arctic charr morphs were tested with Student’s t test. Different small letters indicate statistical significance (P\ 0.05) of pairwise

comparisons of these rows separately for whitefish morphs or Arctic charr morphs

* Eye size data (mean ± 95% CL) is taken from Klemetsen et al. (2002)
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morph sampled at different times were tested with

Student’s t tests in both lakes. The statistical signif-

icance level was set to P\ 0.05.

Results

Light measurements in the two lakes

In clear-water Lake Fjellfrøsvatn, the Secchi depth

was 13 m in August and 16 m in late November prior

to ice formation. The light intensity decreased gently

with depth and the wavelength distribution became

increasingly narrower. Even at 25 m depth as much as

*7% of the light remained over a wide wavelength

band around 500–600 nm. The broad spectrum of light

throughout the water column may suggest that even in

the darkest season (winter) the requirements for

‘‘optimal’’ spectral tuning of the rod visual pigment

are not likely to be very strict.

In the slightly humic LakeMuddusjärvi with Secchi

depth of circa 3 metres, the euphotic zone ([1% of

surface light left in water column) comprised the first

seven metres (Fig. 1a, c). The light intensity was

clearly higher in June than in September, but the

wavelength distribution followed a similar pattern in

both months (Fig. 1b, d). At about 2 m depth, the light

spectrum had narrowed to a wavelength band roughly

encompassing 400–700 nm. The green and yellow

wavelengths (500–600 nm) penetrated deepest in the

water column: at a depth of 10 m, the light spectrum

peaked at 579 nm. Only about 0.2% of the light

penetrated past 10 m, which was taken as the upper

boundary of the profundal zone. This illustrates well

how the photic environment of the profundal zone

differs from the two others (littoral and pelagic) in

three ways: (1) the light intensity is very low, (2) the

light spectrum is narrow and (3) the peak of the light

spectrum is strongly displaced towards longer

wavelengths.

Absorbance spectra of rods

Overall, the rods of Arctic charr were maximally

sensitive to significantly shorter wavelengths than

those of whitefish. The rod absorbance spectra of both

littoral and profundal Arctic charr morphs were well

fitted by pure A1 templates peaking at 511–512 nm

(Fig. 2; Table 1), and no statistical differences

between morphs were observed in January (t test,

t = -0.86, d.f. = 9.3, P = 0.41) or August (t test,

t = 1.13, d.f. = 4.0, P = 0.32). There were no sig-

nificant seasonal shifts in mean kmax in the littoral

(t test, t = -1.12, d.f. = 5.0, P = 0.23) or profundal

(t test, t = 0.82, d.f. = 6.4, P = 0.43) morph of

Arctic charr. It may be noted that their common kmax

value falls well within the spectral range where a fair

proportion of the light penetrates even to 25 m depth

in Lake Fjellfrøsvatn (Fig. 1e).

In whitefish, a significant difference in rod

absorbance spectra occurred between the SSR white-

fish and the other two morphs (Fig. 2; Table 1). DR

and LSR whitefish were both reasonably well fitted by

pure (or nearly pure) A2 templates with no significant

difference in kmax (mean ± SEM = 539.3 ± 0.3 nm

for LSR whitefish and 538.4 ± 0.4 nm for DR white-

fish). In contrast, the rod absorbance spectra of the

SSR whitefish were shifted to shorter wavelengths and

could not be fitted with pure A2 templates. Best fits

were obtained with linear sums of templates corre-

sponding to 75–80%A2 and 20–25%A1, giving mean

rod kmax = 531.5 ± 0.8 nm. In June, the difference

between morphs was statistically significant

(ANOVA, F2,20 = 62.4, P\ 0.05), whereby the

SSR whitefish differed from each of the other two

morphs (Tukey’s HSD test, P\ 0.05). We found a

seasonal shift in the kmax of DR whitefish (t test,

t = -2.79, d.f. = 15.8, P\ 0.05) and SSR whitefish

(t test, t = -3.99, d.f = 12.7, P\ 0.05) rods towards

longer wavelengths between June and September, but

no differences in LSR whitefish (t test, t = 0.00,

d.f. = 8.1, P = 1.00). Thus, in September, the SSR

whitefish kmax approached the others (Table 1), but

still there were significant differences between morphs

(ANOVA,F2,22 = 3.9, P\ 0.05). Post-ANOVA pair-

wise testing indicated that the September kmax of SSR

whitefish differed significantly from that of DR

whitefish (Tukey’s HSD test, P\ 0.05) but not from

that of LSR whitefish.

Optical factors affecting visual sensitivity

The efficiency of vision in utilizing light also depends

on optical factors of the eye and the photoreceptors.

Potential optical differences to consider when

228 Hydrobiologia (2016) 783:223–237

123



comparing quantum catch between morphs are eye

size, and (for dim-light vision) the dimensions and

retinal mosaic of rods. No systematic differences in

rod outer segment length or cell morphology were

observed between whitefish morphs at the light

microscopic level (mean length of outer segments

37 lm, mean width 5 lm). However, the eye diam-

eters were significantly larger in the SSR whitefish

than in the other two morphs both in June (ANOVA,

F2,20 = 49.1, P\ 0.05) and September (ANOVA,

F2,22 = 16.8, P\ 0.05) (Table 1). Assuming that the

amount of light entering the eye is proportional to eye

diameter squared, the eyes of SSR whitefish in our

material would catch ca. 20% more light than DR

whitefish eyes and ca. 50% more than LSR whitefish

eyes. Admittedly, isometric upscaling of an eye does

not in itself increase the brightness of the retinal image

of an extended source. In Arctic charr, too, differences

in length-corrected eye size have been observed

between the morphs (Table 1).

Fig. 1 Proportion (%) of surface light left in the water column

of Lake Muddusjärvi in June (a) and September (c). The

wavelength distribution of the photon flux (lmol s-1 m-2

nm-1) at depths 0.1–12.0 m in June (b) and September (d) in
Lake Muddusjärvi. The first measurements are taken just below

the surface. The wavelength distribution of the photon flux

(lmol s-1 m-2 nm-1) at depths 1 m and 25 m in January below

the ice in Lake Fjellfrøsvatn (e). The dashed lines are

hypothetical extrapolations beyond the long-wavelength limit

of the measuring device
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As the restricted illumination spectrum below 10 m

depth in Lake Muddusjärvi peaks at ca 580 nm, it may

seem paradoxical that SSR whitefish rods

(kmax & 531 nm in June) should be blue-shifted

compared with LSR and DR whitefish rods

(kmax & 539 nm), i.e. even further away from the

peak of the light distribution. However, the relative

loss in quantum catch due to this is rather modest as

shown in Fig. 3, where Lake Muddusjärvi light

spectrum (thin line) is reproduced together with

estimated quantum catches for two rod absorbance

spectra: (1) a pure A2 spectrum with kmax = 539 nm,

representative of LSR and DR whitefish rods

(hatched); (2) a mixed spectrum with the same A2

pigment (539 nm) and its A1 pair (509 nm) in the ratio

0.8:0.2, peaking at 531 nm and representative of SSR

whitefish rods (bold line). The integrals of the curves

(1)–(2) (i.e. the areas under the curves) give relative

measures of total quantum catch. If the quantum catch

for the A2 (539 nm) pigment is normalized to unity,

that of the mixed pigment is 0.92. Thus, the 8 nm blue-

shift of the SSR whitefish rod spectrum will reduce the

quantum catch by only ca. 8% compared with the LSR

and DR whitefish.

Absorbance spectra of cones

While the main objective of this study was to compare

dim-light (rod) vision between niches and species,

some non-systematic observations on the absorbance

spectra of cones were also made. In all morphs of both

Arctic charr and whitefish, three distinct spectral

classes of cone outer segments were found, corre-

sponding to short-wavelength sensitive (SWS,

‘‘blue’’), middle-wavelength sensitive (MWS,

‘‘green’’) and long-wavelength sensitive (LWS,

‘‘red’’) cones. We did not find UV cones in any Arctic

charr or whitefish individual.

All cone spectra from Arctic charr were well fitted

by pure A1 templates with mean kmax & 430, 504 and

560 nm for SWS, MWS and LWS cones, respectively.

There were no differences in the kmax between littoral

and profundal Arctic charr morphs (SWS n = 2 and 2;

MWS n = 6 and 3; LWS n = 2 and 2 for littoral and

pelagic morphs, respectively).

In DR and LSR whitefish, all cone spectra were

well fitted by pure A2 templates with

kmax & 450–452 nm (SWS), 536–539 nm (MWS)

and 610–614 nm (LWS). In the SSR whitefish (June

n = 3; September n = 6), the shapes of cone spectra

were roughly consistent with mixed chromophore

content in proportions similar to those found in the

rods (A2:A1 & 0.8:0.2), and the LWS cone kmax

(604 nm) was correspondingly lower than those in DR

whitefish (June n = 4; September n = 6) and LSR

whitefish (June n = 4; September n = 3). Somewhat

surprisingly, however, the kmax values of SWS and

MWS cones in the SSR whitefish did not differ from

those of the ‘‘pure A2morphs’’ DR and LSRwhitefish.

At least for the MWS cone, this cannot be reconciled

with the idea that the SSR whitefish has the expected

admixture of A1 chromophore in the same MWS cone

opsin. With respect to cell morphology, single and

double cones were observed, but not the triple cones.

Such a cone type may easily escape notice in MSP

preparations, however. The single cones studied by

MSP had either SWS orMWS pigments. At least some

bFig. 2 Examples of rod absorbance spectra of representative

individuals of profundal small sparsely rakered (SSR) whitefish,

littoral large sparsely rakered (LSR) whitefish and pelagic

densely rakered (DR) whitefish in June (first row) and

September (second row) in Lake Muddusjärvi. Similar exam-

ples for littoral and profundal Arctic charr morphs are presented

in January (third row) and August (fourth row) in Lake

Fjellfrøsvatn. The smooth curves are Govardovskii et al.

(2000) templates. See Text for details. Note the difference in

width between the A2-dominated spectra of whitefish and the

A1 spectra of Arctic charr

Fig. 3 The spectrum of light at a depth of 10 m (thin line) in

Lake Muddusjärvi and estimated photon capture spectra for

littoral large sparsely rakered (LSR) whitefish (hatched line) and

for profundal small sparsely rakered (SSR) whitefish (bold solid

line) in June. The latter have been obtained by multiplication of

the light spectrum with Govardovskii et al. (2000) templates for

100% A2(539) and 80%:20% A2(539):A1(509), respectively.

The total photon capture is obtained as the integral of the

respective spectrum (i.e. the area under the curve)
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of the double cones had outer segments with different

pigments (LWS and MWS).

Discussion

The different visual specialisations of Arctic charr and

whitefish morphs from the same latitudinal area in

analogous lake habitats suggested that local light

environment and thermal conditions are important. In

Arctic charr, both morphs had similar rod spectral

sensitivities, which did not differ between sampling

times, and both used only A1 chromophore in the

visual pigments. By contrast, in whitefish the rod

absorbance spectra of the profundal SSR whitefish

differed significantly from those of the shallow-water

LSR and DR whitefish. In LSR and DR whitefish

sampled in June and September, practically only A2

chromophore was detected in the rods, whereas the

profundal SSR whitefish had seasonally varying

A2:A1 proportions with up to 20% of A1. Moreover,

the profundal morphs of both species had relatively

larger eyes than the sympatric shallow-water adapted

morphs. All morphsof both species also had three

spectral cone types, suggesting good colour vision.

Arctic charr and whitefish: different adaptations

for high visual sensitivity in profundal morphs

In the rods of Arctic charr from Lake Fjellfrøsvatn,

there were no differences between morphs refuting the

hypothesis of different visual pigments in littoral and

profundal habitats in this clear-water lake. Rod spectra

of both littoral and profundal fish caught in both

January and August were well fitted by Govardovskii

et al. (2000) A1 templates with kmax & 511–513 nm.

Lack of seasonal differences in rod spectra may

suggest stability of temperature and light conditions in

this lake. The profundal zone of this clear-water lake

with its fairly broad spectral light distribution may not

present any strong selection pressure for a different

kmax, and the evolutionary time scale for differential

opsin adaptation in our study systems is short anyway

compared with, for example, Lake Baikal cottoids

(Cowing et al., 2002). On the other hand, we do not at

present know whether Arctic charr have even retained

the option of spectral tuning by chromophore

exchange, now known to be associated with the

expression of Cyp27c1, a cytochrome P450 family

member that converts vitamin A1 into vitamin A2

(Enright et al., 2015). In the Arctic charr of Lake

Saimaa, a large lake with variable optic conditions in

southern Finland, only A1 has been found in fish

ranging in total length of 5-25 cm (T. Smura, K.K.

Kahilainen and K. Donner, unpublished). Older stud-

ies based on difference spectra of pigment extracts

have given variable results on the presence of A2 in the

genus Salvelinus, including unconvincing evidence

for a small proportion of A2 in one population of S.

alpinus (Bridges & Yoshikami, 1970). A functional

A1 $ A2 system is present at least in Salvelinus

willughbii of Lake Windermere (England), where A2

is dominant during spawning regardless of season

(Bridges, 1967). These questions merit further study.

A larger sample size within the lake would share light

on potential ontogenetic shifts in rod absorbance

spectra that could potentially be important if, e.g.

juvenile and adult habitats are different. We know that

profundal Arctic charr dwell permanently in deep

water (Klemetsen et al., 2002; Knudsen et al., 2006),

but littoral Arctic charr may show microhabitat shifts,

e.g. in respect to distance to surface that could have

relevance for putative spectral tuning.

In whitefish, the spectral absorbance of the dim-

light photoreceptors, rods, was significantly different

in the profundal morph (SSR) compared with the

littoral and pelagic morphs (LSR and DR) supporting

the hypothesis of habitat-specific visual pigments of

morphs. Judging by template fitting to absorbance

spectra, the difference depended on the plastic A2 $
A1 chromophore system known to underlie differen-

tial spectral tuning for different stages of life history in

salmonids and eels (Anguilla spp.) and for different

seasons also in several other families of fish (see

Bridges, 1972). The rods of the DR and LSR whitefish

had (nearly) pure A2 pigments, but those of the SSR

whitefish had A2:A1 mixtures in the approximate

proportion 0.8:0.2 (in June). The admixture of A1

shifted kmax from about 539 nm to about 531 nm.

Somewhat surprisingly, this is a shift away from the

peak of the profundal light distribution (ca 580 nm)

and its functionality will be considered further below.

This seasonal tuning of chromophore system and rod

absorbance spectra would require a follow-up study

using an annual sampling design. Whitefish is prone

for some ontogenetic habitat shifts as at least pelagic

and littoral morphs use near surface habitats during

their first year of life and thus should be exposed to the
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widest range of underwater wavelength distribution

compared to older individuals inhabiting deeper and

colder water layers in their respective habitats (Kahi-

lainen et al., 2014). Overall, the sample sizes (numbers

of individuals) for determining rod spectra for each

condition (e.g. time point) in the present study are

typical and sufficient for visual pigment studies

(Jokela-Määttä et al., 2007; Saarinen et al., 2012), as

suggested also by the relatively small standard

deviations.

Neither in Arctic charr nor in whitefish, could we

observe any differences in rod morphology between

the different morphs. While we did not investigate the

retinal rod mosaics, it may be noted that Reckel et al.

(1999) found a preferentially dorsal rod distribution in

Lake Constance whitefish, suggesting that rod vision

primarily looks downwards, into the water or bottom

below the fish. Such asymmetry may be functional in

fish dwelling not too far below the surface, where the

light from above during much of the day is strong

enough for cone vision, whereas a more homogeneous

rod distribution might be expected in morphs inhab-

iting the permanently dark profundal. A comparison

between morphs in this respect might be rewarding.

Seasonal differences

In the profundal whitefish morph (SSR), mean rod

kmax shifted from ca. 531 nm to ca. 537 nm between

spring/early summer (June) and late summer/early

autumn (September), probably reflecting a decrease in

the proportion of A1 chromophore. The observed rod

kmax shifts of whitefish refuted our hypothesis on

seasonal stability suggesting a need for seasonal

adjustment to varying light and thermal conditions in

this lake. SSR whitefish rod kmax in September

approaches those of DR and LSR whitefish and

suggests that A1 has dropped near zero. The fact that

the A2 (%) estimates do not reveal this clearly as a

change in means, only as greatly increased SEMs,

highlights the variability as well as the uncertainties in

estimating chromophore proportions just from the

shapes of recorded spectra, unless the recording is of

very high quality (the spectrum is ‘‘smooth’’ with little

noise and no drift) (Saarinen et al., 2012). In the DR

whitefish, too, there was a slight red-shift in rod kmax

between June and September, suggesting replacement

of the (final) small proportion of A1 by A2.

The usual pattern of seasonal A1/A2 variation in

fishes is that A2 increases in winter and A1 during the

summer months (Dartnall et al., 1961; Muntz &

Mouat, 1984). The signal-to-noise ratio of photore-

ceptors sets an ultimate limit to visual sensitivity in a

certain light environment. The signal is proportional to

the rate of photon capture and thus to the ‘‘match’’

between the visual pigment’s absorbance spectrum

and the illumination spectrum in the environment (see

Materials and Methods). Noise means random vari-

ability, and the crucial noise of a rod photoreceptor in

darkness or at very low light levels largely originates

in thermal (spontaneous) activations of visual pigment

molecules, which cause randomly occurring electrical

signals that are identical to responses to real photons

(Baylor et al., 1980). To achieve high visual sensitiv-

ity, it is often equally important to minimize noise as to

maximize the signal. The seasonal variation in the

A1:A2 ratio is consistent with the idea that the

thermally more stable A1 chromophore should be

favoured during the warm season in order to avoid

excessive noise from A2 pigment. Both light and

temperature have been found to affect the A1:A2 ratio,

but laboratory experiments have shown that at least in

rainbow trout (Oncorhynchus mykiss) temperature

overrides light regimes (Tsin & Beatty, 1977).

The temperatures in Lake Muddusjärvi in the

respective niches in the two seasons were (June/

September, �C) 9/7 (littoral), 9/7 (pelagic) and 4/9.5

(profundal). Thus, the slight A2 increase in the pelagic

DR whitefish from June (9�C) to September (7�C) is
consistent with the idea that at lower water temper-

ature a higher proportion of A2 can be allowed. By

contrast, the SSR whitefish chromophore usage again

appears somewhat puzzling. As such, the ca. 5�C
temperature rise is fairly modest, expected to increase

thermal activation rates by no more than ca. twofold

(Baylor et al., 1980). But more importantly, thermal

activations of visual pigment cease to be a crucial

noise source at higher light levels: when the rate of

photoactivation becomes significantly higher than the

rate of spontaneous thermal activations, the random

distribution of photon arrivals (often referred to as

quantal fluctuations) becomes the dominant source of

random variability (noise). A calculation based on (1)

the light measurements, (2) pigment quantum catch

and (3) rod dimensions and pupil size suggests that at

20 m depth in Lake Muddusjärvi, each SSR whitefish

rod receives 40–100 (in June) or 5–20 (in September)
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photoisomerization per second from the downwelling

light in daytime. This is 3–4 orders of magnitude more

than the estimated rate of thermal activations per rod.

Obviously, light reflected from the bottom is much

dimmer, and low-light conditions all the way to

practically absolute darkness may be encountered, e.g.

during 24 h depending on season. The amount of light

during the midnight sun period in June is very high and

SSR whitefish are feeding very actively (Kahilainen

et al., 2003, 2009), which may suggests that light is

important in foraging success of this morph too.

However, in wintertime, the amount of light is limited

to the two first metres of water, but despite the

darkness, both whitefish and Arctic charr are feeding,

although at lower levels than in the open-water season

(Amundsen & Knudsen, 2009; Hayden et al., 2015).

Here, we only wish to emphasize that rod vision in

SSR whitefish may also have to deal with not very low

light intensities even in the profundal habitat. The

increase in A2 from June to September might then be

interpreted as a phase-lagged response to the favour-

able light conditions of the summer months (starting

with the ice-break in early June), when quantum catch

may be more important than thermal noise control. It

should also be noted that the measured profundal

temperature of 9.5�C represents the highest annual

temperature in this habitat, briefly obtained in late

September during the vertical mixing of the water

column (Kahilainen et al., 2014).

Quantum catch and signal-to-noise ratio (SNR)

of SSR whitefish rods

Visual discrimination is always a question of discrim-

inating a light signal from random variation, i.e. noise.

At the absolute dark-adapted threshold, the limiting

noise seems to be that produced by the rods themselves

(Barlow, 1956; Baylor et al., 1980; Aho et al., 1988).

For a visual pigment, the ‘‘signal’’ is proportional to

the quantum catch (photoactivations), whereas the

‘‘noise’’ arises from the randomly occurring thermal

activations and is proportional to the square root of the

mean rate (Poisson standard deviation). Thus, a

relevant signal-to noise ratio (SNR) measure for a

visual pigment is photon catch divided by the square

root of the thermal activation rate (Jokela et al., 2003;

Jokela-Määttä et al., 2007; Saarinen et al., 2012). The

rate of thermal pigment activations (k) increases with

increasing kmax (red-shifting the pigment) and can be

predicted by linear regression of log k on 1/kmax. Such

a relation summarizing all empirical data on vertebrate

rods (Ala-Laurila et al., 2004b; Luo et al., 2011)

predicts that shifting kmax from 539 nm (as in LSR and

DR whitefish) to 531 nm (as in SSR whitefish) would

decrease the rate of thermal events by the factor 1.6

and the associated Poisson noise by the factor

H1.6 = 1.27. Given that quantum catch decreases

only by 8%, the net effect would be a 17% SNR

increase. An independent estimation purely based on

chromophore properties, i.e. the ‘‘noisiness’’ of A2

pigments compared with their A1 pairs (Donner et al.,

1990; Ala-Laurila et al., 2007) similarly indicates that

replacing 20% of A2 pigment by A1 will decrease

noise by more than 8%. Thus, the blue-shift of SSR

whitefish rods appears as adaptive if the goal is to

maximize dark-adapted visual sensitivity in the

profundal.

Cone complements

All three whitefish morphs and both Arctic charr

morphs had three spectrally different cone pigments,

in principle supporting trichromatic vision and thus

refuting our last hypothesis. This may indicate either

that the postglacial time has been too short for

evolutionary reduction of the cone complement in

the profundal morphs, or that even they spend enough

time closer to the surface for trichromacy to remain

useful. Arguing against the latter explanation are

studies suggesting that SSR whitefish in Lake Mud-

dusjärvi seem to stay in the profundal habitat consis-

tently across seasons throughout the year (Kahilainen

et al., 2004; K.K. Kahilainen, unpublished). Likewise,

the profundal morph in Lake Fjellfrøsvatn has a

stable deep-water habitat preference throughout the

year (Amundsen et al., 2008), yet even short-term

excursions to shallower layers may make good colour

vision worthwhile. Indeed, the apparently selective

spectral tuning of the MWS cone in the SSR whitefish

(inconsistent with passive reproduction of the chro-

mophore ratios of rods and LWS cones) suggests that

the spacing of cone spectra is functionally important

rather than just a ‘‘relict’’. This observation, here based

on measurements from only three SSR whitefish

individuals, would merit further study, as would the

wider question where and for what purposes the
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profundal morphs (of both species) use wavelength

discrimination (colour vision).

How important is vision for feeding in the highly

specialized profundal morphs?

The profundal niche is the least productive of the three

principal habitat types in lakes (Kahilainen et al., 2003,

2005), and benthic prey densities in the profundal in the

study region are 3–8 times lower than in the littoral

(Hayden et al., 2013). The most important prey

resources for profundal Arctic charr and SSR white-

fish, chironomids and Pisidium sp., are partly buried in

very fine-grained mud in the profundal (Kahilainen

et al., 2003; Knudsen et al., 2006) and effective

foraging may depend more on traits other than visual

sensitivity, such as the blunt snout and subterminal

mouth position shared by the profundal morphs of both

species (Klemetsen et al., 2002; Harrod et al., 2010;

Knudsen et al., 2011) and the low number of gill rakers

of SSR whitefish (Kahilainen et al., 2011). In feeding

experiments, SSR whitefish ingest considerable

amounts of sand while foraging on chironomids (K.

Kahilainen, unpublished). Sand was ejected between

gill rakers and gill arches before entering the oesoph-

agus. This foraging tactic could be one explanation for

the morphological divergence of the gill raker appa-

ratus, where SSR whitefish has the lowest number of

short gill rakers with the widest spacing (Kahilainen &

Østbye, 2006; Kahilainen et al., 2011). Additionally,

the profundal morph of Arctic charr is a more effective

predator on chironomids than the littoral morph,

suggesting heritable behavioural traits (Klemetsen

et al., 2006). Physiological traits related to profundal

feeding include higher food conversion efficiency of

the profundal Arctic charr morph in cold-water tem-

peratures (Knudsen et al., 2015) and generally low

metabolism of the profundal SSR whitefish (Kahi-

lainen et al., 2014). Traits for permanent dwelling in

the profundal habitat seem to be numerous in both

Arctic charr and whitefish and thus may not be purely

dependent on visual capabilities.
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