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Abstract Arctic and boreal/temperate species are likely
to be evolutionary adapted to different light regimes. Cur-
rently, the boreal/temperate Atlantic cod (Gadus morhua) is
coexisting with the native polar cod (Boreogadus saida) in
the Arctic waters around Svalbard, Norway. Here, we stud-
ied light/dark adaptative optical plasticity of their eye lenses
by exposing fish to bright light during the polar night.
Schlieren photography, high-definition laser scanning and
ray tracing were used to determine the optical properties
of excised crystalline lenses. Both species have multifo-
cal lenses, an optical adaptation for improved color vision.
In polar cod, the optical properties of the lens were inde-
pendent of light exposure. In the more southern Atlantic
cod, the optical properties of the lens changed within hours
upon exposure to light, even after months of darkness. Such
fast optical adjustment has previously only been shown in
a tropical cichlid. During the polar night the Atlantic cod
lens seems to be unregulated and dysfunctional since it had
an unsuitable focal length and severe spherical aberration.
We present a system, to our knowledge unique, for study-
ing visual plasticity on different timescales in relation to
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evolutionary history and present the first study on the polar
cod visual system.

Keywords Experiment - Fish - Multifocal lens -
Visual plasticity - Global warming

Abbreviations

BCD  Back center distance

BEP  Beam entrance position

LSA  Longitudinal spherical aberration

R Lens radius
RIG Refractive index gradient
RMM Retinomotor movement

Introduction

Physiological plasticity helps animals to cope with vari-
able environmental conditions by adjusting appropriate
traits to current or predictable future conditions (Reed
et al. 2010). However, the type and level of plasticity vary
greatly between species. Some environmental conditions
change in predictable cycles of different time scales, e.g.
daily, lunar, or annual cycles. Animals exposed to short-
term environmental cycles should be adapted to such vari-
ability, while animals accustomed to more stable condi-
tions or slow cycles should be less flexible, i.e., have less
plasticity or slower response times. Through the effects of
global warming, more southern species have the opportu-
nity to move northward into the Arctic due to increasing
temperatures (Perry et al. 2005). However, light limitations
on prey encounter rates can determine both spatial (Aksnes
et al. 2004) and temporal (Varpe and Fiksen 2010) pat-
terns of fish distributions, and it is hypothesized that the
light regime (Fig. 1) in the Arctic will limit the success of
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Fig. 1 Seasonal variation in light conditions in the Arctic, Long-
yearbyen on Svalbard at 78°13°N, 15°38°E (dashed lines), and in the
boreal zone, Oslo in Norway at 59°55°N, 10°45°E (solid lines) plot-
ted as the time the sun is above the horizon over the entire year (a)

invaders as they are evolutionarily poorly adapted to the
extreme light conditions (Kaartvedt 2008). Arctic species,
on the other hand, should be adapted to cope with stronger
annual cycles in light levels rather than year round daily
cycles. As maintaining plasticity is costly (DeWitt et al.
1998), visual foragers in the Arctic may benefit from hav-
ing lower short-term plasticity, measured as their ability to
adapt their eyes between light and dark periods, during the
long and dark polar night compared to their boreal relatives
that are adapted to continuous daily light cycles.

Currently, the Atlantic cod (Gadus morhua) is coexisting
with its Arctic relative, the polar cod (Boreogadus saida)
around Svalbard (78°N, 15°E), Norway, offering a suitable
system for analyzing the effects of evolutionary adapta-
tion to different light cycles. As vision is one of the most
important senses in most higher animals (Land and Nilsson
2012), it is crucial to adjust it to different light conditions
(Wagner and Kroger 2005). In fish, light/dark adaptation
may include adjustments in the lens (Schartau et al. 2009;
Kroger 2013), mechanical restructuring of the retina called
retinomotor movements, RMM (Douglas 1982; Burnside
and Nagle 1983) and neural adaptation (Donner 1987).
Most fishes, including the Atlantic cod (Anthony and
Hawkins 1983), have a dual retina with both rod and cone
photoreceptors (Nicol 1989). The highly sensitive rods are
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used for vision in dim light, i.e., in the dark-adapted state,
whereas in the light-adapted state the cones are used for
color vision, mediated through the different absorption
maxima of several classes of cone photoreceptors. In the
Atlantic cod, at least two classes of cone photoreceptors
are present, one long-wavelength-sensitive (red) cone and
one short-wavelength-sensitive (blue) cone (Anthony and
Hawkins 1983). In typical fish eyes, rods and cones do not
share retinal space, but instead trade positions between the
light and dark-adapted state through RMM (Douglas 1982;
Burnside and Nagle 1983). RMM makes the dark-adapted
fish retina functionally an all-rod retina, while the light-
adapted retina is functionally an all-cone retina (Burnside
and Nagle 1983). In the Atlantic cod, RMM occur both
as pigment and photoreceptor migrations (Anthony and
Hawkins 1983). Varying spectral properties of the retina
complicate the creation of well-focused images.

In a typical fish eye, the crystalline lens is the only
refractive element. It is rigid and spherical (ball-shaped)
and not covered to any significant part by the iris, and the
pupil is indifferent to light level (Walls 1942; Duke-Elder
1958). Lateral and oblique aberrations thus play minor
roles, and optical performance is limited by longitudinal
spherical and chromatic aberrations. Longitudinal spheri-
cal aberration (LSA) is compensated for by a radially
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symmetric refractive index gradient (RIG) (Maxwell 1854;
Campbell 1984; Kroger et al. 1994). Full compensation for
LSA (monofocal lens) is optimal during the dark-adapted
state, as fish vision is monochromatic, i.e., based on a sin-
gle visual pigment, with a functionally all-rod retina. Cre-
ating an optimal image is more demanding in the light-
adapted state, with several spectral classes of cone being
operational. The main optical problem in creating well-
focused images throughout the visual spectrum, which in
light-adapted fish may span from ultraviolet to near-infra-
red (Bowmaker 2008), is the defocusing effect of longi-
tudinal chromatic aberration. The problem is particularly
severe in eyes of short depth of focus (large aperture and
short focal length), such as most fish eyes (Kroger 2011,
2013). Longitudinal chromatic aberration is compensated
for by fine adjustments of the RIG, where minute changes
in refractive index may result in large changes in the optical
properties of the lens (Gagnon et al. 2012; Kroger 2013). A
light-adapted fish lens has an LSA-curve (focal length as a
function of distance from the center of the lens at a specific
wavelength) of complex shape, leading to several focal
lengths for monochromatic light (multifocal lens). If poly-
chromatic light enters the eye, each focal length creates a
well-focused image for one spectral class of cone at the
same distance from the lens (Kroger et al. 1999; Gagnon
et al. 2012). The multifocality of the lens is species-spe-
cific, matching the color vision capabilities of the cone sys-
tem and the visual needs of each species (Karpestam et al.
2007). The light/dark adaptive re-organizations of the fish
retina (all-cone vs. all-rod) and lens (multifocal vs. mono-
focal) are completed within about an hour or less (Douglas
1982; Burnside and Nagle 1983; Schartau et al. 2009). We
investigated whether light/dark adaptive changes in the lens
occur in two gadoid species of different evolutionary histo-
ries that meet in the Arctic due to global warming.

Atlantic cod is a commercially important fish species
that has been heavily harvested historically and suffered
population collapses or severe stock reductions on both
sides of the Atlantic (Hutchings and Myers 1994; Cook
et al. 1997). The polar cod, on the other hand, has been
harvested historically, but its current commercial value is
limited. It is a common Arctic gadoid with a circumpolar
distribution (Hop and Gjgsater 2013) and a completely
unknown visual system. It may, however, be one of the
most ecologically important fish species in the Arctic (Hop
and Gjgsa®ter 2013; Nahrgang et al. 2014) as it is an abun-
dant food source for a variety of Arctic animals such as
large marine mammals (Dahl et al. 2000; Labansen et al.
2007; Marcoux et al. 2012) and birds (Mehlum et al. 1996;
Matley et al. 2012). Polar cod is rather small (40 cm total
length, TL) compared to the Atlantic cod (1-2 m TL) but
individuals of similar size co-occur and may therefore
compete for resources (Varpe et al. in prep.). The larger

predatory Atlantic cod may also feed on the smaller polar
cod, as has been observed previously when their ranges
temporarily overlapped (Orlova et al. 2009). The abilities
of the two species of adapting the visual system may affect
both their competitive and predator—prey interactions.

The experiments and measurements were performed
on a research vessel around Svalbard, Norway, during
the polar night, a time of the year when very few studies
have previously been performed due to the extreme cli-
mate and weather conditions. By experimentally exposing
both fish species to either dark or day-light conditions and
using schlieren photography, high-definition laser scanning
and ray tracing to analyze the optical properties of their
lenses, we addressed the question whether Atlantic and
polar cod differ in short-term optical plasticity of the lens.
Such measurements have previously only been performed
in a laboratory setting on tropical fish used to stable circa-
dian light/dark cycles (Schartau et al. 2009). It is unknown
whether similar optical adjustments also occur in species
adapted to the light regimes of temperate and Arctic zones.
In the temperate zone, day length varies between summer
and winter, i.e., there is a circa-annual cycle in addition
to the circadian cycle. In the Arctic zone, the circa-annual
cycle dominates, with little circadian variation in light level
during summer and winter (Fig. 1), but with a transitional
phase of circadian light cycles during spring and autumn.
However, the absolute light level in the pelagic depends on
several other factors such as sun elevation angle, ice and
snow coverage, weather conditions, water transparency etc.
As vision is dependent on the availability of light (John-
sen 2012) and as both vision (Niven and Laughlin 2008)
and plasticity per se (DeWitt et al. 1998) are costly, it is
likely that optical plasticity of the lens is affected by the
slow light cycles in the Arctic. This is the first description
of the completely unknown visual system of polar cod and
our study is also an important step toward understanding
whether Atlantic cod is a threat to polar cod through the
effects of anthropogenic climate change. Our results may
furthermore be of relevance for understanding the regula-
tory mechanisms that govern lens performance in verte-
brates in general.

Methods
Experimental protocol

Experiments were carried out in January 2013 onboard the
Research Vessel Helmer Hanssen from the University of
Tromsg, Norway. To ensure a large enough catch, trawl-
ing for polar and Atlantic cod was done at three different
locations around Svalbard; in Billefjorden (78°N 16°E)
at 170 m depth, Kongsfjorden (79°N 12-13°E) at 300 m
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Fig. 2 Schlieren photograph (a) and LSA-curves from laser scanning
(b) of dark (closed circle) and light-adapted (open circle) lenses from
Atlantic cod (Gadus morhua) caught around Svalbard, Norway, dur-
ing the polar night (January 2013). In panel a, the black field shows
a dark-adapted lens and the white field a light-adapted lens. Lens size
of the dark-adapted lens is normalized to the light-adapted lens so
that both halves have the same size on the image. In panel b, all val-
ues are normalized to lens radius (R). Beam entrance position 0 is in

depth, and Rijpfjorden (80°N 18-19°E) at 210 m depth. To
minimize exposure to light, fish were moved to dark tanks
as fast as possible and remained there for several hours to
make sure they were in good condition and had not been
damaged by the trawl.

For each species, the catch was divided into a dark-
adapted group (remained in the dark tanks) and an experi-
mentally light-adapted group which was moved to white
50 L containers and exposed to bright halogen light
(1,900 1lux, 480 cd/mz) for 3—6 h prior to analysis. Fish
from the two treatments were randomly selected, sacri-
ficed by decapitation and pithing, their lenses excised and
put in a modified H10-solution to keep cells viable during
measurements (Schartau et al. 2010). The H10 composi-
tion was 120 mM NaCl, 2.50 mM KCl, 0.80 mM CacCl,,
1 mM MgCl,, 10 mM glucose and 3 mM HEPES. The pH
was adjusted to 7.4 and osmolarity was adjusted by dilu-
tion to 310-320 mOsm using pre-made calibration curves
(3300 Advanced Micro Osmometer, Advanced Instru-
ments Inc.). Since lens cells are sensitive to high levels of
oxygen, the solution was degassed prior to use by freez-
ing and thawing. The lenses were suspended in the modi-
fied H10 both during Schlieren photography and laser
scanning.
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Schlieren photography

Lenses were suspended by their ligaments in an immer-
sion chamber and rotated to a position where photographs
could be taken along the optical axis of the lens. The
schlieren photography setup is described in detail in Mal-
kki and Kroger (2005) and consists of a point light source
(3,200 K) directed toward a beam splitter that reflects the
light into an immersion bath (modified H10) which con-
tains the suspended fish lens. The light is focused by the
lens on a diffuse reflector that reflects the light back
through the lens and through the beam splitter. The fish lens
focuses the light on a pinhole behind the beam splitter and
only the light that passes the pinhole is registered by a cam-
era (Sony Cybershot DSC-F828). By adjusting the distance
between the lens and the diffuse reflector, different wave-
lengths of light are focused on the pinhole and an image of
the lens containing a broad range of wavelengths, displayed
as colored rings, is captured by the camera (Figs. 2a, 3a).
Schlieren photography shows the degree of multifocality of
a lens, but it is a relative measure indicating which zones
are focusing longer and shorter wavelengths of light. The
method does not provide quantitative data on light refrac-
tion and as the lens is hanging by its muscle while being
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Fig. 3 Schlieren photograph (a) and LSA-curves from laser scanning (b) of dark (closed circle) and light-adapted (open circle) lenses from
polar cod (Boreogadus saida) caught around Svalbard, Norway, during the polar night (January 2013). Presentation as in Fig. 2

photographed, it is affected by ship movements. Therefore,
we also used laser scanning and ray-tracing analysis which
gives quantitative data and where the lens is fixed and
therefore not affected by ship movements.

Laser scanning

After schlieren photography was completed, the lens was
moved to an immersion bath where 1 pL of a solution with
0.1 um polystyrene beads (Sigma Aldrich) were added to
every 10 mL of H10-medium to make the laser beam vis-
ible. The immersion bath had a black bottom with a lens
holder on which the lens was placed so that the laser
would pass the lens parallel to the optical axis. The laser-
scanning setup is also described in detail in Malkki and
Kroger (2005) and consists of a class 2 green laser (1 mW,
532 nm) with a focusing lens that focuses the laser beam
in front of the lens holder in the immersion bath. The laser
is attached to a linear motorized translator so that it can be
moved smoothly from side to side. The laser beam enters
the immersion bath and passes the lens which deflects the
beam differently depending on where it enters the lens. The
height of the beam is adjusted to pass through the center
of the lens and the translator is used to scan through the
entire lens twice. The scan is recorded from above (Sony
Handycam HDR-CX730E) and the recordings are used
for ray-tracing analysis using software custom-written in
MATLAB R2013a. In the software, the user manually sets
the first and last frame of the scan (when the laser passes
through the lens as close as possible to the lens surface

on both sides), the number of frames to be analyzed, and
defines the edge of the lens. The software then selects
evenly spaced sampling points based on the pre-defined
number of sampling points needed (250 in this case) and
detects entrance and exit laser beams. The average slope
of the entrance beams is calculated and the entire data set
is rotated so that the entrance beams are horizontal. The
center beam is set to be the preliminary optical axis of the
lens, which is fine-tuned at a later stage. The back center
distance (BCD), i.e., the distance between the center of the
lens and where the exit beam intercepts the optical axis, is
measured and the corresponding beam entrance position
(BEP) is registered. BEP is the lateral distance between the
entrance beam and the optical axis. All measures are nor-
malized to lens radius (R) and BCD is plotted against BEP
to show the LSA-curve. Since correct determination of the
optical axis is critical, its position is manually adjusted so
that the LSA is symmetrical over the optical axis. The data
from both halves of the lens are then averaged, producing a
final LSA-curve going from BEP 0O to 1 R. The LSA-curve
is plotted for 100 linearly spaced BEPs along R, linearly
interpolated from the closest sampling points on either side
of each of the 100 BEPs (Malkki and Kroger 2005).

Results
The schlieren photographs (Figs. 2a, 3a) depict lenses from

both species, one half each dark and light adapted. The
LSA-curves (Figs. 2b, 3b) show mean BCDs for the whole
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dataset from each species [numbers of lenses (individuals
in brackets): Atlantic cod nygy = 13 (9), ng, = 15 (11),
polar cod nyig, = 14 (11), ng,q = 15 (11)]. The numbers of
individuals were used to calculate confidence intervals.

Schlieren photography shows that the lenses of both
Atlantic (Fig. 2a) and polar cod (Fig. 3a) are multifocal
with several lens zones of different focal lengths, focus-
ing different wavelengths of light on the pinhole. This is
corroborated by the complex shapes of the LSA-curves
obtained by laser scanning (Figs. 2b, 3b). Multifocality is
preserved in both dark and light-adapted lenses. However,
schlieren photographs of dark-adapted Atlantic cod lenses
(Fig. 2a) show dark areas in the outer 0.25 R of the lens
radius. This area focuses light beyond the detection limit
of the camera sensor in the infra-red part of the spectrum.
This is indicated by the LSA-curves showing decreasing
BCDs toward the periphery of the lens (Fig. 2b). A lens
zone of short focal length for green laser light focusses
long wavelengths on the retina because of longitudinal
chromatic aberration (increasing focal length with increas-
ing wavelength). However, both schlieren photographs and
laser scans also show a slightly increased focal length in
the periphery, seen in the schlieren photographs as a red
outer zone in light-adapted Atlantic cod (Fig. 2a) and a
green outer zone in light-adapted polar cod (Fig. 3a) and
as arise in the LSA-curves for both species (Figs. 2b, 3b).

It is also evident from the schlieren photographs that
the refractive index gradient of the lens changes if Atlantic
cod is exposed to light (Fig. 2a). This is corroborated by
the LSA-curves having the same general shape but on dif-
ferent levels, with dark-adapted fish having longer BCDs
than light-adapted fish except for the periphery of the lens
(Fig. 2b). In contrast, there is no change in the optical prop-
erties in response to light treatment in polar cod lenses, as
indicated by both schlieren photographs (Fig. 3a) and LSA-
curves (Fig. 3b).

Discussion

Here we show that two coexisting gadoid fish species both
have multifocal lenses during the polar night. However,
only one of them, the southern species Atlantic cod, adjusts
its lens’s RIG when experimentally exposed to daylight
conditions. Atlantic cod is the first temperate/boreal fish
species known to show fast adjustment of the lens’s RIG,
as it has previously only been demonstrated in the tropical
cichlid Aequidens pulcher (Schartau et al. 2009). In con-
trast, the lens of the northern polar cod is indifferent to
short experimental exposure to light during the polar night.
However, it may still possess this ability during the brighter
parts of the year or in the transitional periods of spring and
autumn.
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Multifocal lenses are regarded as necessary for sharp
color vision if the fish retina is functionally all-cone dur-
ing daylight conditions. If the demands of the retina change
because of changes in opsin genes or opsin gene expres-
sion (evolutionary; e.g. Parry et al. 2005), an ontogenetic
sequence of opsin gene expression (developmental; e.g.
Evans and Fernald 1993), or complete switches between
rod and cone vision (adaptive; e.g. Douglas 1982), the opti-
cal properties of the lens have to adjust for optimal vision
(Kroger 2013). To cope with chromatic and spherical
aberrations of their lenses, many animals adjust the lens’s
RIG (Pierscionek and Regini 2012; Kroger 2013). Fast
changes between mono- and multichromatic retinal func-
tion brought about by RMM in fishes call for equally fast
changes in lens RIG and thus optical properties. During the
polar night, light levels are low with illumination coming
from the moon, northern lights and bioluminescent organ-
isms in the water column. Such dim conditions usually
make the fish retina functionally all-rod, i.e., monochro-
matic with peak sensitivity at other wavelengths than dur-
ing daylight conditions when several classes of cone may
be used. The logical adaptation for optimal vision would
therefore be a monofocal lens during the polar night, sac-
rificing color vision but instead maximizing the focusing
ability to the sensitivity peak of the more sensitive rods. In
accordance with this, the lens of A. pulcher, which is the
only species previously evaluated for fast lens adjustments,
has been shown to reduce its multifocality when experi-
mentally deprived of light (Schartau et al. 2009). Surpris-
ingly, our findings suggest that the polar cod lens is mul-
tifocal also during the polar night. This cannot be put into
a functional context at the time being, because informa-
tion on the photoreceptor and photopigment complements,
as well as the presence or absence of RMM is lacking for
polar cod.

Results from schlieren photography and laser-scanning
suggest that the dark-adapted Atlantic cod lenses were dys-
functional. The differences in BCD between the central
and peripheral zones were too large to be useful for well-
focused color vision. Dark zones on schlieren photographs
are indicative for wavelengths beyond the sensitivity range
of the camera being focused. Short BCDs in the dark part of
the lens indicate that the focused wavelengths were in the
infra-red part of the spectrum, which is heavily absorbed
by water (Johnsen 2012). Furthermore, focal length of the
central zone of the lens changed substantially by about 0.1
R. A spherical lens 4 mm in diameter with relative focal
length of 2.5 R has a refractive power of 200 diopters. A
change in focal length of 0.1 R corresponds to a change in
refractive power of about 8 diopters. Considering the short
depth of focus of fish lenses (Kroger et al. 1999; Kroger
2011, 2013), the central zone of the dark-adapted Atlan-
tic cod lens cannot create a useful image if it does so in
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light-adapted fish, which is the most likely scenario. We
conclude that Atlantic cod appears to be severely visually
impaired during the polar night and that the animals may
rely on other senses for foraging. In accordance with this,
rearing experiments with A. pulcher also resulted in poor
optics in fish from dark and spectrally deprived treatments
(Kroger et al. 2001). However, the dysfunctionality of the
Atlantic cod lens is reversible, since we obtained results
more typical for multifocal fish lenses from light-adapted
animals. A remaining small dark zone in the very periphery
of the lens (Fig. 2a) suggests that 3 h of light exposure may
not be sufficient for full reversal of the effects of long-term
light deprivation.

The adjustments of lens RIG in Atlantic cod upon expo-
sure to light are probably limited to regions close to the
edge of the lens (BEP 0.7-1 R) where the dark zones are on
the schlieren photographs of dark-adapted lenses (Fig. 2a).
As the RI in the outer zones decreases, BCDs increase
(Fig. 2b), and the zones focus light of shorter wavelength
compared to the dark-adapted lens. In the central part of the
lens (BEP 0-0.7 R) the BCDs are reduced (Fig. 2b). This
increasing refractive power of the central parts is likely to
be due to the decrease in refractive index in the periphery
and not to a change in refractive index in the center itself.
The center of the lens can be understood as a lens embed-
ded in a medium (the peripheral part of the lens) of a cer-
tain refractive index. When the RI in the lens periphery
decreases during exposure to light, the central “lens” gets
embedded in a medium of lower RI, which increases its
refractive power (shorter BCD). The central parts further-
more consist of densely packed crystallin proteins (Kroger
et al. 1994; Pierscionek and Regini 2012) that are unlikely
to change in concentration. It is important to keep in mind
that the actual changes in refractive index, i.e., in crystallin
protein concentration, are minute even in the periphery and
would barely be visible when plotted against BEP. In spher-
ical and powerful gradient-index lenses, such as fish lenses,
small changes in lens refractive index can lead to consider-
able changes in the shape of the LSA-curve [measurement:
Kroger et al. (2001); modeling: Gagnon et al. (2012)].

Atlantic cod has been suggested to use chemical cues to
a large extent when water turbidity reduces the efficiency
of vision (Meager et al. 2005) and the species also has a
keen auditory sense with directional capacities (Chapman
and Johnston 1974; Hawkins and Sand 1977). These senses
are independent of light and may be used for foraging by
Atlantic cod during the polar night, possibly together with
tactile prey search at close range. A recent polar night study
in Svalbard waters showed that both polar and Atlantic cod,
to some extent, fed during the polar night, but with low
degrees of stomach fullness. Atlantic cod fed on benthic
organisms to a greater extent than polar cod (Varpe et al.
in prep) even if pelagic copepods were the most common

prey group for both fish species. This is indicating a partial
dietary overlap between the species during the polar night
(Varpe et al. in prep) and a more benthic foraging strat-
egy fits well with poor visual capabilities of Atlantic cod
during the polar night. For the polar cod, the senses used
during foraging are largely unknown. Since the polar cod
does not adjust its lens when exposed to simulated broad-
band daylight, it may be tuned to specific wavelengths of
low intensity, for example from bioluminescence, during
the polar night. There is a variety of bioluminescent plank-
tonic organisms that are suitable prey for both cod species
(Berge et al. 2012) assuming that they are visually capable
to detect them.

The absence of lens RIG adjustment in polar cod indi-
cates that it cannot adjust its lens to short-term changes
in light conditions during the polar night, even if a minor
increase in BCD (Fig. 3b) occurred in the periphery of the
light-adapted lens, seen as a green band in the schlieren
photograph (Figs. 3a, b). Even if the variations in light
conditions in the Arctic are generally slow, recent work
suggests that even small diurnal variations in illumina-
tion during winter may induce illumination-based verti-
cal migrations in plankton and pelagic fish (Webster et al.
2013) with slight downward movements in fish during
moonlight, indicating that they may try to equalize expe-
rienced light levels instead of adjusting their eyes to the
varying conditions. However, due to the low light levels it
is unlikely that the eyes of polar cod will light adapt dur-
ing the polar night. The benefit would be minor while there
would be a cost both for adjusting the lens and maintaining
plasticity (DeWitt et al. 1998). The eyes of polar cod are
well developed and dark/light adaptation of the lens may
be important during spring and autumn, especially if they
are competing with Atlantic cod which can almost instantly
adjust the lens to changing light conditions. This leads to
several important questions: (i) Does Atlantic cod have
functional lenses in the Arctic spring and autumn and if so,
is the long light deprivation during polar night the reason
for the dysfunctional lens? (ii) Does polar cod change the
lens RIG to light conditions during Arctic summer, i.e.,
becoming more multifocal, even though it is already mul-
tifocal during the polar night, and do they exhibit a diur-
nal adjustment pattern of the lens RIG during spring and
autumn, in parallel with retinal restructuring by RMM? (iii)
Do these two cod species compete for resources during any
time of the year and how is the outcome of such compe-
tition dependent on the visual capabilities of the species?
And finally, (iv) as polar cod is found further south along
the Canadian coast, is the lack of a response to light in the
Svalbard population a local adaptation or is the same adap-
tation present on the Canadian side? Also, does the more
southern polar cod on the Canadian side have a similar
response in lens RIG as Atlantic cod does around Svalbard?
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Answering these questions would bring us closer to eluci-
dating whether Atlantic cod poses a direct or indirect threat
to the native polar cod in the high Arctic.

In conclusion, we have shown experimentally that two
related gadoid fish species have different short-term plas-
ticity in lens optical properties during the polar night. The
more southern Atlantic cod adjusts its lens to prevailing
light conditions within hours, which has previously only
been demonstrated in the tropical cichlid A. pulcher. This
suggests that dynamic adjustments of lens RIG may be a
general mechanism and of benefit across latitudes. How-
ever, there may be a latitudinal limit to where short-term
plasticity is no longer beneficial, as polar cod does not react
to short-term light treatment during the polar night. Our
results also suggest that the Atlantic cod lens is dysfunc-
tional during the polar night. We also present a system that
is uniquely suited for studying visual plasticity on different
timescales as a function of previous selection. This is the
first description of the polar cod visual system and a first
step toward understanding the visual competition between
fish now coexisting in the Arctic as a secondary effect of
global warming on marine ecosystems.
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