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position and brightness of skylight (daylight, twilight, moonlight, starlight, airglow

Correspondence (Rangifer tarandus; ‘Rangifer’) which is one of the few polar resident species for
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Fmail nicholas.tyler@uit.no 3. Experimental data indicate that the rods of Rangifer may be stimulated by levels of
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<-18°).

4. Several features of the eyes of Rangifer contribute to their visual capability under
extended twilight. These include transmission of UV through the optical media,
which enables the animals to exploit the shorter wavelengths characteristic of
twilight, and a shift in the peak spectral reflectance of the tapetum lucidum (TL)
from around 640 nm in summer to around 450 nm in winter, which increases reti-
nal illumination at short wavelengths.

5. Enhanced sensitivity to short wavelengths is likely to enhance the contrast of
some objects and hence the ability of Rangifer to discriminate forage plants and
to detect other animals (conspecifics or predators) against a snowy background
under low illuminance.

6. There is, nevertheless, currently no evidence of any specific boreal adaptation in
their visual system: (i) The eyes of Rangifer, and by inference the area of the dilated
pupil, are no larger than expected based on the allometry of eye size in ruminants.
(ii) There is no evidence of a change in the spectral sensitivity of photoreceptors
associated with detection of UVa. (iii) Transmission of UV through the anterior
eye is not unique to Rangifer. (iv) The blue shift in the reflectance of the winter TL

appears to be a passive response to prolonged dilation of the pupil and there is no

a priori reason not to predict the same response in other large ungulates exposed

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

Functional Ecology. 2024;00:1-15. wileyonlinelibrary.com/journal/fec 1


www.wileyonlinelibrary.com/journal/fec
mailto:
https://orcid.org/0000-0002-7074-9135
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nicholas.tyler@uit.no

TYLER ET AL.

2
Functional Ecology [ e

latitude.

KEYWORDS

visual adaptation

1 | INTRODUCTION

The light climate influences animals directly in two ways. First, they
need light to see and visual appreciation of the environment is there-
fore constrained by both the spectral sensitivity and the dynamic
range of their eyes. They also need to synchronise their physiology,
activity and behaviour with daily and seasonal environmental cycles
and they use predictable diel (24 h, Box 1) and annual (365 day) vari-
ation in light level as cues to achieve this. The extended twilight of
winter and the reduced variation in light level across the diel in both
summer and winter at high latitudes (Box 2) therefore potentially
represent major constraints on the visual function and temporal or-
ganisation in polar species.

Low ambient illuminance between sunset and sunrise clearly lim-
its visual function in our species: humans are almost wholly depend
on artificial light for pursuing outdoors activity after sunset. Many
species of mammal, including many large herbivores, by contrast,
are principally active around dawn and dusk (Cox & Gaston, 2023;
Tyler et al., 2020): for these, activity in low illuminance (civil twilight,
Box 2) is normal. Indeed, most eutherian mammals and marsupials
retain the rod dominated retinae and have limited colour vision,
both redolent of ancestral low light lifestyles (Borges et al., 2018;
Bowmaker, 2008; Gerkema et al., 2013). The spectral sensitivity of
mammals also varies between species in ways that reflect selective
pressures derived from the characteristics of the light climate in
which their visual systems evolved. Some, for instance, have become
cone monochromats. Thus, many aquatic mammals have lost their
short wavelength sensitive cones and have very restricted colour
sensitivities: for them the sea is not blue (Bowmaker, 2008; Peichl
et al., 2001). Here we examine how the eyes of reindeer/caribou
(Rangifer tarandus, hereafter ‘Rangifer’) respond, and how the reg-
ulation of temporal organisation in this species has responded, to
prolonged levels of high and low light characteristic of summer and

winter, respectively, at high latitude.

2 | ADAPTATION TO LOW ILLUMINANCE

Adaptation to the extended twilight of the polar winter has both
functional and temporal dimensions. Functionally, we may distinguish
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to low light levels. (v) There is no conclusive evidence of a seasonal shift in abso-
lute retinal sensitivity in Rangifer. (vi) Weak circadian organisation in Rangifer has
tentatively been linked to mutations within the circadian molecular clockwork

but it remains unclear to what extent this represents a specific adaptation to high

light-dark cycle, Rangifer tarandus, reindeer, spectral irradiance, tapetum lucidum, twilight, UV,

BOX 1 Glossary

Airglow

Aurora

Astronomical
twilight

Boreal

Chappuis
band

Chionophile

Civil twilight

Colour
temperature

The emission of faint light from the upper
atmosphere at night from energy stored in
atoms and molecules excited or ionised by
solar ultraviolet radiation during the day or
by cosmic-rays and chemiluminescence

Aurorae are high latitude light emissions
resulting from disturbances in the Earth's
magnetosphere causes by the incoming
solar wind

Level of light when solar elevation is -12°
to -18° relative to the horizon. Beyond this
is ‘darkness’

Of northern regions including the Arctic
and sub-Arctic climatic zones

A broad spectral absorption band in the
visible region (450-650nm) due to ozone
gas in the stratosphere. While much weaker
than the very strong shorter wavelength
Hartley and Huggins absorption bands in
the UV that protect the biosphere from
molecular radiation damage, the Chappuis
band becomes the dominant visible light
absorber when the Sun is close to or below
the horizon. It results in the deep metallic
purple of twilight that is entirely different
from the Rayleigh scattering blue of the
clear daytime sky

Organism that thrives in cold winter
conditions

Level of light when solar elevation is 0° to
-6° relative to the horizon

A shorthand for describing the spectral
distribution of source of light in terms of
the temperature (measured in Kelvin) of a
thermal (Planckian) radiator that exhibits
the same perceived colour. This is useful
for natural sources of environmental light
such as sunlight or moonlight but can be
misleading for non-thermal emitters such as
the twilight sky
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Darkness
Dichromat

Diel

Diurnal

Illuminance

Insolation

Irradiance,
spectral

LED
Light climate

Light-dark
(LD) cycle

Lux (Ix)

Lumen (Im)
Luminance
Mesopic
Nocturnal
Nautical

twilight
Photoperiod
(PP)
Photophase

Photopic

Polar day
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Level of light when solar elevation is less
than -18° relative to the horizon

Animal possessing two types of cone
receptors

Period of 24 h associated with one rotation
of the Earth. The diel (24 h) cycle of light can
be considered in terms of its photoperiod.
The light portion of the 24 h cycle is
denoted ‘day’ or ‘photophase’ while the dark
portion is denoted ‘night’ or ‘scotophase’

Activity or event occurring between dawn
and dusk

The total luminous flux incident on a
surface, per unit area. The unit is lux (Ix)
and the quantity is wavelength-weighted to
correspond to human visual perception

Solar radiation energy input received at
the surface of the Earth per unit area per
unit time integrated over the spectral range
reaching the ground

Energy received by a flat surface per unit
time, per unit area and per unit wavelength
or frequency. When dealing with the
interactions between photons and biology,
it is more appropriate to use photon number
rather than energy, for example, photons
per second per m? per nm. Photon spectral
irradiance increases by the factor of the
wavelength towards longer wavelengths
compared to energy irradiance

Light emitting diode

The intensity, spectrum, and duration of
light in a given period at a given location
Diel cycle of light intensity across one diel
(‘day-night cycle’)

A lux is one lumen per square metre (Im-m2)
The lumen is the unit of luminous flux, a
measure of the total quantity of visible light
emitted by a source per unit of time

The incident energy of light in a given direction
Light level in which both rods and cones are
active (see also ‘photopic’ and ‘scotopic’)
Activity or event occurring between dusk
and dawn

Level of light when solar elevation is -6° to

-12° relative to the horizon

The duration of the photophase of one diel

The light portion of the 24 hcycle (diel)
during which photopic vision occurs

Light level in which cones are principally
active (see also ‘mesopic’ and ‘scotopic’)

Period of the year during which the Sun
remains above the horizon throughout the
diel, that is solar elevation remains >0°
through the entire 24 h cycle

BOX 1 (Continued)

Polar night

Scattering

Scotophase

Scotopic

Scotopic
threshold
response (STR)

Solstice

Spectral
quality

Sward

Tapetum
lucidum (TL)

Td-s™?

Twilight

uv
(ultraviolet
light)

W-stm™2

Zeigeber

Zodiacal light

Period of the year during which the Sun
remains below the horizon throughout the
diel, that is solar elevation remains <0°
through the entire 24 h cycle

Scattering of light is the redirection of

a photon, usually without a change of
wavelength, when it encounters a change in
refractive index

The dark portion of the 24 hcycle during
which there is scotopic vision

Dim light in which rods but not cones are
active (see also ‘mesopic’ and ‘photopic’)

A corneal negative deflection elicited in
the fully dark-adapted eye to dim stimuli
which and appears to originate in the inner
retina

Event when the Sun appears to reach its
most northerly or southerly excursion
relative to the celestial equator and hence
when, in either hemisphere, there is most
or least sunlight of the year (summer and
winter solstice, respectively). The summer
solstice occurs around June 21st and the
winter solstice around December 21st

The difference between the spectral
distribution of sunlight outside the
atmosphere and that reaching the ground
is the result of both the scattering and

the absorption of photons by atmospheric
constituents in processes that have
different wavelength dependencies. These
spectral changes are most extreme during
twilight

Mat of grass and similar growth forms on
the surface of the ground

An intraocular reflecting structure
behind the retina that influences the light
sensitivity capabilities of the eye

Trolands per second. A Troland is the retinal
illuminance occasioned by 1 mm? of pupil
being illuminated by 1 cd-m™

Level of light when the Sun is below
the horizon. See: ‘civil’, ‘nautical’ and
‘astronomical’ twilight

The region of the electromagnetic spectrum
with wavelengths between 100 and 400 nm:
UVa (315-400nm), UVb (280-315nm) and
UVc (100-280nm)

An integral measure of energy occurring in a
short duration flash

A periodic environmental signal that
entrains some biological rhythm

Light from the scattering of sunlight off dust
particles, the remnants of the formation of
the Solar-system, orbiting in the plane of
the ecliptic
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between modulation of the amount of light enters the eye and the
processing of light once it has been captured. Temporally, we dis-
tinguish between short term, dynamic responses that occur within
seconds or minutes, and structural adaptation that has developed
across an evolutionary timescale.

The principle short term response to a reduction in illuminance
is dilation of the pupil which increases the amount of light entering
the eye. Rangifer have large eyes and their fully dilated pupil has a
diameter of approximately 21 mm (C. Hogg, unpublished data) com-
pared to just 8mm in the adult human (Spector, 1990). Consequently,
under full dilation—which is likely to be the permanent condition for
much of the boreal winter—the eyes of Rangifer admit approximately
seven times more light than the eyes of humans, thus giving them
substantially greater potential for absorption of photons. (Note: The
relative increase in retinal illumination will be slightly less than seven
times owing to light being spread over a greater area in the larger
eyes of Rangifer.)

A second short term response is the progressive change from
cone to rod dominated vision, that is a transition from the photopic,
through the mesopic and into the scotopic range of retinal function.
This transition can be detected from changes in the waveform of
the electroretinogram (ERG). Thus, the scotopic threshold response
(STR) of the ERG gives the first electrically recordable indication of
retinal activity originating in the retinal ganglion cells and driven
by the dark-adapted rods (Frishman, 2006; Saszik et al., 2002).
The luminance level required for the STR in Rangifer in winter is
810" 8W-s™m™ at 525nm (C. Hogg, unpublished data). It follows
that the rods of Rangifer are likely to be stimulated at levels of am-
bient light through and even below astronomical twilight (i.e. at
luminance levels <107 W-m™% Figure 3). This conclusion is empha-
sised by the fact that the ERG threshold, the STR, underestimates
visual sensitivity by approximately 3 log units when compared psy-
chophysical measurements of the perceptual act, at least in humans
(Ruseckaite et al., 2011).

The shift from cone to rod vision involves considerable metabolic
activity: indeed, the rod driven dark-adapted retina has the highest
specific metabolic rate of any tissue in the mammalian body (Wong-
Riley, 2010). This is due in part to synthesis of new outer segment
discs at the base of the rod outer segments and the phagocytosis
and removal of waste products from old ones through the retinal
pigment epithelium (Rodieck, 1998). These processes are mediated
by the daily light/dark cycle (Rodieck, 1998), and it is not clear how
they are regulated in winter when this cycle is weak or absent. It may
be that the outer segments increase somewhat in length and that the
resulting accumulation of outer segment discs enhances photon cap-
ture and hence retinal sensitivity. Unlimited accumulation of active
and shed discs, however, would normally be expected to limit the
flow of blood between the retinal pigment epithelium and the outer
retina and hence the transport of nutrients to, and waste products
from, the photoreceptors.

The variation in illuminance across the diel is accompanied by

a significant change in the spectral composition light reaching the
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eye (Box 2), which many species appear able to exploit owing to
the characteristics of spectral transmission through their ocular
media. Twilight, which is a principal characteristic of the boreal
winter (Box 2), includes a substantially greater proportion of
shorter wavelengths than daylight owing to the attenuation by the
atmosphere of the longer wavelengths (a shift towards the blue
end of the spectrum at around 350-500nm; Figure 4). The UVa
(315-400nm) component of twilight is almost entirely beyond the
lower limit of the adult human visual range (approximately 390 nm;
Bowmaker, 2008) and therefore contributes nothing to our visual
capacity. The anterior eye of Rangifer by contrast, is UVa permis-
sive and the retina responds electro-physiologically to the output
of narrow band LEDs at both 372nm and 330 nm which increases
the amount of light/energy entering the eye (Hogg et al., 2011.
Note: LED devices have narrow spectral output, typically +10-
15nm (50%) but, owing to the broad spectral range of cones, it is
reasonable to assume that the eyes of the animals are sensitive to
light across this entire range; Bowmaker, 2008). The magnitude of
this effect is difficult to estimate, owing to the number of variables
involved, but the 50% bandwidth of the light available to Rangifer
evidently extends from 400 nm upwards into the near infrared in
summer while in winter, when the available light at its predominant
wavelength is reduced by 4 log units, its 50% bandwidth shifts
downwards to 320-500nm (Figure 4). The effect of this change
is to shift the visual input to the rods and, to some extent, to the
short wavelength cones.

A major structural adaptation to low illuminance has been the
evolution, in species from many taxa, of a reflective surface behind
the central retina called the tapetum lucidum (TL; Johnson, 1968;
Walls, 1942). The TL functions as a mirror that reflects back
through the retina photons not absorbed during their first pass,
returning them for a second pass and thus a further opportunity
for absorption by the photoreceptors. The TL, plainly apparent
by the way the eyes of many mammals shine when caught in car
headlights at night, differs fundamentally between groups. In car-
nivores the reflective property of the TL is based on crystalline
structures but in large herbivores it is based on collagen fibres
(Ollivier et al., 2004; Walls, 1942). The TL thus appears to be an
instance of the convergent evolution of different structures to a
similar function (Schwab et al., 2002). Irrespective of its structural
basis, in most species the central region of the TL appears golden
in colour (Johnson, 1968) indicating that the TL preferentially re-
flects the wavelengths in the middle of the visual range. (Note:
Images of the TL of five species of large ungulates published by
Ollivier et al. (2004) are turquoise-blue). The apparent colour of TL
observed in vivo, however, is likely to be modified by absorption in
the retina through which it is normally observed. The colour of the
TL can only be properly characterised by spectroscope analysis of
preparations stripped of overlying tissue.) In Rangifer, both by con-
trast and also uniquely so far as currently is known, the spectral
reflectance of the TL changes across the annual cycle (Fosbury &

Jeffery, 2022; Stokkan et al., 2013). In summer it appears golden,
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BOX 2 The light climate at high latitude

The light climate in polar regions is determined by the same atmospheric scattering and absorption processes that occur at all lati-
tudes. The specific property of high latitudes is the geometry of the path taken by sunlight as it traverses the atmosphere to reach
the ground. This is closer to tangential than to radial and so is generally longer on average, with a higher column density, than at lower
latitudes. The path, furthermore, is modulated across the year by the tilt of the Earth's equator with respect to the plane of its orbit
(23.5°; Figure 1) which generates temporal variation in the annual cycle of daily insolation, culminating in continuous day in midsum-
mer and continuous night in midwinter (Figure 2a).

Temporal variation in the light climate

Daylength at any point on the surface of the Earth—save at the Equator—traces an annual cycle between an annual maximum at the
summer solstice and an annual minimum at the winter solstice. The amplitude of this cycle, and hence daylength at the solstices,
increases away from the Equator until, at latitudes in excess of 66° N/S, the Sun remains above the horizon across the diel for at least
1day at the summer solstice and, correspondingly, below it for at least 1 day at the winter solstice (Figure 2a). These two events, the
polar day (photoperiod (PP)=24h) and the polar night (PP=0h), respectively, increase in duration by approximately 7 days with each
degree of latitude. Thus, the polar day lasts ~2 months at 68°N and ~4 months at 78°N while the polar night lasts ~1 month at 68°N
and ~4months at 78°N and the visual environment is correspondingly predominantly mesopic-scotopic for an extended period in

winter (Figure 2a).

The term ‘polar night’ and the associated characterisation ‘PP=0h’, however, are misleading insofar as they imply a constant state.
This is not the case. The solar angle of elevation, though continually negative, continues to describe a diel cycle, ascending to a mini-
mum at midday and descending to a maximum at midnight (Figure 2a), thereby generating a corresponding diel cycle of light intensity.
This, by convention, is recognised at four levels congruent with the amount of light scattered into the upper atmosphere from the
Sun at varying degrees below the local horizon. These are ‘civil twilight’ when solar elevations are between the horizon and 6° below
the horizon, ‘nautical twilight’ at solar elevations from 6° to 12° below the horizon, ‘astronomical twilight’ at solar elevations from
12° to 18° below the horizon and, beyond this, there is ‘darkness’. Consequently, even in midwinter at 78°N there are approximately
8h astronomical twilight in the middle of the day (Table 1).

Spectral (wavelength) and brightness variations

We first consider the variations of the environmental light produced by the changing solar altitude measured in degrees from the local
refracted horizon (https://gml.noaa.gov/grad/solcalc/calcdetails.html for explanations and mode of calculation used in this paper).

Direct sunlight is the principal contributor to skylight at solar altitudes above approximately 5°. Below this, indirect sunlight provides
the illumination by scattering from the atmosphere (twilight), reflection from the Moon (moonlight) and, at a much lower level, by
scattering from dust occupying the Solar System in the plane of the ecliptic. The latter contribution is generally called the ‘zodiacal
light' and the material scattering the light is the continuously evolving debris left over from the formation of our planetary system
about 4.6 billion years ago. Low surface brightness notwithstanding, it is a prominent and easily recognisable feature in a dark sky

and a potential aid in animal navigation near dawn and dusk.

Additional contributions come from starlight. This provides a low-level background that is modulated by the position of the plane
of our Galaxy in the sky which varies through the night and the year. It is accompanied by a visually faint and time-variable airglow
originating in the high atmosphere from energy stored in the atmospheric gases during the day and released slowly during the night.
The aurora, which may occasionally reach much brighter levels, will often contribute at high latitudes. These contributors and their
brightness ranges are illustrated in Figure 3.

Daytime

On a clear day the sky irradiance changes by a factor of a few hundred between sunset/rise and noon. In the visible spectrum, this
corresponds to a change from about 400 to 100,0001x. In the presence of a heavy overcast and a low Sun, this factor can increase to
several thousand. When the Sun is below the horizon, however, the natural range of irradiance increases dramatically to a total factor

of a billion from a truly dark sky to full sunlight.

The spectral quality of the visible sunlight reaching the ground during the day is determined almost entirely by two scattering pro-
cesses. The first of these is the Rayleigh scattering of solar photons by the molecular constituents of the air, mostly N, and O,. For
such scatterers that are much smaller than the wavelength of light, the scattering power increases rapidly towards the blue as the
inverse fourth power of the wavelength. It is this Rayleigh scattering that forms the blue of a cloudless sky by redirecting, in a single
scattering event, predominantly short wavelength light from the column of air carrying sunlight to the ground.
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BOX 2 (Continued)

The sky, however, is not always clear and other particles with sizes more comparable to the light wavelength scatter light with a wave-
length dependence (colour) that depends on their shape, size and refractive index. This process (Mie scattering) produces a much less
saturated scattered blue light than Rayleigh. Altering the combination of these two scattering processes change the appearance of
the sky from a crisp deep blue to a palette of soft pastel colours.

Twilight

When the Sun drops below the horizon, the twilight irradiance in the absence of moonlight, driven by indirect sunlight scattered from
the atmosphere above the observer, drops by almost a factor of a million (from 10 to approximately 10°W-m™?; Figure 3). This large
range becomes extremely pertinent at high latitudes owing to its occupying such a large fraction of the diel (Figure 2). The twilight
is in addition accompanied by a marked change in spectral composition due to the deep metallic purple colour of ozone gas that oc-

cupies a layer between around 12 to 40km over the ground.

The ozone layer in the upper atmosphere that strongly absorbs (and therefore protects the surface of the Earth from harmful UVb
and UVc radiation) also absorbs in the visible spectrum. Absorption in the Chappuis band becomes apparent around sunset and
sunrise when the sunlight grazes the atmosphere. The selective removal of a substantial fraction of the green/yellow, orange and
red light leaves a deep blue-purple spectrum and creates the deep metallic blue twilight which is extended in time at high latitudes
(Figure 4, Table 1). The blueness of twilight is unaffected by cloud conditions because the ozone absorption takes place well above
the cloud layer and acts as a sky-spanning filter affecting everything below it. This absorption however leaves the UVa and the near-
infrared (NIR) regions of the spectrum almost untouched. This effect of ozone in twilight is illustrated in Figure 3 where the ozone
column density represents the transition between civil and nautical twilight.

Moonlight

A full moon has an illuminance in the visible spectrum of approximately 0.25Ix. This corresponds to the brighter part of the range of
nautical twilight (Figure 3) and hence adds a small but significant dose of reflected sunlight to the twilight sky. The lunar surface is
not quite uncoloured (grey): it reflects about half as much blue as it does red light and so has a brownish tint. The level of illuminance
varies across both the lunar and the diel cycle. Variation across the lunar cycle reflects the change in visible illuminated surface area
associated with the waxing and waning of the moon and the backscattering of light off lunar dust which causes a full moon to be
approximately six times brighter than first or last quarter rather than just twice. Variation across the diel reflect the fact that lunar
illuminance varies with its altitude. During darkness (i.e. solar elevation < -18°), the full moon reaches its highest altitude at local
midnight when it can create the illuminance approximately equivalent to late (i.e. sunset) civil twilight (=1 1x). The spectral irradiance
then contains a weaker blue signature of ozone absorption and the light will be yellower than twilight. In the twilight phase of the
diel, by contrast, the full moon is always at a low altitude and its contribution to the irradiance is smaller because of the cosine factor
of altitude and the atmospheric extinction. In practice this means that the lunar light contribution remains approximately constant

at ~2x10™*W-m2 (on the irradiance scale used in Figure 3) when its disk is more than 50% illuminated (Palmer & Johnsen, 2015).
Starlight, airglow and aurorae

The remaining contributors to natural skylight are the astronomical background, consisting of direct and scattered starlight, some
small fraction coming from the far reaches of the Universe. The major contributor to this is our own Galaxy, the Milky Way, the centre
of which is seen best from the southern hemisphere. Its colour is a little redder than sunlight, contributed by a huge number of faint
red stars in the Galaxy.

The airglow is faint but can be seen as the shadow of an object seen against the sky on a dark, moonless night. It derives from mol-
ecules and atoms in the atmosphere that are excited or ionised by sunlight during the day and which slowly release this energy at
night, mostly in the green, red and far-red regions of the spectrum.

The aurora shows a rather similar spectrum to the airglow but it is excited instead by high speed particles from the Sun interacting
with the Earth's magnetic field which guides them towards the magnetic poles where they collisionally excite light emissions from
the atmosphere. The aurora can be much brighter than the airglow and can rival and even exceed the irradiance of the full Moon.

The colour of natural skylight changes continuously from full Sun to the darkest night, most conspicuously around sunset. As the Sun
approaches the horizon, the irradiance becomes redder than the ‘white’ of daylight while the extinction-reddened Sun remains domi-
nant. Before it reaches the horizon, the scattered light from the sky takes over from the dimming Sun and moves the colour towards
the blue. As soon as the Sun sets, there is a rapid increase in blueness as the ozone Chappuis band absorption asserts its influence.

This trend increases and becomes a deep ‘metallic’ purple during nautical twilight. Finally, as the light fades towards darkness, the
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influence of starlight and the airglow moves the colour towards the red again. The inverse sequence occurs during sunrise of course.

When the Moon is present at its brighter phases, it dilutes these colour changes by adding a dose of slightly reddened sunlight to

the mix.

(@) (b) Summer solstice

Winter solstice

Winter solstice

Summer solstice

FIGURE 1 The polar light climate. (a) At high latitudes the path taken by sunlight as it traverses the atmosphere to reach the ground is
closer to tangential than to radial and so is generally longer on average, with a higher column density, than at lower latitudes. (b) Exposure

of the Earth's surface to sunlight is modulated across the year by the tilt of the Earth's equator with respect to the plane of its orbit (23.5°).
This generates temporal variation in the annual cycle of daily insolation, culminating in continuous day in midsummer and continuous night in

midwinter (Figure 2a). After Hazlerigg et al. (2023).
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FIGURE 2 Representations of solar altitude across the diel illustrating latitudinal variation in the duration of twilight and darkness at
different times of year. (a) Summer and winter solstices at latitudes +38°, +68° and +78°. (b) Equinox at latitudes +38°, +68° and +78°. (c)
Equinox and solstice at the equator. Dashed and dotted horizontal lines indicate the lower limits of civil (O to -6°), nautical (-6 to -12°) and
astronomical (-12 to -18°) twilight, respectively. Data from NOAA _Solar_Calculations_day.xls.

TABLE 1 Effect of latitude on the duration (h) of different levels
of light (h/24 h) at the winter solstice.

Latitude

Solar angle Light level 38° 68° 78°
(©) (h) (h) (h)
>0 Daylight 9.6 0 0
Oto-6 Civil twilight 1.2 5.5 0
-6to-12 Nautical twilight 1.2 3.1 0
-12to -18 Astronomical twilight 1.2 2.2 8.4
< -18 Darkness 10.8 13.2 15.6
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like the TL of other large herbivores (e.g. European mouflon (Ovis
aries musimon) and domestic cattle (Bos taurus; Johnson, 1968),
and it displays peak spectral reflectance around 640nm with a
saddle extending to around 320 nm (Figures 5 and 6). In winter, by
contrast, it appears blue owing to a shift in peak spectral reflec-
tance to 450 nm (Figure 6).

The blue shift in the spectral reflectance of the TL of Rangifer
in winter appears to be a consequence of prolonged dilation of the
pupil (Stokkan et al., 2013). This is a progressive response. When the
pupil is fully dilated, the iris folds over and obstructs the trabecular
meshwork through which fluid in the anterior chamber of the eye

(between the cornea and the lens) drains. Restriction of flow causes

dny) SUORIPUOD U SLLIS L 3 89S *[202/TT/T0] U0 Akeiqiauliuo A3|1m ‘0 1dsoey 80ioAu| JEeH d11dnd JO aInisu| teiBemioN Ad 699YT'SEPZ-GOET/TTTT OT/I0PAL0D /8|1 AReq1jBuluO'S U0 ad//Sdiy WO pepeojumod 0 ‘SEVZE9ET

B} A1 A

D

85USDI1T SUOWIWLOD SAI81D 3|edt(dde ay) Aq pausenod afe sajoilie WO ‘9sn Jo SajnJ 1o) AkelqiauljuO 481 Uo (Suonipt


https://besjournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2F1365-2435.14669&mode=

TYLER ET AL.

8
Functional Ecology BB &loeu

1.E+03
@ Spectrometer -
1.E+02 Spectro-radiometer % L
& Fit to SR data =
E 1.E+01 % Patat et al. (2006) 3 <
o a
\;E« 1.E+00 Twilight¥ k3
U
c £
1.E-01 ®
§ civil a
& 102 Twilight H
@ ~» o
™ 1.E-03 & cfull @
3 5§ &
g 1.E-04 ’/ nautical = o g
9 Twilight .7 4]
g 1.E-05 ><”// . '
1.E-06 - 7 P
astronomical |
1.E-07 T T

—24 -18 -12 -6 0
Solar altitude (°)

FIGURE 3 Diagrammatic representation of the sky irradiance
from daylight (solar altitude >0°) to darkness (< -18°) and showing
the range of the contribution from sources discussed in the text.
The irradiances on the ordinate are computed as the integral of
measured spectral irradiances over a wavelength range from 380 to
780 nm. Empirical spectroradiometer data from Patat et al. (2006)
are included for comparison. The diagram covers the level of
irradiance across the visual dynamic range of humans. The graph
was constructed from a combination of our own measurements

of the twilight sky spectral irradiance at 52° N with published
measurements from the European Southern Observatory's Paranal
VLT site in northern Chile. The upper data points (orange circles)
are from measurements of clear sky twilights since 2018 using a
Sekonic C-7000 spectroradiometer which gives absolute spectral
irradiance measurements in the visible spectrum. The blue diamond
measurements are made with an Ocean Insight Maya2000Pro
spectrometer which has a relative wavelength-brightness
calibration that has been referred to the absolute scale of the

Sekonic radiometer.
1.5 I

an increase in intraocular pressure which it is proposed reduces the
amount of fluid within the TL, and thus the spacing between the
collagen fibres, causing them selectively to reflect light of shorter
wavelengths and hence the TL to appear blue (Figure 5; Fosbury &
Jeffery, 2022).

The seasonal change in the colour of the TL in Rangifer seems
to be an adaptive response to the seasonal change in the spectral
irradiance of environmental light. The reflective characteristics of
the winter TL match the blue-dominated spectrum of the twilight
winter sky (Box 2): the TL appears, in effect, to be seasonally tuned
to the animals' visual environment. This results in an increase in
retinal illumination at the shorter wavelengths which predominate
in winter and contributes to the enhancement of visual function
across the mesopic range evident from an increase in retinal sen-
sitivity of up to 3 log units below the summer threshold (Hogg
etal, 2011).

3 | ARE THERE SPECIAL ADAPTATIONS IN
RANGIFER TO THE LIGHT CLIMATE AT HIGH
LATITUDES?

Three features of the eyes of Rangifer contribute to the visual ca-
pability of the animals during the prolonged twilight of the Arctic
winter: their large pupils, transmission of UV through the anterior
eye and the blue shift in the TL. None of these features, or the
putative extension of rod outer segments, however, can be con-
sidered a specific evolutionary adaptation to the light climate of
the boreal zone.
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FIGURE 4 Changes in the spectral composition of light across the diel. Spectral irradiance of a clear daylight sky and that near the
beginning of nautical twilight (solar altitude —12°; Figure 3) where ozone has its maximum effect on colour. The red line shows a model of
sunlight at a solar altitude of 30° which includes the effects of Raleigh and aerosol scattering but without any molecular absorption. The blue
line is a measurement of a clear sky with the Sun 7.2° below the horizon. This includes the dominant molecular absorption in the Chappuis
band of ozone which removes much of the green to orange/red region of the spectrum; it also shows other absorption bands of water
vapour and oxygen which appear at wavelengths longer than 600 nm. The data indicate the enormous relative amplification of the blue at
the peak of ‘the blue hour’ around the onset nautical twilight. Note that these twilight spectral data appear as the lowest blue diamond point
in Figure 3 and have been scaled up in brightness by more than four orders of magnitude to illustrate the qualitative comparison here. The
marked narrow orange emission peak is sunlight scattered by sodium atoms from ablated meteors at altitudes of around 100km.
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FIGURE 5 The tapetum lucidum (TL) of Rangifer. (a) Reflections of
daylight from whole mounted tapeta collected in summer (Left) and
winter (Right). The reflection from the summer specimen is largely
golden with turquoise at the edges. The winter specimen reflects
blue. The tissues were fixed with 10% formalin and flat mounted in
phosphate buffer. In both cases the reflective surfaces reside only
in central retinal position and are absent from the periphery. (b) The
TL of an adult free-living reindeer (R. t. tarandus) reflecting a camera
flash (March). (c) The same in a juvenile (5 mo.) free-living Svalbard
reindeer (R. t. platyrhynchus; November). Photographs by (a) Robert
Fosbury and (b, c) Nicholas Tyler.

First, the large area of the dilated pupil in Rangifer is in part a con-
sequence of their having large eyes but their eyes are no larger than
expected based on the allometry of eye size in tropical and temper-
ate zone ruminants (Figure 7). Hence, there is no evidence that ex-
posure to the boreal light climate resulted in selection for increased
eye size and, by inference, an associated increase in the area of the
pupil in this species. This contrasts with the situation in birds and
primates in which there are well-established associations between
ambient light levels and the size of the eye (Pearce & Dunbar, 2011).
Particularly relevant among these is a positive association between
latitude and orbital volume in humans which, insofar as the orbit pre-
dicts the size of the eye in our species, has been interpreted specifi-
cally as an adaptative response to low light (Pearce & Dunbar, 2011).
The difference between humans and Rangifer in this respect may be
due at least in part to the absence of a TL in the former which con-
sequently elevated the responsive significance of increased eye and

hence pupil size.
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FIGURE 6 Transformation of the reflectance spectrum of the
Rangifer tapetum between summer and winter. The measurements
were made from preparations like those shown in Figure 5a. The
change in reflectance is the result of changes in the spacing of the
constituent collagen fibres in the tapetum. Peak of reflectance
occurs around 640nm in summer and 450 nm in winter. Although
the summer reflectance appears largely golden, a long saddle in
the response (=500 to =320nm) indicates that the tapetum reflects
across the animals' visual range into the UV (<400 nm). The winter
reflectance is tighter and closely matches the spectral composition
of the winter twilight sky (see text) and a greater proportion of the
reflectance spectrum is located in the UV range.

Second, retinal RNA extraction and in vitro opsin expression
has produced no evidence of a change in the spectral sensitivity of
photoreceptors associated with the detection of UVa. The response
to UVa in Rangifer is mediated by short wavelength sensitive cones
which have a peak spectral sensitivity around 439 nm (Carvalho
et al., 2006; Cottrill et al., 2009). This is above the UVa band (Box 1)
but the spectral profile of cones extends substantially either side
of peak sensitivity: they will therefore respond across a range
of wavelengths provided stimuli are sufficiently strong (above).
Moreover, transmission of UV through the anterior eye is not unique
to Rangifer. The optics of many non-primate species of mammals are
UV permissive (Douglas & Jeffery, 2014). The rate of transmission
of UV through the lens of Rangifer (26.5%) is substantially above the
median value for 11 species of large herbivores (15.2%) but never-
theless substantially below that of the okapi (Okapia johnstoni, 53%;
Douglas & Jeffery, 2014) which is a tropical species. No explanation
for the high rate of transmission in the okapi has been offered.

Third, the seasonal increase in intraocular pressure proposed to
be responsible for the blue shift in the reflectance of the winter TL
is a passive response to prolonged dilation of the pupil (above). If
this is indeed the cause, there can be no objection to the mechanism
extending to other large ungulates and therefore to these expressing
a similar shift in response to extended exposure to twilight. This has
not to our knowledge been tested. Interestingly, darkness initiates a
similar kind of response in humans: the human pupil dilates during
sleep and there is a corresponding increase in intraocular pressure
of 4%-40% (Liu et al., 1999, 2015): no function for this response,
however, has been proposed.
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FIGURE 7 Allometry of eye size in ruminants. Correlation between the mass of one eye (log,, g) and the mass of (a) the body (log,,

kg) and (b) the brain (log,,, g) in 14 species of ruminants, including 9 tropical and 4 temperate zone species and reindeer/caribou Rangifer
tarandus (white circle). The standardised residual of the mass of the eye of Rangifer tarandus was in each case <3.5, NS. Similar results were
obtained using axial length of the eye in place of eye mass (Howland et al., 2004). Data from Burton (2006).

Finally, there is a strong indication but as yet no conclusive ev-
idence for a seasonal shift in absolute retinal sensitivity in Rangifer.
Nor, as a matter of principle, could such evidence easily be obtained.
Rangifer is a boreal species and, with the exception of animals at the
southern border of the species' global range (Tyler et al., In press),
their eyes are never normally exposed to darkness (<107 W-m?
Figure 3) in summer and the STR of the summer phenotype is there-
fore a functional abstraction. A mean STR of 2.6:107*W-s"2m™ at
525nm recorded in June appears to indicate lower retinal sensitiv-
ity in summer compared to winter (mean STR 8107 8W-stm™2 at
525nm; C. Hogg, in prep.) but the difference is probably spurious: the
summer measurements were made following just 45 minutes' dark
adaptation (the normal experimental standard) whereas natural dark
adaptation in winter is likely to be the sum of multiple adjustments
that develop over a period of weeks.

Taken together, the data show that Rangifer have normal mam-
malian visual capabilities and there is currently no evidence of the
boreal light climate having promoted evolution of novel structures
or mechanisms in their visual system. We cannot, of course, exclude

the possibility that these exist but none to date are known.

4 | WHAT DO RANGIFER SEE IN WINTER
TWILIGHT?

A central question is what Rangifer actually see in the low illumi-
nance of the boreal winter (i.e. at irradiance levels of 10-107 W-m%;
Figure 3). This cannot satisfactorily be addressed. Measurements of
retinal sensitivity indicate to what level of light an animal's retina
responds but reveal nothing about visual perception. The macaque
STR (1.5-107** scotopic Td-s™; Frishman, 2006) indicates sensitivity
well beyond astronomical twilight yet another primate—ourselves—
has very limited visual perception at this level of luminance. Current
understanding of the vast range of visual function in mammals, rep-
resented by differences in colour perception, visual acuity and light
sensitivity, is almost wholly based on sensitive visual psychophysical

and other methodologies that can readily be applied in humans but
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are barely practicable in animals. We can therefore only speculate
about what Rangifer perceive visually in winter.

Rod dominated vision means that they perceive their world in
monochrome and have only coarse spatial resolution. It is unlikely,
for instance, that they can differentiate by colour the edible parts of
the diminutive Arctic plants on which they feed: selective foraging
in twilight must involve a combination of vision and other senses.
Moreover, it is not inconceivable that rod dominance in Rangifer, as
in humans (Arden & Hogg, 1984), is accompanied by inhibition of
cones which would further reduce the likelihood of colour discrim-
ination under low light. Increased sensitivity to short wavelengths,
on the other hand, is likely to enhance the contrast of some objects
and hence improve the ability of the animals to discriminate plants
and animals (conspecifics or predators) against a snowy background
as well as enabling them to detect certain forms of anthropogenic
activity (Box 3). Above all, their ability to detect available light in the
dark-adapted state, enhanced by the large aperture of their pupil,
the reflective action of the TL and their extended spectral range,
almost certainly results in their world appearing brighter than it does
to humans under similar conditions, and presumably also enhances
what they perceive at very low levels of contrast.

5 | NON-VISUAL PHOTORECEPTION IN
RANGIFER

In mammals, non-visual photoreception refers to photosensing by
retinal cells which does not contribute to vision, instead serving to
modulate behaviour and physiology to match the changing light en-
vironment (Doyle & Menaker, 2007). Given the rhythmical essence
of solar illumination (Box 2), non-visual photoreception is strongly
associated with the temporal organisation of behaviour, which
may be shaped by a combination of direct light effects (‘masking’)
and Zeitgeber effects mediated via entrainment of biological time-
keeping (chronobiological) processes operating at diel (circadian)
or annual (circannual) timescales (Bittman, 2021; Bruce, 1960;

Mrosovsky, 1999). Longstanding interest in how adaptation to life
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BOX 3 Functional aspects of UV vision in Rangifer

UV and visual salience of plants and predators

Visual sensitivity to UV wavelengths is a feature of species in many taxa, among them insects, birds, fish and non-primate mammals
(Aidala et al., 2012; Chittka et al., 2013; Douglas & Jeffery, 2014; Harosi & Hashimoto, 1983). A variety of functions have been at-
tributed to it: navigation and orientation appear to be associated with scattering and polarisation of UV wavelengths while signalling,
foraging and detection of predators have been associated with enhanced levels of contrast between features of interest and their
background (Aidala et al., 2012; Cronin & Bok, 2016; Newman & D'Angelo, 2024; Tovée, 1995).

Consistent with the latter, Hogg et al. (2011) and Stokkan et al. (2013) suggested that extension of the visual range into the UV in
Rangifer (main text) might confer selective advantage by enhancing image formation in low but relatively UV-enriched levels of il-
luminance characteristic of the extended twilight of high latitudes (Box 2). Their suggestion rested on the assumption that forage
plants and other biologically important elements of their environment are visually salient under natural UV illuminance. This, how-
ever, is not self-evident. Most organic material strongly absorbs UV, including vascular plants and many species of lichens (Dominy
et al., 2023; Gausman et al., 1975; Petzold & Goward, 1988; Robberecht et al., 1980) and swards are therefore likely to form dark,
low-contrast images with reduced visual information when viewed in the UV range. Snow, however, completely alters this situation.
Snow strongly reflects UV and organic material on or in it will therefore normally be expected to stand out in high contrast against
its UV-reflecting (i.e. light) background. This is clearly the case for large structures (e.g. seals on snow: Lavigne & @ritsland, 1974) but
the situation is different for small ones like the diminutive tundra plants on which Rangifer feed in winter (e.g. Mathiesen et al., 2000).
Small structures are likely to be closely surrounded and even partially covered by snow and heterogeneous angular scattering of UV
off randomly orientated snow crystals will potentially reduce contrast and hence their visual salience.

Tyler et al. (2014) examined visual salience of Rangifer forage in snow and demonstrated how several species of vascular plants in situ
on natural pasture showed in substantially greater contrast against their snow background when viewed in UV (Figure 8). Importantly,
their study was based on natural UV illumination. Most studies of, or exploiting, visual salience in the UV range have used artificial
sources of UV (e.g. Burkhardt, 1982, 1989; Church et al., 1998; Honkavaara et al., 2008; Kellie et al., 2004, Viitala et al., 1995). This
complicates the interpretation of results. The salience of an object under artificial UV potentially differs significantly from its sali-
ence under the UV component of natural solar light owing to the latter being of lower energy and broader spectral range. Thus, Lind
et al. (2013) were unable to replicate in sunlight the enhancement of chromatic contrast of organic material observed under artificial
UV. The use of natural UV by Tyler et al. (2014) added realism to their measurements and hence credence to the suggestion that vi-
sion in the UV range may enhance achromatic contrast for Rangifer of vascular plants in snow under low light conditions.

The situation for forage lichens is complicated because while some, including Cladina stellaris, Cladonia arbuscula, Ophioparma spp.,
Stereocaulon paschale and Usnea hirta strongly absorb UVa others, including Cladonia rangiferina and C. portentosa, display high re-
flectance at the upper end of the UVa range (Dominy et al., 2023; Petzold & Goward, 1988). Presumably the contrast of the latter
in the UV range may be enhanced where they are observed against a background of vascular plants or earth but reduced against a

background of snow (Dominy et al., 2023).
UV and avoidance of power lines

Expansion of infrastructure into pasture is a problem for both wild herbivores and pastoralism across the globe (Tyler et al., 2021).
Infrastructure disrupts movement through barrier effects and reduces animals' use of habitat through avoidance behaviour (Benitez-
Lopez et al., 2010; Keller & Largiadér, 2003; Laurance et al., 2009; Wilcove & Wikelski, 2008). Power lines cause both effects.
Rangifer and other ungulates tend to avoid ground <4 km from power lines and barrier effects associated with them may persist for
years (Tyler et al., 2016). These responses are paradoxical, however, because rows of masts spaced tens or hundreds of meters apart
and linked by cable conductors suspended usually >3 m above ground are neither a barrier to passage nor are associated with human
activity in the post-construction phase. Attention therefore turned to the suggestion that the responses might be linked some fea-
ture of the structures themselves. Studies of the effects on Rangifer of low frequency electromagnetic fields and wind and corona
auditory noise have been inconclusive (Flydal et al., 2009) and Tyler et al. (2014) therefore suggested that avoidance might be linked

to the emission of UV light from corona discharges on cables and insulators (Supporting Information).

The ability of Rangifer to detect corona light on high-voltage power lines in the dark has not been measured directly but corona
discharges may just be visible to humans (e.g. Peek, 1920, p. 38, Silva et al., 2004) which indicates that the strength of the signal at
405nm (which overlaps the lower end of the human visual range at =400nm) may exceed the threshold of detection by the human

eye. This provides a baseline for assessing the corresponding performance of Rangifer.
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BOX 3 (Continued)

Rangifer are likely to be visually more sensitive to corona discharges than humans for several reasons. First, in contrast to humans,
their optical media are more permissive to the transmission of the three principal peaks of corona spectral output (337, 357 and
380nm; Supporting Information). Second, their retinal sensitivity is maximised in winter owing, in particular, to seasonal tuning of
the tapetum to short wavelengths (main text). Third, their eyes are larger than those of humans which results in greater image size
and increased light gathering (main text), consequently increasing retinal sensitivity. Together, these observations represent a strong
independent argument for improved rates of photon capture and the animals therefore being more sensitive to corona than humans
(Tyler et al., 2014). Added to this, Rangifer are prey to a variety of cathemeral-nocturnal predators (e.g. wolves (Canis lupus), brown
bears (Ursus arctos) and lynx (Lynx lynx); COSEWIC (Committee on the Status of Endangered Wildlife in Canada), 2015; Mattisson
et al., 2011) and are presumably both wary and vigilant under low light conditions. Unpredictable, flickering illumination of normally

dark structures is presumably also likely to promote wariness in the dark-adapted animal hence causing it to withdraw.

The ability to detect UV light potentially accounts in part not only for avoidance of power lines per se but also for wide variation in
the strength and persistence of the response (Tyler et al., 2016). Variation in the strength of the response in Rangifer has been at-
tributed to differences in ecological settings (Panzacchi et al., 2013) which, however, are necessarily independent of the source of
the disturbance they are recruited to explain. Conceptualising avoidance as a response to corona UV light addresses the heterogene-
ity of the response in terms of its cause. Power line corona varies in form, incidence, location and intensity. All four qualities vary
within and between power lines owing to technical and environmental factors that influence the phenomenon (Maruvada, 2000;
Matthews, 2012). It follows that the decision-making process for an animal confronted by corona must involve integration of visual
stimuli across the four physical dimensions prior to consideration of any ecological or socio-biological imperatives and is therefore a

potent reason for expecting large variation in the strength of responses.

Vascular plants

Moss

FIGURE 8 Visual salience under natural UV illumination of vegetation in situ on Rangifer pasture in winter. (a-c) Mosaic of vascular plants
in snow. Species present include Betula nana x pubescens, Dryas octapetala, Empetrum nigrum, Festuca ovina, Vaccinium ulginosum and V.
vitis-idaea. (d-f) A patch of moss Racomitrium lanuginosum (light brown) between rocks. Each scene is presented in three ways: Full chromatic
range (a, d); monochrome 400-750nm (No-UV; b, e); monochrome 350-390 nm (UV-Only; c, f). The full chromatic range represents the
image apparent to humans but not to Rangifer which are dichromats. Each UV-Only image had significantly greater Michelson contrast

than its corresponding No-UV image (see Tyler et al., 2014 for details). Trials were conducted between two and three hours after sunrise

in late winter (2nd March 2011) when the local ambient UV (350 to 400 nm) incident on, and reflected from, snow =6.5-10"2W-m™%; Tyler

et al., 2014). Scale bars: 25cm. After Tyler et al. (2014).

at high latitudes impacts on chronobiology reflects the fact that
increased annual variation in the daily pattern of solar illumination
at high latitudes increases the range of daily light exposure pat-
terns that internal timing processes must accommodate (Hazlerigg

RIGHTS LI N K}

et al., 2023). Clearly, polar latitudes represent the extreme framing
of this problem, giving rise to long periods when the Sun remains
above (polar day) or below (polar night) the horizon (Box 2). These
solstitial periods potentially constitute periods of reduced Zeitgeber
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strength owing to the reduced amplitude of daily changes in light
intensity and spectral composition. This, however, is contingent on
evolved sensitivity of light sensing pathways in species living in such
environments, and neither the polar day nor the polar night can be
equated to experimental ‘constant conditions’ used in laboratory
chronobiology experiments.

Rangifer is one of a few species in which attempts have been
made to explore the impact of the polar light climate on temporal
organisation (Lu et al.,, 2010; van Oort et al., 2005, 2007). These
studies have revealed a picture of weak circadian organisation, with
direct masking effects apparently shaping both behaviour and mel-
atonin secretion (Lu et al., 2010). Rangifer show little or no diel pat-
terning of behaviour during both the polar day and the polar night
but instead display a strong ultradian pattern that is probably based
on the cycle of rumination. The limited molecular evidence suggests
that mutations within the circadian molecular clockwork may un-
derlie these overt behavioural characteristics (Lin et al., 2019; Lu
et al., 2010) but since almost all of our understanding of mammalian
circadian organisation stems from study of nocturnal rodents with
highly robust circadian clocks (Hazlerigg & Tyler, 2019), it remains
unclear to what extent the case in Rangifer represents an example
of high latitude adaptation, or a phylogenetic contrast between ro-
dents and ruminants. Whether these chronobiological attributes of
Rangifer are linked to functional differences in non-visual photore-
ception remains an entirely open question, but there are no clear a

priori reasons for predicting adaptation at this level.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Spectrogram of corona discharge emission in air
indicating band heads at 317, 337, 357, 380, and 405nm. Vertical
dashed lines indicate the approximate lower limit of the visual
range in reindeer (Rangifer tarandus) and humans, respectively.
Purple shading indicates UV wavelengths. After Grum and Costa
(1976).
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