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Abstract

In the hall of animal oddities, the reindeer (Rangifer tarandus) is the only mammal with a color-shift-
ing tapetum lucidum and the only ruminant with a lichen-dominated diet. These puzzling traits
coexist with yet another enigma—ocular media that transmit up to 60% of ultraviolet (UV) light,
enough to excite the cones responsible for color vision. It is unclear why any day-active
circum-Arctic mammal would benefit from UV visual sensitivity, but it could improve detection
of UV-absorbing lichens against a background of UV-reflecting snows, especially during the
extended twilight hours of winter. To explore this idea and advance our understanding of reindeer
visual ecology, we recorded the reflectance spectra of several ground-growing (terricolous),
shrubby (fruticose) lichens in the diets of reindeer living in Cairngorms National Park, Scotland.
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The Scottish Highlands host an unrivaled diversity of lichens, but finding Cladonia rangiferina in
March isn’t easy. Heather-bashing on Scotland’s “hills” is arduous enough, but it is even more dif-
ficult when the prize is a carpet of whitish vegetation that resembles snow from a distance. Lichens
may not seem the most desirable food, but spongy beds of bushy off-white C. rangiferina, or
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reindeer “moss,” are integral to the diet and survival of reindeer in Cairngorms National Park and
elsewhere, sustaining them during the winter months. To our eyes, C. rangiferina blends in
amongst the snow and granite outcroppings, but that may not be the case for the reindeer that
exploit them.

Reindeer are the only mammals with a color-shifting tapetum lucidum, the retinal tissue respon-
sible for “eye shine.” This mirror-like tissue reflects light entering the retina, giving photoreceptors a
second opportunity for photon capture (Vee et al., 2022). It is a common trait among nocturnal
animals because it enhances visual sensitivity under dim light, but the color of reflected light is nor-
mally constant. For reindeer, however, it changes seasonally, from a typical mammalian golden hue
during the summer months to a vivid blue during the winter months (Figure 1a), only to reverse itself
again with the onset of summer (Fosbury & Jeffery, 2022; Stokkan et al., 2013). The significance of
this plasticity is uncertain, but the reflectivity of the winter tapetum extends into the ultraviolet (UV)
range (Figure 1b), which seems related to another enigma of reindeer eyes—their cornea and lens.
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Figure |. (a) A reindeer forages on ground-dwelling (terricolous) lichens at the onset of twilight in Svalbard,

Norway (photograph by Espen Bergersen, reproduced with permission). (b) Twilight irradiance spectrum and
tapetal reflectance spectra (winter phenotype; data source: Fosbury & Jeffery, 2022).
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Typically, these tissues block UV wavelengths, protecting the eyes of day-active mammals. But
those of reindeer transmit up to 60% of UV light, which is enough to excite the cones responsible
for color vision (Hogg et al., 2011). To see UV light is puzzling enough, but what are the benefits of
enhancing this ability during the circum-Arctic winter?

As any winter-sports enthusiast knows, increased exposure to UV from highly-reflective snow
can do more than give you an unfortunate tan-line; extended exposure can cause photokeratitis—
snow blindness—with symptoms ranging from discomfort to temporary loss of vision. Intuitively
we would expect diurnal Arctic mammals to have eyes that filter—not transmit—UV light.
Overexposure to UV light could explain why cataracts are common among domesticated reindeer
(Plummer & Ledbetter, 2022), but not the absence of photokeratitis, which hints at photoprotective
mechanisms in the eye, such as the upregulation of ascorbic acid (Ringvold et al., 2003). The
mystery deepens.

Recently, researchers have focused on the violet-blue color of twilight—known as the “blue
hour” among photographers. Rich cobalt skies are created when setting sunlight travels through a
thicker band of atmosphere, which selectively attenuates greenish wavelengths (Figure 1). A fleeting
phenomenon in many places, twilight fills 8—11 h of each day from September to April for animals
living above 70° latitude (Fosbury & Jeffery, 2022). Twilight-tapetum color matching predicts
enhanced vision under dim light, including UV color discrimination (Figure 1), and it is tempting
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Figure 2. Strong UV absorbance is exemplified by (a) Usnea hirta (bristly beard lichen). Other species are
moderately UV-reflective, such as this squamule mat of (b) Hypogymnia physodes (monk’s hood lichen).
Photographs were obtained with a full-spectrum converted Canon EOS RP camera outfitted with a UV
compatible lens (Yungnuo EF 50 mm f/1.8) and UV bandpass filter (Kolari Vision, Raritan, NJ). (c) Variable
levels of UV absorbance are evident in the reflectance spectra of U. hirta, Evernia mesomorpha (boreal oakmoss
lichen), and Flavoparmelia caperata (common greenshield). Data were collected with a Jaz spectrometer and
expressed relative to a WS-| reflectance standard (Ocean Optics, Dunedin, FL).
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Figure 3. (a) Bed of Cladonia rangiferina (reindeer moss) in Cairngorms National Park, Scotland. Its UV
absorbance relative to adjacent snow is evident in the UV photograph (inset). (b) The reflectance spectra of
snow (data source: Warren, 2019) and C. rangiferina (see Figure 2 for methods) raise the possibility of color
discrimination between 330 and 370 nm, UV wavelengths that correspond to a secondary peak in twilight
irradiance (Figure Ib). (c) Radiance spectra from additional species of Cladonia were obtained in Tentsmuir
National Nature Reserve, Scotland (taxonomy follows Dobson, 2018). Spectra were collected with a PR-670
telespectroradiometer (Photo Research, Syracuse, NY) under overcast natural light at 45° to each surface.

to link the evolution of this trait to the detection of UV-absorbing wolves against a background of
UV-reflecting snow (Fosbury & Jeffery, 2022; Hogg et al., 2011). White wolves are well camou-
flaged on white landscapes; unless the prey are sensitive to UV light. It is an appealing hypothesis,
but wolves in circum-Arctic habitats subsist on a variety of ungulate species—moose (Alces alces),
muskoxen (Ovibos moschatus), roe deer (Capreolus capreolus)—which predicts similar selective
pressures on their visual systems (Dominy & Harris, 2022). Studying the eyes of these animals
may prove rewarding but, to date, there is little indication they share reindeers’ distinctive visual
abilities.

In contrast to every other species of ruminant, reindeer graze on lichens, especially during winter.
The idea that reindeer use UV vision to detect vegetation amid snow was suggested almost a decade
ago, with evidence that vascular plants—but not lichens—are visually distinctive in snow (Tyler
et al., 2014). However, the authors investigated Ophioparma, a flat, dry, rock-growing lichen that
is not eaten by reindeer. Highly diverse in color and form, lichens vary in their propensity to
reflect UV light (Figure 2), a fact that impelled us to study Cladonia rangiferina, a nomen that cele-
brates its ecological association with reindeer (Rangifer tarandus).
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Cladonia is a shrubby ground-dwelling taxon that forms deep beds. In winter, reindeer expose
beds by digging (“cratering”), a process that accelerates snow melt and visibility on winter land-
scapes (Figure la). For us, pale beds of Cladonia were sometimes difficult to discern from
patches of spring snowmelt, but our spectral data highlight the value of color discrimination
between 330 and 370 nm (Figure 3), UV wavelengths that correspond to a secondary peak in twi-
light irradiance (Figure 1b). Taken together, our limited study of lichens suggests chromatic con-
spicuousness to reindeer eyes under twilight conditions. They also cast new light on the benefits
of a luminescent nose—it may light the way for Santa to see by, but it is Rudolph’s blue-eyes
that allow him to find dinner after a long Christmas season.

Linking UV visual sensitivity to feeding ecology raises tantalizing questions of how Cladonia
might simultaneously protect reindeer eyes from UV damage. Cladonia has impressive antioxidant
properties (Kosanic et al., 2014), and its combination with other favored foods—namely, the buds
and leaves of Arctic willow (Salix arctica) and dwarf birch (Betula nana)—both of which have
exceedingly high levels of Vitamin C (Rodahl, 1944), could provide a diversified suite of protective
measures. Whatever the case, our essay has far-reaching practical applications by suggesting that
orange juice and carrots are ideal treats for supplementing reindeer on Christmas Eve.

Acknowledgements

We are extremely grateful for the assistance of Richard Brinklow, Richard Byrne, Bob Fosbury, Gillian Moritz,
Harriet Sheridan, Mauireen Quinn, Doug Van Citters, and staff members of the Global Office, University of St
Andrews and the Cairngorm Reindeer Centre, Aviemore, Scotland.

Author contribution(s)

Nathaniel J. Dominy: Conceptualization; Investigation; Methodology; Writing — original draft; Writing —
review & editing.

Catherine Hobaiter: Conceptualization; Investigation; Methodology; Writing — original draft; Writing —
review & editing.

Julie M. Harris: Conceptualization; Investigation; Methodology; Writing — review & editing.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to the research, authorship, and/or publica-
tion of this article.

Funding

The authors disclosed receipt of the following financial support for the research, authorship, and/or publication
of this article: Data were collected with funding from the Goodman Fund, Dartmouth College and the Global
Fellowship Scheme, University of St Andrews.

ORCID iDs

Nathaniel J. Dominy https:/orcid.org/0000-0001-5916-418X
Catherine Hobaiter https:/orcid.org/0000-0002-3893-0524

References

Dobson, F. S. (2018). Lichens: An illustrated guide to the British and Irish species (Seventh edition). British
Lichen Society.

Dominy, N. J., & Harris, J. M. (2022). Adaptive optics in the Arctic? A commentary on Fosbury and Jeffery.
Proceedings of the Royal Society B, 289, 20221528. https:/doi.org/10.1098/rspb.2022.1528


https://orcid.org/0000-0001-5916-418X
https://orcid.org/0000-0001-5916-418X
https://orcid.org/0000-0002-3893-0524
https://orcid.org/0000-0002-3893-0524
https://doi.org/10.1098/rspb.2022.1528
https://doi.org/10.1098/rspb.2022.1528

6 i-Perception 14(6)

Fosbury, R. A. E., & Jeffery, G. (2022). Reindeer eyes seasonally adapt to ozone-blue Arctic twilight by tuning
a photonic tapetum lucidum. Proceedings of the Royal Society B, 289, 20221002. https:/doi.org/10.1098/
rspb.2022.1002

Hogg, C., Neveu, M., Stokkan, K.-A., Folkow, L., Cottrill, P., Douglas, R., Hunt, D. M., & Jeffery, G. (2011).
Arctic reindeer extend their visual range into the ultraviolet. Journal of Experimental Biology, 214,
2014-2019. https:/doi.org/10.1242/jeb.053553

Kosani¢, M., Rankovi¢, B., Stanojkovi¢, T., Ranci¢, A., & Manojlovi¢, N. (2014). Cladonia lichens and their
major metabolites as possible natural antioxidant, antimicrobial and anticancer agents. LWT - Food Science
and Technology, 59, 518-525. https:/doi.org/10.1016/j.1wt.2014.04.047

Plummer, C. E., & Ledbetter, E. C. (2022). Ophthalmology of Ruminantia: Giraffe, deer, wildebeests, gazelles,
and relatives. In F. Montiani-Ferreira, B. A. Moore, & G. Ben-Shlomo (Eds.), Wild and exotic animal oph-
thalmology (pp. 99—-117). Springer.

Ringvold, A., Anderssen, E., & Kjgnniksen, I. (2003). Impact of the environment on the mammalian corneal
epithelium. Investigative Ophthalmology & Visual Science, 44, 10-15. https:/doi.org/10.1167/i0vs.02-0173

Rodahl, K. (1944). Content of vitamin C (1-ascorbic acid) in Arctic plants. Transactions of the Botanical
Society of Edinburgh, 34, 205-210. https:/doi.org/10.1080/13594864409441558

Stokkan, K.-A., et al. (2013). Shifting mirrors: Adaptive changes in retinal reflections to winter darkness in
Arctic reindeer. Proceedings of the Royal Society of London B, 280, 20132451. https:/doi.org/10.1098/
rspb.2013.2451

Tyler, N. J. C., Jeffery, G., Hogg, C. R., & Stokkan, K.-A. (2014). Ultraviolet vision may enhance the ability of
reindeer to discriminate plants in snow. Arctic, 67, 159-166. https:/doi.org/10.14430/arctic4381

Vee, S., Barclay, G., & Lents, N. H. (2022). The glow of the night: The tapetum lucidum as a co-adaptation for
the inverted retina. BioEssays, 44, 2200003. https:/doi.org/10.1002/bies.202200003

Warren, S. G. (2019). Optical properties of ice and snow. Philosophical Transactions of the Royal Society A,
377,20180161. https:/doi.org/10.1098/rsta.2018.0161

How to cite this article

Dominy, N. J., Hobaiter, C., & Harris J. M. (2023). Reindeer and the quest for Scottish enlichenment.
i-Perception, 14(6), 1-6. https://doi.org/10.1177/20416695231218520



https://doi.org/10.1098/rspb.2022.1002
https://doi.org/10.1098/rspb.2022.1002
https://doi.org/10.1098/rspb.2022.1002
https://doi.org/10.1242/jeb.053553
https://doi.org/10.1242/jeb.053553
https://doi.org/10.1016/j.lwt.2014.04.047
https://doi.org/10.1016/j.lwt.2014.04.047
https://doi.org/10.1167/iovs.02-0173
https://doi.org/10.1167/iovs.02-0173
https://doi.org/10.1080/13594864409441558
https://doi.org/10.1080/13594864409441558
https://doi.org/10.1098/rspb.2013.2451
https://doi.org/10.1098/rspb.2013.2451
https://doi.org/10.1098/rspb.2013.2451
https://doi.org/10.14430/arctic4381
https://doi.org/10.14430/arctic4381
https://doi.org/10.1002/bies.202200003
https://doi.org/10.1002/bies.202200003
https://doi.org/10.1098/rsta.2018.0161
https://doi.org/10.1098/rsta.2018.0161
https://doi.org/10.1177/20416695231218520

	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


