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Abstract
In 2007, the first Icelandic Arctic fox with purple mandibles was discovered. The
discolouration reappeared in 2013 and each subsequent year until and including 2018. This
thesis is the first investigation of purple mandibles in Icelandic Arctic foxes. Hunter or latter
mandible handling and storage were not related to the discolouration. Discolouration colour
and intensity were quantified creating a baseline for identification of purple mandibles.
Finally, spatial, and temporal distribution of the discolouration were mapped. Initially, the
discolouration was quantified using digital photography for colourimetry. The dimensions
a* and Gnormalized from the L*a*b* and sRGB colour spaces were found to be the most
suitable measures of discolouration. Foxes with purple bones derive most of their diet from
the ocean. Most purple bones originated from the Westfjords of Iceland; predominantly in
the Súðavíkurhreppur municipality. The definitive cause was not investigated. Nevertheless,
three potential causes of discolouration are postulated and discussed: (1) environmental
pollutants, (2) alga pigments from the Drangajökull glacier that enter the food chain, and (3)
sea mussel shell pigments. Further, this thesis suggests mussels would be the vector for
transmission to foxes. As filter-feeders mussels accumulate pollutants and/or natural
pigments from the environment and they are a secondary food source of Arctic foxes. The
Arctic fox is a top predator, which means bioaccumulation of pollutants will be exacerbated
and effects manifested earlier in this species. The abrupt occurrence, disappearance,
reoccurrence, and location of purple mandibles suggests possible recent sporadic
environmental events of variable duration occurring in the Westfjords.

Útdráttur
Vitneskju um fjólubláan lit beina í íslenskum refum má rekja til ársins 2007, þegar mislitun
í kjálkabeinum þeirra uppgötvaðist fyrst. Síðan þá hefur upplýsingum um þessa mislitun
verið safnað saman. Þær upplýsingar liggja til grundvallar þessarar rannsóknar, sem er sú
fyrsta til að greina fjólublá kjálkabein hjá tegundinni. Í rannsókninni er leitast við að bera
kennsl á, kortleggja útbreiðslu á og meta mögulegar orsakir mislitunarinnar. Við
litagreiningu kjálkabeinanna var notast við stafræna ljósmyndun. Teknar voru myndir af alls
809 kjálkabeinum, sem öll voru með þekkta staðsetningu svo unnt var að greina dreifingu
beina eftir lit bæði í tíma og rúmi. Mest viðeigandi mælieiningar til að meta mislitunina
reyndust vera a* og Gnormalized frá L * a * b * og sRGB litasviðið. Niðurstöður sýna að
mislitun í kjálkabeinum refa jókst mikið á milli áranna 2013 og 2017. Jafnframt að fæða refa
með fjólublá kjálkabein kemur að mestu leyti frá hafinu. Hvað varðar dreifingu refa með
fjólublá bein, sýna niðurstöður að meirihluti þeirra var á Vestfjörðum; aðallega í
Súðavíkurhreppi. Ræddar voru þrjár mögulegar orsakir mislitunar: (1) umhverfismengun,
(2) þörungalitarefni upprunnið frá Drangajökli sem berst í fæðukeðjuna, og (3) kræklingur
sem inniheldur litarefni sem gæti blettað refabein við meltingu. Ekki var gerð efnamæling á
beinunum, né mögulegum orsakavöldum svo ekki er hægt að útiloka eina orsök umfram aðra
sem meginorsök mislitunar. Kræklingur, sem talin er aukafæða refa, safnar mengandi efnum
og/eða náttúrulegum litarefnum. Þetta á í raun við allar tilgáturnar þrjár þar sem
heimskautarefurinn er rándýr og því næmari fyrir mengandi efnum sem hlaðast upp efst í
fæðuvefnum. Þetta getur útskýrt skort á samskonar litabreytingu hjá öðrum tegundum.
Staðbundin dreifing refa með fjólublá kjálkabein bendir hins vegar til þess að mengun gæti
verið líklegasta orsök mislitunarinnar.
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1 Introduction
1.1 Humans in Nature
To allow the sustainable existence of humans in nature, it is essential to continuously
improve the understanding of the environment. Humans greatly depend on a functioning
ecosystem not only for luxury goods, but also the very basic essentials like food or clean
water and air (Daily, 1997).
The naturally occurring environmental changes are minor compared to the Anthropocene in
their speed and magnitude. In recent years, humans have altered the natural environment to
an unpreceded extent (e.g. Crutzen, 2006).
In 2007, an obvious purple discolouration of the jawbone of one Icelandic Arctic fox (Vulpes
lagopus) was observed (Figure 1). Discolouration was not seen again until 2013 and
thereafter. The phenomenon is the focus of this thesis. It has been hypothesised to be a result
of man-made disturbance of the natural ecosystem, since apex predators like Arctic foxes
are most sensitive to environmental changes (Life Apex, 2020). Similar discolouration has
been observed in ungulates in west-Africa and sea otters (Enhydra lutris) at the west-coast
of North America. But to date, no research has acknowledged or explained the phenomenon
in the Icelandic Arctic fox. Nonetheless, due to the importance of Arctic foxes as an indicator
species (Life Apex, 2020), the recent discolouration of fox mandibles suggests the possibility
of an environmental change, anthropogenic or natural, in our time.

Figure 1: The difference in colour of a normal white mandible half and a purple coloured
mandible is visible to the naked eye.
Published with permission of the photographer, Ester Rut Unnsteinsdóttir

1

1.2 Arctic Foxes
Arctic foxes serve as a prime example for adaptation to extreme conditions in the
circumpolar regions, with their multi-layered fur providing seasonal camouflage and the best
insulation of any mammal (Prestrud, 1991b). Compared to other subspecies of foxes, the
surface area to volume ratio of Arctic fox is reduced because of small ears, a short nose and
extremities. Together with the insulation and behavioural adaptations (Figure 2) the small
surface area helps to minimize heat loss (Klir & Heath, 1992; Sillero-Zubiri et al., 2004).

Figure 2: One of the behavioural adaptations of Arctic foxes: To reduce heat-loss, Arctic
foxes curl up and thereby further reduce the surface area.
Photograph: Julian Egon Ohl
According to the IUCN (2019) the conservation status of the world’s Arctic fox population
is of least concern. But, in contrast to this global estimate, some populations are regionally
endangered. In Fennoscandia, for example, major conservation efforts are made to increase
the number of the currently only 365 individuals (Hasselgren et al., 2018).
A major threat to Arctic fox populations worldwide is the changing climate (Sillero-Zubiri
& Angerbjoern, 2009), which permits populations of the larger Red fox (Vulpes vulpes) to
expand into the warming southern extent of Arctic fox range, driving its smaller relative out
(Frafjord et al., 1989; Tannerfeldt et al., 2002). At the same time, their northern range is
limited by the low bio-productivity of the Arctic desert. Although the Red fox is absent in
Iceland, climate change poses a serious threat to the Icelandic Arctic fox population by
changing the habitat and creating food scarcity (Life Apex, 2020).

2

The reliance on lower trophy levels makes top predators dependent on a functioning
ecosystem and even small changes will affect the top trophic levels considerably. Hence,
accurate and detailed monitoring of apex predators can reveal changes in the environment
much more efficiently and timely, than the monitoring of their prey (Sillero-Zubiri &
Angerbjoern, 2009). The Arctic fox is such an apex predator that may be more seriously
impacted by environmental changes than other trophic levels. Arctic foxes are well-suited to
study the chemical contamination in nature (Life Apex, 2020). All slowly degrading
chemicals accumulate throughout the food chain, as they cannot be broken down by the
naturally occurring reactions of animal metabolism and accumulate in the body. Hence,
animals that occupy high trophic levels at the end of the food chain, such as Arctic foxes,
may acquire chemical compounds from extensive areas and over a long time period via their
diet. This is known as bioaccumulation. Being the only natural mammalian predator in
Iceland makes Arctic foxes highly relevant for investigating environmental changes and
pollution (e.g. Sillero-Zubiri & Angerbjoern, 2009; Sonne, 2010).
Globally, two ecotypes of the Arctic fox can be distinguished. The coastal ecotype feeds
mainly on seabirds and their eggs, but also carrion from marine mammals (Elmhagen et al.,
2000). Deriving the biggest part of their diet from the sea, coastal Arctic foxes accumulate
marine pollutants, giving them an even more relevant role for monitoring chemical pollution
(Life Apex, 2020). The lemming ecotype on the other hand lives inland and consumes
rodents such as lemmings or voles that exhibit cycles of fluctuating population size
(Tannerfeldt & Angerbjörn, 1998).
In addition to the two ecotypes, two main colour morphs can be distinguished (Braestrup,
1941). The white foxes are white during the winter to provide camouflage in the snow
(Prestrud, 1991a), while in summer their fur changes to brown-greyish. Blue foxes keep their
brown colour all year round (Våge et al., 2005). Globally, over 90% of Arctic foxes are white
and the brown morph is more common in areas that lack rodents, such as coastal Iceland
(Hersteinsson, 1984; Norén et al., 2012). In Iceland the diet for both morphs is varied and
can include seaweed, mussels, crowberries, reindeer and sheep (Hersteinsson, 1987;
Hersteinsson & Macdonald, 1996).
The Icelandic population of Arctic fox experienced a decline between 1970 and 1980 after
which abundance increased again (Unnsteinsdóttir et al., 2016). Another depression of the
population started around 2007 (Unnsteinsdóttir, 2018). Pálsson et al. (2016) suggests that
this was connected to climate variation that reduced sea bird populations, which if true,
would highlight the sensitivity of the Arctic fox population and their dependence on this
food source. In Iceland, weather and ocean currents cause fluctuations in seabird populations
(Hersteinsson et al., 2009). Today, the total fox population of Iceland is assumed to be
around 7000 animals (Unnsteinsdóttir, 2018).
Globally, Arctic foxes are considered a keystone species, but as the only native mammal and
top predator in Iceland they are even more vital to its unique ecosystem (Williams et al.,
2004). Regardless, the hunting of Arctic foxes has been a tradition in Iceland that is still
practiced all year round in a variety of hunting styles, including den hunting where an entire
family may be killed (Alþingi, 1994; Reglugerðasafn, 1995).
The Icelandic Institute of Natural History (i. Náttúrufræðistofnun Íslands, NI) receives fox
carcasses from hunters. Not all foxes killed in any given year are sent to NI. Regardless, the
spatial distribution of carcass origin is relatively uniform throughout Iceland and across all
3

collection years and this mitigates possible sampling bias (Figure 10). The collaboration with
hunters is fundamental for the collection of carcasses and permits an understanding of Arctic
fox populations in Iceland. In addition to mandibles, data obtained from the carcasses
includes collection date, location, sex, age, body weight, body condition, morphological
measurements, and tissue samples. Age of the carcasses is estimated using a canid tooth
(Jensen & Nielsen, 1968; Roulichova & Andera, 2007). Typically, about 90% of all
carcasses received annually are 1 year old, with some few being 2 years or juveniles under
12 months. The NI collection began in 1979 and currently contains about 11,800 fox
mandibles, and the same few persons have been involved in the handling of all mandibles
(E. R. Unnsteinsdóttir, personal communication, April 13, 2019). Among other things, the
collaboration with hunters has facilitated the estimation of Arctic fox population size (Jensen
& Nielsen, 1968; Roulichova & Andera, 2007).
Dalén et al. (2004) and Mellows et al. (2012) suggest great genetic differences between the
Arctic fox in Iceland and elsewhere, since Icelandic foxes split early from the pedigree when
the last ice bridge connecting Iceland and North America receded after the last glacial period.
Further, a rather high diversity within Iceland’s population was indicated. Due to the
isolation, Arctic foxes in Iceland are likely to host unique genes that are potentially lost in
other populations due to hybridization, genetic drift and bottleneck effects (Allendorf et al.,
2001; Anderson, 1953; Bittles, 2010).

1.3 Mandibles of Arctic Foxes
The physiology of any animal is subject to changes and this is best summarised by the welldocumented theory of evolution. Minuscule changes constantly improve how a species is
adapted to its environment(Ridley, 2004). Usually, changes in the shape and size of bones
take decades to manifest in the phenotype (Nanova & Prôa, 2017). However, Sonne (2010)
and Bradley et al. (2019) suggested that the exposure to contaminants such as persistent
organic pollutants (POPs) can alter the bones’ shape on an ontogenetic timescale, meaning
within the lifespan of a single individual.

1.4 Purple Bones of Arctic Foxes in Iceland and
elsewhere
Since 1979, government supported projects have extracted canid teeth from the mandibles
of Icelandic Arctic foxes for age estimation and subsequent age-cohort analysis of the fox
population (The Icelandic Institute for Natural History, 2020). 2007 was the first time the
strong discolouration of Arctic fox jawbones was noticed, and occurred while researchers at
the Icelandic Institute for Natural History (NI) were cleaning and drying the mandibles (E.
R. Unnsteinsdóttir, personal communication, April 13, 2019). In 2013 NI, took over the task
of data collection (Unnsteinsdóttir, 2020). Interestingly, since 2013 the purple bones seem
to have become more common and the colouration stronger (E. R. Unnsteinsdóttir, personal
communication, April 13, 2019).
Studies on purple bones and teeth of sea otters (Enhydra lutris) revealed that the bone colour
could be related to the digestion of sea urchins (Paracentrotus lividus) on North America’s
west-coast (Winer et al., 2013). Furthermore, ungulates that feed on the Yeheb bush
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(Cordeauxia edulis) in the far east of Africa sometimes exhibit purple bones (e.g. Söderberg,
2010). Excavations in Worcester, United Kingdom revealed a discolouration in human bones
(Cole & Waldron, 2016). High levels of mercury have been detected in Icelandic Arctic
foxes of the coastal ecotype (Bocharova et al., 2013).

1.5 Research Questions
This is the first study analysing the discolouration of Arctic fox mandibles in Iceland. The
research questions investigated are as follows:
1. Was the purple discolouration an artefact resulting from hunter handling, the
mandible cleaning process or storage conditions?
2. Which colour dimensions best identify and quantify presence and intensity of the
purple discolouration?
3. How is the presence of discolouration distributed temporally and spatially within
Iceland?
4. Did the intensity of discolouration change over time?

1.6 Approach
Since the published literature contains little regarding the existence of the purple bone
phenomenon, this thesis focuses on developing methodology to identify, quantify, and
analyse the discolouration shown in the Icelandic fox mandibles. The first objective of this
study is to find suitable measures for the intensity of the discolouration which, for reasons
of reproducibility, should consist of a single colour dimension. This work will also illustrate
the spatial distribution and the temporal change of the discolouration in a way that is easily
comprehensible, and which takes the intensity of the discolouration into account. This thesis
is the first examination of purple bones in Icelandic Arctic foxes and provides a foundation
for further investigation of bone discolouration. Finally, possible causes for the
discolouration are postulated and discussed.
To find if the colour is a result of handling effects of the carcasses and mandibles, all the
corresponding data was statistically tested for correlations. To find the best measure of the
discolouration, various colour spaces were inspected. The goal was to find the colour
space(s), on which the discolouration had the biggest impact and then use this colour space
as a measure of the discolouration. This measure will then be classified to help analyse the
spatial and temporal distribution. The measure also provides a base to understand the
temporal change of the discolouration and its intensity. Using the above measure, GIS will
illustrate the spatial distribution of the discolouration in maps.
1.6.1 Thesis Structure
The following section will give relevant background information about the discolouration of
bones. Colour spaces that are used in this work will be defined and justified.
Iceland’s flora and fauna, together with its geography and other information relevant for the
Arctic fox will be introduced. It will be explained how the fox location is linked with their
diet.
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The methodology section will explain the methods that were selected to identify causes for
the discolouration. It will explain how the data was collected using photography and how it
was analysed and visualized using licensed and open source software. It will also state how
the data was processed including the process of measuring the colour as data collection and
the conversion into the different colour spaces as data processing. The estimation of the
preheat time of the used lights is clarified along the methods for the colourimetry. The used
software will be stated explicitly. Dimensions from colour spaces will be analysed
individually, to find and use the most suitable as a measure of the discolouration. The criteria
on which this decision is based will be explained. To use the measure in the temporal and
geographical analysis, it will be classified and then used for the GIS mapping of the bone
colour and the distribution of colour over the years.
The fifth chapter contains all results, tables, plots and maps that were created. The results
are discussed in the sixth chapter, first by themselves and later what they mean for the
discolouration. Potential causes for the phenomenon are postulated, followed by suggested
future research regarding purple bones in Icelandic Arctic foxes. The last section summarizes
the previous chapters and presents the most important findings.
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2 Arctic Foxes, Purple Bones and
Colour Science
2.1 Arctic Foxes and the Mystery of Purple
Bones
Because of the practically non-existent coverage of an intense discolouration of bones in
Arctic foxes generally, the discoloured mandibles of the Icelandic foxes are a highly
interesting research topic. The following sections will give examples of occurrences of
similar bone discolouration in other species.
2.1.1 Echinochrome Staining in Sea Otters in North America
Winer et al. (2013) observed bone discolouration in sea otters (Enhydra lutris nereis), where
the staining affected the skull and teeth (Figure 3). Known as echinochrome staining it is
named after its cause: Echinochromes are the pigments that are found in sea urchins
(Paracentrotus lividus). Winer et al. (2013) postulated the discolouration resulted from the
consumption of sea urchins by sea otters, but provided no further information about the
discolouration and its causes (J. Winer, personal communication, April/Mai 2020).

Figure 3: Echinochrome staining may result from ingesting sea urchins. This example
shows a young male Sea otter (Enhydra lutris).
Published with permission of the authors Jenna Winer and Frank Verstraete from
University of California – Davis, School of Veterinary Medicine.
2.1.2 The Bone Staining Yeheb Bush of Africa
Purple tissues, teeth and bones appear in goats fed the leaves of the Yeheb bush (Cordeauxia
edulis) whose leaves produce cordeauxiaquinone, which is used as a colour dye (Ali, 1988;
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Brink et al., 2006; Söderberg, 2010). The Yeheb bush is a shrub, which was classified as
vulnerable by the IUCN (2019). Little known elsewhere, the Yeheb bush is endemic to the
horn of Africa where it plays an important economical role due to the variety of applications
(Brink et al., 2006). Thanks to the resistance against termites, the stems are popular as
construction wood, but may be used as extraordinary firewood, while other parts are used
for tea or to manufacture medicine (Brink et al., 2006). One of its many uses is as fodder for
ungulates like goats and sheep during dry seasons (Ali, 1988).
2.1.3 Bone Discolouration in Humans
Another example of purple bones was revealed during excavations in the 1990’s at the
medieval chapter house of Worcester Cathedral, United Kingdom (Cole & Waldron, 2016).
It was discovered that affected bones contain traces of iron, manganese, zinc and copper and
that purple acid phosphatase (PAP) enzyme is likely the cause of the discolouration (Cole &
Waldron, 2016). Based on the chemical composition, Cole and Waldron (2016) suggested a
plant or fungal origin, possibly Aspergillus ficuum. Other examples for discoloured human
bones can be connected to Cinnabar, the main deposit of mercury (Ávila et al., 2014; CerviniSilva et al., 2013).

2.2 An Introduction to Colour Science
Since this thesis aims on finding a measure to quantify the discolouration of mandibles from
Icelandic Arctic foxes, this chapter will serve as an introduction to colour science.
Furthermore, colour spaces consist of colour dimensions which provide a way to measure
the discolouration and hence will be introduced as well.
Light is defined as the visible spectrum of electromagnetic waves reaching from 390 to 700
nm (Starr et al., 2010). It can be reflected by an object or emitted by a screen. The colour of
the light depends on the wavelength or the combination of wavelengths and Isaac Newton
(1730) found that the colour of an object is the share of light that is reflected by its surface.
Trichromacy is the assumption that all colours can be mixed using three differently coloured
lights. An assumption underlying this statement is that two of the colours mixed, cannot
result in the third. Today, these three colours are known as the primary colours: red, green
and blue (Shevell, 2003). No matter in what ratios two of them are mixed, they can never
result in the third. It took years to find out that the primary colours are by no means a physical
necessity, but a result of the light sensitivity of the human eye. The human eye can only
detect these three colours and therefore, all colours that are visible for a human are a mixture
of these three primary colours (Shevell, 2003).
Three types of photoreceptors in the human eye correspond to these wavelengths: S-type
(short) is sensitive to 400 to 500 nm, the M-type (medium) is sensitive to 450 to 630 nm and
L-type (long) is sensitive to 500 to 700 nm (Figure 4).
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Figure 4: The relative spectral sensitivity of the cone types. The cones for long (L),
medium (M) and short (S) wavelengths are sensitive to red, green and blue light
respectively.
Data derived from Stockman et al. (1993).
The colours violet and purple are a special case in colour science as Gilbert and Haeberli
(2008) emphasize. Spectral violet light consists of a single wavelength between 380 and 450
nm. The cone for long wavelengths is excited weakly and the cone short wavelengths is
excited strongly if violet light hits the human retina. Accordingly, if a mix of strong red and
weaker blue light reaches the retina, the same receptors are excited, and humans see the same
colour, possibly less saturated. Because of that, two scenarios for the human observation of
discolouration in foxes’ bones are possible. The bones either reflect spectral violet or red
and some blue light. That is to say that potentially present pigments either absorb all visible
wavelengths except spectral violet or they absorb all visible wavelengths except red and a
share of blue.
2.2.1 Colour Spaces: Models to Represent Colour
The names that are used to describe colours are insufficient to define colour scientifically
with all its characteristics. Hence, the international commission on illumination (f.
Commission International d’eclairage, CIE) invented the XYZ colour space in 1931
(Schanda, 2007). A colour space provides a system to describe a colour in a quantitative
manner, but a colour cannot be expressed unambiguously in a single number. Instead, colour
spaces usually use at least three values which are called colour dimensions. The values for
the dimension can be seen as coordinates. Since the creation of the first colour space, a
variety of individual colour spaces has evolved designed for different applications and uses
(Shevell, 2003).
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2.2.2 Finding a Measure of Purpleness
The term purpleness refers to the characteristics of the discolouration. It describes the
intensity of the colour, mainly in terms of its saturation, as perceived by human eyes.
The general purpose of a colour space is to display a colour in a meaningful way. All of the
introduced colour spaces measure purple either in a single, explicit dimension or indirectly.
The colour spaces HSV and HSL for example measure the hue in a single dimension called
H. This dimension H is expected to be very different for purple and white bones. Another
colour space is L*a*b* where the dimension a* is an explicit measure for the purple/magenta
component. YCbCr, on the other hand, is a colour space which uses a combination of Cb
and Cr to measure the purple/magenta colour component.
To illustrate how the purple bones are distributed in Iceland, a part of the statistical analysis
is focused on finding a measure of the purpleness of the bones. A good measure of purpleness
must discriminate sharply between purple and white bones and should consist of a single
number, to ease reproducibility and comprehensibility.
It is beneficial if a colour space registers the purple discolouration in a single dimension.
This one dimension will ideally cope for all the change in colour, while the other dimensions
remain untouched. If a change in colour affects all three colour dimensions, the influence is
smaller for each single dimension. That is a disadvantage as the aim is to use a single distinct
dimension as a measure.
The Standard Colour Space: sRGB
One of the most commonly used ways to state a colour is the sRGB colour space, as it was
standardized to be used as default on computers, printers and cameras (Stokes et al., 1996).
sRGB stands for s = standard, R = red, G = green and B = blue. Since human eyes are
sensitive to the light of these so-called primary colours, sRGB can represent the colours
humans can see.
sRGB is mostly used in the digital environment, where displays comprise of pixels. Each
pixel consists of tiny red, green, and blue lights and any other colour is a mixture of these
three lights for every pixel. The sRGB colour space is nothing else than the information the
pixel receives about how bright red, green and blue are. In the very common 8-bit encoding,
there are 28 = 256 values reaching from 0 to 255. Thus, (255|255|255) encodes the brightest
and cleanest white the pixel can display. (255|0|0) is a bright red, (255|255|0) stands for
yellow and (49|236|245) is cyan turquoise (Table 1). To describe a single colour in
colourimetry, three numbers are needed in the RGB colour space, one for each dimension.
This combination of three numbers is called a triplet
In computer science, another notation of the sRGB colour space has evolved which is the
shortest and most useful way to define a colour for programming (Niederst & Robbins,
2001). Each of the coordinates is transformed into the hexadecimal system. As a result, they
are not numbers anymore but so-called ‘nibbles’ consisting of the digits 0 to 1 and the letters
A to F. Unlike the decimal system with the base of ten, the hexadecimal system has the base
of 16 and values up to 255 can be represented in two digits: 255 is FF in hexadecimal. To
mark that a colour is expressed in hex-code, it has a precursory hashtag or pound sign (Table
1).
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Table 1: Example for colour values in sRGB. The selected colours are the three primary
colours, three examples from the grey scale followed by two real life examples, measured
from bone surfaces and an example from a strong purple colour.
red
green
blue
white
grey (18%)
black
mean white bones
mean purple bones
purple

R
255
0
0
255
124
0
219
201
235

G
0
255
0
255
124
0
202
176
52

B
0
0
255
255
124
0
175
151
216

Hexadecimal
#FF0000
#00FF00
#0000FF
#FFFFFF
#7C7C7C
#000000
#DBCAAF
#C9B097
#EB34D8

In sRGB and sRGBnormalized purple and the intensity of the colour cannot be read directly
from the numeric values. Instead each colour in its characteristics like hue, saturation and
intensity is the result of the triplet (Shevell, 2003).
Intuitive Colour Spaces: HSV and HSL
Newton’s idea that a wheel is representative for colours of the visible spectrum influenced
the modern colour science so much that it still plays a major role in the HSV and HSL colour
spaces (Shevell, 2003). Instead of the share of primary colours, the dimensions of HSV and
HSL represent colour attributes that are a lot more intuitive. Again, the name of the colour
spaces consists of the three dimensions that it uses. H stands for hue, which is measured on
a full circle, the colour wheel, between 0° and 359°. Intense red has the coordinate 0° or
360°. The difference in hue between two colours is always the shortest distance on the colour
wheel and can never be larger than 180°.
Saturation and brightness as perceived by a human, are a combination of all three
dimensions. Thus, despite using the human colour perception as an orientation, the saturation
and brightness dimensions of the colour spaces cannot be used as an isolated measure of
what they represent. More complex equations have been engineered to represent human
colour vision better (International Telecommunication Union, 2012). Still, this colour space
will not require as much training as the sRGB space to understand what the values stand for.
Once accustomed to the colour wheel, an immediate concept of the colour arises, just by
knowing what the coordinates represent.
CIE’s Highly Specialized Colour Spaces: XYZ and L*a*b*
The XYZ from the International Commission on Illumination (CIE) is more than a colour
space that can define a colour. It is an estimate how much each photoreceptor type in human
eyes is excited and the three dimensions represent the photoreceptors for red, green and blue.
Each of these is sensitive to light of a particular wavelength and the CIE has used surveys to
create colour matching functions (Figure 5). The entire system, especially the colour
matching functions are based on extensive empirical studies conducted by the CIE in 1931.
The colour matching functions can be used to calculate how much a colour stimulates the
photoreceptors, if the spectral intensity is known. The stimulus is the integer of the product
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of the tristimulus value x’(λ), y’(λ), z’(λ), the light stimulus intensity I s(λ) and the intensity
of the illumination λ at a certain wavelength (2.3.2.1 – 2.3.2.3).

Figure 5: The standard observer colour matching functions from the CIE show the
sensitivity of human eyes to different wavelengths of the spectrum.
Data derived from Broadbent (2004).
If the spectral data of the illumination and the light stimulus are known, XYZ can be an
externally valid way to measure colour. The resulting values for the stimuli are absolute and
reproducible.
𝑋 = ∫𝜆 𝑥̅ (𝜆) ∗ 𝐼𝑠 (𝜆) ∗ 𝑑(𝜆)

(2.2.2.1)

𝑌 = ∫𝜆 𝑦̅(𝜆) ∗ 𝐼𝑠 (𝜆) ∗ 𝑑(𝜆)

(2.2.2.2)

𝑍 = ∫𝜆 𝑧̅(𝜆) ∗ 𝐼𝑠 (𝜆) ∗ 𝑑(𝜆)

(2.2.2.3)

The purpose of XYZ is the calculation of the tristimulus values (Schanda, 2007), making it
poor in calculating differences between two or more colours (Figure 6), an essential
requirement for this study. Two colours may look very differently to the human eye, but the
values of the X, Y and Z dimension can still be very similar. To compensate for this
weakness, the CIE adapted the XYZ and invented the L*a*b* colour space, the very purpose
of which is to illustrate perceptual differences. To achieve that, L*a*b* uses nonlinear scales
to correspond with the nonlinear response of the eye to light. The difference between two
colours is therefore the Euclidean distance between the two points, using the L*a*b* values
as coordinates in a three-dimensional space (Jain, 1989).
The L*a*b* colour space, also known as CIELAB, is not to be confused with the earlier
established Hunter’s Lab colour space. To distinguish from these coordinates, the CIE
added a star to their new coordinates L*, a* and b*.
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Figure 6: The design of CIE’s colour space L*a*b* allows to measure the components for
brightness, red/green and blue/yellow separately. The point A can be expressed with the
three coordinates L*, a* and b*to describe an unambiguous colour.
Obtained from Andersen (2013).
YCbCr models Colour in TV
The YCbCr colour space finds application in most digital video formats such as DVDs and
digital Television. Y encodes the brightness, while Cb and Cr encode the information of the
hue. The intensity is a result from all three coordinates (Figure 7).

Figure 7: The YCbCr colour space measures the brightness in the first dimension Y and
the colour hue in Cr and Cb.
Obtained from https://commons.wikimedia.org/wiki/File:YCbCr-CbCr_Scaled_Y50.png.
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Brightness and Luminance
The sum of the R, G and B value can be understood as a measure of brightness but does not
reflect the human perception (Shevell, 2003). Another way to capture the brightness of an
object is by its luminance. Luminance can be understood as the sum of light of the entire
visible spectrum that hits the eye and there are plenty of ways to measure that as Shevell
(2003) explained.

2.3 Summary of Colorimetry
Colourimetry methods provide a way to quantify and analyse the discolouration using the
dimensions of colour spaces as a measure of the intensity of the discolouration (Table 2).
This way, colourimetry ultimately helps to shed light on the mandible’s colour.
Table 2: All the colour spaces mentioned here consist of three dimensions, but the
dimensions can assume different values and measure different colour characteristics.
Colour
Space
sRGB
sRGB
sRGB
HSV/HSL
HSV/HSL
HSV/HSL
XYZ
XYZ
XYZ
YCbCr
YCbCr
YCbCr
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Dimension

Values

Explanation

R
G
B
H
S
V/L
X
Y
Z
Y
Cb
Cr

0 to 255 (in 8 bit)
0 to 255 (in 8 bit)
0 to 255 (in 8 bit)
0° to 359°
0 to 1 (or 0 to 100)
1 to 1 (or 0 to 100)
0 to 95.047
0 to 100
0 to 108.883
16 to 235
-0.5 to 0.5
-0.5 to 0.5

Red component
Green component
Blue component
Hue
Saturation
Lightness/value
Excitement of "red photoreceptor"
Excitement of "green photoreceptor"
Excitement of "blue photoreceptor"
Luma (Brightness)
green/red (<0), blue/magenta (>0)
green/blue (<0), red/magenta (>0)

3 Study Site
3.1 Iceland: Land of Fire and Ice
With an area of 103,000 km2 Iceland is the largest volcanic island and is located where the
North Atlantic and Arctic Ocean meet, between Greenland and Scotland. Iceland’s mainland
is just south of the Arctic Circle (66°33′48.1″ N), but the small island of Grímsey is partially
north of this latitude where the sun never sets in summer for at least one day (Figure 8). The
Capital region of Reykjavík in the south-west is home to more than two thirds of the 360,000
inhabitants, resulting in a sparsely populated countryside (Statistics Iceland, 2015).

Figure 8: A satellite (Landsat 8 mosaic) image from Iceland’s land mass with current
municipal boundaries. The Westfjords are marked with a purple outline in the north-west,
Reykjavík, Iceland’s capital city, is in the south-west.
In the centre of the island large parts are uninhabited due to the hostile conditions. Over 14%
of the land area is covered with lakes and glaciers and less than a quarter is vegetated
(National Land Survey of Iceland, 2001). The subarctic climate is harsh and heavy winds
are common (Peel et al., 2007).
The Hornstrandir peninsula marks the northernmost region of the Westfjords and is
described as one of the last wilderness areas in Europe (Ham et al., 2018). There are no roads
and no permanent human inhabitants. During summer, tourists or summerhouse inhabitants
come by foot or ferry, but the difficult journey and harsh weather together with management
efforts limit the presence of humans to a minimum (Kuuliala, 2012). Since 1975 the rich and
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yet fragile vegetation is protected under the Hornstrandir Nature Reserve, which implements
some of the strictest conservation rules in Iceland (Umhverfisstofnun, 2020). Although large
parts of the reserve are privately owned, these are inhabited for only a portion of each year
and only by the descendants of the farmers that left the area in the 1950s.

3.2 Climate and Geology
Owing to the warm north Atlantic current, the coasts of Iceland remain ice-free during
winter. The average January air temperature in the capital city Reykjavik just -3°C, despite
its high latitude of circa 64° N. (Icelandic Meteorological Office, 2020). In summer,
Reykjavik’s temperatures remain cool and mild, with an average high of 14°C. Further east
and inland however, the Atlantic ocean has less effect and temperatures can be much lower
(Icelandic Meteorological Office, 2020; Lamb, 2002).
Iceland is located on the Mid-Atlantic Ridge, where two tectonic plates drift apart. In fact,
the plateau has been formed by this geological hotspot which also explains the high volcanic
activity, ranging from geysers and hot pools to large volcanic eruptions (Thordarson &
Larsen, 2007).
Glaciers cover 11% of the land and form an extreme environment for life to exist. And yet,
life can be found, mainly in the form of small organisms. Chlamydomonas nivalis, is a
unicellular alga that is found in glacial ice around the globe. In high concentrations it has the
power to turn glacial ice pink giving it the name watermelon snow, as this effect is visible
to the naked eye.
Drangajökull is the only glacier in the Westfjords of Iceland (Figure 9), is the country’s
northernmost ice cap, and is one of Iceland’s glaciers to be known to have watermelon snow
caused by C. nivalis (Lutz et al., 2015), whose pigments could potentially find their way into
the food chain. Drangajökull is the only glacier in the country that is entirely below 1000m
but also the only one that is not retreating recently (Brynjólfsson et al., 2015; Magnússon et
al., 2016).

3.3 Flora and Fauna
The isolation of Iceland in the North-Atlantic and the sub-arctic climate create hard
conditions for all life. At present, trees typically do not grow taller than shrubs and only 2%
of Iceland’s surface is forested. In contrast, when humans settled in Iceland (874 AD) the
climate was warmer and tree cover was 35-50% (Eysteinsson, 2017).
Many sea bird species utilize Iceland’s rugged coastal cliffs for nesting, and for most of
history the isolation provided protection from predators common to continental habitats. The
circumstances were favourable to Guillemots (Cepphus spp.), Sea gulls (Laridae) and
northern fulmars (Fulmarus glacialis) as well as Atlantic Puffins (Fratercula arctica). Over
80 bird species are permanent residents of Iceland, while the number of visiting species
exceeds 300 (Clements et al., 2018).
Nesting conditions were characterized by the absence of terrestrial predators, but changed
with the arrival of Arctic foxes and much later humans (Smith, 1995; The Icelandic Institute
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for Natural History, 2020). In the early 20th century, seafarers brought mink (Mustela
lutreola) to Iceland, and these prey on birds that breed in more accessible areas than some
of the aforementioned sea birds (Bonesi & Palazon, 2007).
In Iceland much of the vegetation is limited to low elevation coastal areas (The Icelandic
Institute for Natural History, 2018). At higher elevations, plants become rarer and the
diversity declines, creating sparsely vegetated habitats that are mainly home to lichen and
moss (The Icelandic Institute for Natural History, 2018). Unnsteinsdóttir et al. (2016)
estimated that the Iceland coastline is much longer in the west compared to the east. As a
result the seashore area, specifically in the highly convoluted Westfjords, makes up a greater
percentage of the overall area and provides a rich and productive habitat, despite the sea
cliffs and otherwise narrow strip of coastal lowlands before high elevations predominate
(Unnsteinsdóttir et al., 2016).
The Arctic foxes appear to benefit from this productivity, as their population density is three
times higher in the west than in the east (Unnsteinsdóttir et al., 2016). The west coast remains
largely ice-free year-round, and if a snow cover settles on the coastal strip of the Westfjords,
it is usually short-lived, patchy and thin with vegetation showing through. Hence, the brown
colour phase for Arctic fox has the advantage of camouflage. Blue foxes make up around
80% of the foxes in the Westfords, while it is more balanced in the rest of the country
(Hersteinsson, 1984). Since the colour is a genetic morph, the divergence suggests a genetic
isolation of the foxes in the Westfjords (Norén et al., 2009). This suggestion is supported by
the fact that ear canker mites (Otodectes cynotis) are a common parasite in Arctic foxes from
the Westfjords, and are exclusive to the peninsula in the north-west (Gunnarsson et al.,
1991).
Although lemmings and voles are common elsewhere in the sub-arctic, the only rodent
present in Iceland is the Wood mouse (Apodemus sylvaticus). Regardless, Hersteinsson and
Macdonald (1996) suggest these are not a relevant food source for Icelandic Arctic foxes.
Instead, foxes living in the interior of Iceland seem to depend on Ptarmigan (Lagopus mutus),
since the decline of these birds correlated with a decline of the Arctic fox population
(Unnsteinsdóttir et al., 2016). Still, Arctic foxes are known to be variable in their diet
(Angerbjörn et al., 1994).
The Westfjords make up the north-west of Iceland (Figure 9). Geologically the region is the
oldest part of the country. It is home and nesting location for large numbers of sea birds,
including Kittiwakes (Rissa tridactyla), Fulmars (Fulmarus glacialis) and various species
from the families of Auks and Gulls (Gardarsson, 1995). These seabirds and their eggs are
the primary food source for Westfjord Arctic foxes, but foxes have also been observed eating
mussels (Hersteinsson & Macdonald, 1996). Mussels are predominantly consumed only in
winter, when all other food sources are absent (Hersteinsson, 1987), which suggests that
their hard shell makes mussels a less desirable prey item.
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Figure 9: The Westfjords in the north-west of Iceland. The peninsula is divided into nine
municipalities. The glacier Drangajökull is in the north-east of the centrally located
Suðavikurhreppur.

3.4 Local Municipalities
Iceland is separated into eight regions: The Capital Region, the Southern Peninsula
Reykjanes or Suðurnes, the Westfjords and the Western, Northwestern, Northeastern,
Eastern and Southern Region. This division mainly serves statistical purposes and each
region is a collection of multiple municipalities (i. sveitarfélög). Subject to numerous
reformations and updates, the names and boundaries have changed many times in the past,
but most recently in 2013 and 2018. A great reformation of the municipalities followed the
local elections of 2006. Many merged with others (Grétarsson, 2013). In 2000 there were
124 municipalities, today there are 72 (Sigurfinnsson & Ingvarsdóttir, 2018). The hunting of
Arctic foxes is conducted by farmers, but the municipalities manage and distribute
governmental funds allocated to hunters (Alþingi, 1994; Reglugerðasafn, 1995). Humans
have also interacted with nature ever since the establishment of fish-farms in Ísafjarðardjúp,
the fjord north of Súðavíkurhreppur.
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4 Methodology
4.1 Data Collection
4.1.1 Mandible Preparation
Fox carcasses were frozen and sent to NI by the farmers, where they have been stored in a
freezer (-18°C) until they are dissected. Together with samples from various organs, the head
is taken off. To extract the canid tooth, the head is boiled in water for 3-4 hours. After that,
the flesh is soft and can be separated from the mandibles, at which time canid teeth are
removed for ageing. Once free of tissue, the mandibles are dried, labelled and placed in
lightproof cardboard boxes in a windowless storage room at NI. This NI collection began in
1979 and currently contains about 11,800 fox mandibles from every municipality of Iceland
(Figure 10).

Figure 10: The origin of the fox carcasses from the analysed subset. The investigated sample
size covers every Icelandic municipality.
4.1.2 Photographing Jaw Bones
This study investigated a subset of 4338 fox mandibles collected between 2000 and 2019.
The subset included a total of 4284 white mandibles and 54 purple, whose colour was
determined as per subjective evaluation at the time of boiling and cleaning. The NI collection
typically contains both mandible halves, but sometimes halves had either been lost or
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destroyed. A further sub-set (n = 809, 799 if which were white and 10 were considered purple
during the process of boiling and cleaning) of mandible halves were chosen for colour
measurement. These were photographed from both lingual and buccal sides resulting in a
total of 3083 pictures.
Digital photography is an easy and affordable method to measure colour and can provide
accurate results if performed under suitable conditions as suggested by McKay (2013) and
Garcia et al. (2014). In addition, it is much quicker than photospectrometry which measures
the reflectance or absorbance over the entire spectrum and thus delivers more detailed data.
Photography was chosen over spectrometry as it allows data collection from a greater sample
size within a given time. In addition, the discolouration is at least partly in the spectrum that
is visible to the human eye. A sensor of a digital camera together with the software drivers
are engineered to record colour, as perceived by humans, accurately. It was therefore
considered to be sufficient.
Two Bowens (Norwich, United Kingdom) Trilite light stands (BW-3315 3.15A, 220-240V
90 W) with three daylight light bulbs each (1 x 25W and 2 x 30W, 50/60Hz) were the only
source of illumination for the photography. In addition, diffusion fabric helped to avoid
shadows and reflections on the uneven bone surface (Figure 11). The resulting illumination
on each individually measured sample was about 3770 lux allowing an exposure value of
10.6. Cards with black, grey (18%) and white standards were used for white balance and to
ensure the consistency of the lighting. After ten minutes of pre-heating the light intensity
was consistent (Figure 15). However, before photographing, the system was allowed to
preheat at least 20 minutes to ensure constant lighting of the scene. To achieve internal
validity, the entire lighting setup was not moved throughout the entire measuring process
which consisted of nine sessions over a period of almost three months.
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Figure 11: The lighting setup used two light sources and allowed for a distance of 45 cm
between sample and the sensor plane of the camera. The soft box with semi-transparent
diffusion fabric eliminated any sharp shadows.
The photographs were taken in raw format. The image was not corrected for the used lens,
neither in camera nor in post processing. For each mandible half two pictures were taken;
one from the inside (lingual) and one from the outside (buccal), resulting in four pictures for
each individual, unless bones were missing.
All photographs were taken on a 400D (Digital Rebel XTi in North America and EOS Kiss
Digital X in Japan) from Canon (Japan) in combination with the Canon Zoom Lens EF-S
18-55 mm 1:3.5 - 5.6 II, as this equipment was available to be used in the setup permanently.
The lens was used at a focal length of 55 mm which reduces distortion and increases
reproducibility, as most beginner level DSLR lenses can reach this focal length. It results in
a viewing Angle of about 22.8° on the APS-C sized sensor.
The shutter speed of 1/50 second was just longer than the frequency of the light bulbs. The
wide aperture F/5.6 allows to select the native ISO (lowest possible: ISO = 100) which
optimizes the signal-to-noise-ratio of the photographs and allows maximum accuracy for the
colour measurements. The focus was set to manual mode and a timer was used to eliminate
any camera shake. To reduce the vignette effect that most camera lenses have, the sample
was placed in the centre of the frame (Figure 12).
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Figure 12: Four examples of the mandible pictures that were used to measure the colour.
The differences in the discolouration are obvious to the eye in a) and c). But d) was also
considered to be purple during the process of boiling and cleaning. b) serves as a reference
with no visible discolouration.
4.1.3 Light Preheating for Consistent Illumination
Photography can only be reliable and accurate if the lighting is consistent (Hong et al., 2001;
McKay, 2013). Regular lamps for room lighting are not designed to keep a constant light
output. The light intensity and colour can vary depending on age of the lamp as well as its
temperature and other external factors. The lights that were used in the setup are daylight
lamps, engineered to emit consistent light, but they need to heat up to operating temperature.
Once warm, the output remains constant.
Preheat time is the time the lamps must run before the operating temperature is reached must
be determined for consistent lighting. It can be found by analysing the change of the light
output over time. This is preferred over measuring the temperature of lights, as reflective
surfaces of the light bulbs and the lamps are not suitable to measure the temperature. In
addition, it is the light output and not the temperature itself that determines the accuracy of
the results. Measuring this output directly with the relevant colour dimensions skips the step
of measuring the temperature and any inaccuracy resulting from this step (Goodman, 2012).
To estimate the light output, standard charts for black, grey (18%) and white from the
company JJC (Shenzhen, China) were photographed in defined intervals after turning on the
lights. The same charts were also used for the white balance. Photographs were taken after
10, 30 and 60 seconds and then every minute until 44 minutes passed resulting in a total of
46 pictures.
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4.2 Data Processing
4.2.1 Measuring Mandible Colour in Photoshop
The photographs were opened in Camera Raw (version 11.4.1) from Adobe Systems
Incorporated (USA) in their embedded colour profile Adobe RGB 1998. The white balance
was estimated from the grey standard. The colour temperature 5950K and +42 toning
minimized the hue on the charts in the photograph and were applied to all images.
Taking pictures of the samples individually eliminated the effect that surface reflections of
one sample could have on the nearby sample. It also allowed placing the mandibles
consistently in the centre of the frame to reduce the vignette of the camera equipment. Four
measuring points per image and four images per fox result in eight measuring areas per
mandible and 16 measuring areas for each fox, if all mandible halves were present and in
suitable condition. The sRGB values for each area were copied into a spreadsheet in Excel.
The 8-bit format values reaching from 0 to 255 were transformed into the hexadecimal
notation to reduce the amount of data in the copy-and-paste process. In addition to the rather
irregular shape and size of the bones, holes from bullets and nerves as well as cracks and
local discolourations made it necessary to select the four measuring areas for each image
manually.
The colour measurements were done in Photoshop CC (Version 20.0.6) from Adobe by
measuring the colour in selected areas using the colour sampler tool. Each colour measuring
area estimated the mean of 11x11 pixels which helped to reduce the effect that any noise or
pixel-based artefacts could have (Hong et al., 2001). The area represents a surface of roughly
0.5mm * 0.5mm on the bone, reducing the impact of small particles of dirt on the
measurement. The resulting colour values were digitized by entering them into a
spreadsheet. The spreadsheet contained four hexadecimal codes, representing one colour
triplet in the RGB colour each space for every picture image. This spreadsheet was the basis
for the statistical analysis and the conversion into other colour spaces.
To estimate the preheat time, the colour of the charts was measured in four spots that were
chosen at the exact same location on all photos of the series. The measurements for the
preheating were processed in the same way as for the bone colour: four triplets in the RGB
colour spaces were converted into the other colour spaces.
4.2.2 Conversion into Different Colour Spaces
To allow statistical analysis of the colour dimensions, a conversion into the different colour
spaces was necessary, for which Microsoft Excel was used. Each sample had 16 measuring
areas and it is important that the conversion for each measurement was done before
calculating the average values for each sample number. The alternative would have been to
calculate the mean out of the 16 measuring points from each sample in the sRGB colour
space and then convert it to other colour spaces. For statistical analysis, the first procedure
was preferable. The mean could distort the statistical distribution because the conversion is
a process of algorithms and not simple equations.
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sRGBnormalized
In the sRGB colour space the brightness affects all dimensions at the same time, but not
necessarily to the same degree (Böhringer et al., 2008). Thus, the relationship between the
dimensions can be more meaningful, than the single dimensions. To emphasize that and
reduce the impact of the brightness of the bones, the sRGB colour space was normalized,
meaning each dimension is divided by the sum of the three dimensions (4.2.2.1 – 4.2.2.3).
Both, sRGB and sRGBnormalized were analysed for this work.
𝑅

𝑅𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝑅+𝐺+𝐵

(4.2.2.1)

𝐺

𝐺𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝑅+𝐺+𝐵

(4.2.2.2)

𝐵

𝐵𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 𝑅+𝐺+𝐵

(4.2.2.3)

Dividing each dimension through the sum of all dimensions, does not result in a full colour
space. The brightness of the colour or illumination of the object does not play a role in the
normalized space, as the division eliminates this information. In other words, the information
about illumination or brightness is lost when sRGB is transformed into sRGB normalized. Since
𝑅𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 + 𝐺𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 + 𝐵𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 1

(4.2.2.4)

the colour space with the normalized sRGB values can consist of only two components, as
the third one can be calculated from the other two, e.g. 𝑅𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 = 1 − (𝐺𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 +
𝐵𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 ).
HSV and HSL
The conversion equations 4.2.2.5 – 4.2.2.11 were programmed into an excel sheet to convert
sRGB into sRGBnormalized as well as the colour spaces HSV, HSL. The hue H is calculated
for HSV and HSL simultaneously:
𝑅, 𝐺, 𝐵 ∈ [0,1]
𝑀𝐴𝑋 = max(𝑅, 𝐺, 𝐵)

(4.2.2.5)

𝑀𝐼𝑁 = min (𝑅, 𝐺, 𝐵)

(4.2.2.6)

0,

if MAX = MIN ⟺ R = G = B
𝐺−𝐵

𝐻≔

60° ∗ (0 + 𝑀𝐴𝑋−𝑀𝐼𝑁) ∗ 100, if MAX = R

(4.2.2.7)

𝐵−𝑅

60° ∗ (2 + 𝑀𝐴𝑋−𝑀𝐼𝑁) ∗ 100, if MAX = G
𝑅−𝐺

{ 60° ∗ (4 + 𝑀𝐴𝑋−𝑀𝐼𝑁) ∗ 100, if MAX = B
if 𝐻 < 0° then 𝐻 ≔ H + 360°
S, measuring the saturation, on the other hand is calculated in a different way for the colour
spaces (4.2.2.8 and 4.2.2.9).
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𝑆𝐻𝑆𝑉 ≔ {

0,
𝑀𝐴𝑋−𝑀𝐼𝑁
𝑀𝐴𝑋

∗ 100,

if MAX = 0 ⟺ R = G = B
otherwise

0, if MAX = 0 ⟺ R = G = B = 0
0, if MIN = 1 ⟺ R = G = B = 1

𝑆𝐻𝑆𝐿 ≔ {

𝑀𝐴𝑋−𝑀𝐼𝑁

2𝑀𝐴𝑋−2𝐿

=
1−|𝑀𝐴𝑋+𝑀𝐼𝑁−1|

1−|2𝐿−1|

𝑀𝐴𝑋−𝐿

= 𝑀𝐼𝑁(𝐿,1−𝐿) , otherwise

(4.2.2.8)

(4.2.2.9)

The V in HSV and L in HSL are short for value and lightness respectively and are
measures for brightness (4.2.2.10 and 4.2.2.11).
𝑉 ≔ 𝑀𝐴𝑋
𝐿≔

(4.2.2.10)

𝑀𝐴𝑋+𝑀𝐼𝑁

(4.2.2.11)

2

The equations are obtained from Chernov et al. (2015)
CIE L*a*b*
The Colour Conversion Centre, a file for Microsoft Excel which is online available
(Boronkay, 2007), was used to estimate CIE’s L*a*b* and XYZ coordinates from the sRGB
coordinates. The equations (4.2.2.12 – 4.2.2.15) that are used in this conversion assume
sRGB is linear and ∈ [0, 1].
𝑌

𝑌

116 (𝑌 ) − 16,

𝑌𝑛
𝑌

𝑛
𝐿∗ = {
𝑌
903.3 (𝑌 ),

𝑌𝑛

𝑛

𝑋

𝑌

𝑋𝑛

𝑌𝑛

𝑌

𝑍

> 0.008856
≤ 0.008856

𝑎∗ = 500[𝑓 ( ) − 𝑓 ( )]
𝑏∗ = 500 [𝑓 (𝑌 ) − 𝑓 (𝑍 )]
𝑛

𝑛

(4.2.2.12)

(4.2.2.13)
(4.2.2.14)

where the function 𝑓(𝑠) is defined as
1

𝑠 ⁄3 ,
𝑓(𝑠) = {
7.787(s) +

16
116

s > 0.008856
, s ≤ 0.008856

(4.2.2.15)

L*, a*, b*, X, Y, Z ∈ [-100, 100]
The equations are obtained from Lindbloom (2017).
CIE XYZ
The exact calculation of the XYZ requires photospectrometric measurements of each bone.
For the sake of a larger sample size, the exact calculation of the XYZ was renounced for this
work and XYZ was calculated from the sRGB values (4.2.2.16 – 4.2.2.27). As a result, the
generated colour values of this work cannot be compared to measurements taken in a
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different setup. The calculation was done with the colour conversion centre from Boronkay
(2007) which uses the following equations 4.2.2.16 – 4.2.2.27
𝑋
𝑅
[𝑌 ] = [𝑀] [𝐺 ]
𝑍
𝐵

(4.2.2.16)

Where
𝑆𝑟 𝑋𝑟
[𝑀] = [ 𝑆𝑟 𝑌𝑟
𝑆𝑟 𝑍𝑟

𝑆𝑔 𝑋𝑔
𝑆𝑔 𝑌𝑔
𝑆𝑔 𝑍𝑔

𝑆𝑏 𝑋𝑏
𝑆𝑏 𝑌𝑏 ]
𝑆𝑏 𝑍𝑏

(4.2.2.17)

𝑥

𝑋𝑟 = 𝑦𝑟

(4.2.2.18)

𝑌𝑟 = 1

(4.2.2.19)

𝑟

𝑍𝑟 =

1−𝑥𝑟 −𝑦𝑟

(4.2.2.20)

𝑦𝑟
𝑥

𝑋𝑔 = 𝑦𝑔

(4.2.2.21)

𝑌𝑔 = 1

(4.2.2.22)

𝑔

𝑍𝑔 =

1−𝑥𝑔−𝑦𝑔

(4.2.2.23)

𝑦𝑔
𝑥

𝑋𝑏 = 𝑦𝑏

(4.2.2.24)

𝑌𝑏 = 1

(4.2.2.25)

𝑏

𝑍𝑏 =

1−𝑥𝑏−𝑦𝑏

(4.2.2.26)

𝑦𝑏

𝑋𝑟
𝑆𝑟
[𝑆𝑔 ] = [ 𝑌𝑟
𝑆𝑏
𝑍𝑟

𝑋𝑔
𝑌𝑔
𝑍𝑔

𝑋𝑏 −1 𝑋𝑊
𝑌𝑏 ] ∗ [ 𝑌𝑊 ]
𝑍𝑊
𝑍𝑏

(4.2.2.27)

The equations are obtained from Lindbloom (2017).
YCbCr
A matrix multiplication in excel converted from sRGB to YCbCr:
𝑅, 𝐺, 𝐵 ∈ [0,1]
0.299
𝑌′
[𝑃𝑏 ] ≈ [ −0.168736
0.5
𝑃𝑟

0.587
− 0.331264
− 0.418688

𝑅
0.114
]
∗
[
]
𝐺
0.5
− 0.081312
𝐵

(4.2.2.28)

The equation is obtained from the International Telecommunication Union (2012).
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Luminance
Three different estimates for the luminance were used to estimate the preheat time (equations
4.2.2.29 – 4.2.2.31).
𝐿𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 = 0.2126 ∗ 𝑅 + 0.7152 ∗ 𝐺 + 0.0722 ∗ 𝐵

(4.2.2.29)

𝐿𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑1 = 0.299 ∗ 𝑅 + 0.587 ∗ 𝐺 + 0.114 ∗ 𝐵

(4.2.2.30)

𝐿𝑝𝑒𝑟𝑐𝑒𝑖𝑣𝑒𝑑2 = √0.299 ∗ 𝑅2 + 0.587 ∗ 𝐺 2 + 0.114 ∗ 𝐵 2

(4.2.2.31)

The equations are obtained from the International Telecommunication Union (2012).
These estimates for luminance were selected, for they are based on the RGB colour space
which is the space in which the colour of the mandibles was measured.

4.3 Data Analysis
4.3.1 Sample Selection
For the binary distribution of purple mandible colour over time, a large dataset of 4388
mandibles (n = 4284 white and 54 purple between 2000 and 2019) was used as occurrence
of discolouration was always recorded at the time of boiling and cleaning. Owing to the
consistency in mandible preparation and recording since the collection began in 1979, all
bones not noted to be purple were assumed to be white. This information was essential for
digitally measuring the colour.
4.3.2 Software
Microsoft (Redmond, Washington, USA) Excel (Version 16.31) was used under a Microsoft
365 student license. The statistical analysis was done using R versions 3.5.1 and 3.6.3 (R
Development Core Team, 2010) and RStudio version 1.1.456 (RStudio Team, 2015). Violin
plots were created using the vioplot package version 0.3.4 (Adler, 2005) and the threedimensional plots used the package plotly version 4.9.2.1 (Sievert et al., 2017). All other
plots are based on the package ggplot2 (Wickham, 2016). All packages are compatible with
R and RStudio. QGIS (version 2.18.15) was used to illustrate and map the results.
4.3.3 Correlations and Excluding Artefacts
Since nothing is known about the origin of the discolouration and to examine possible
handling effects and other artefacts, all the corresponding data associated with the mandibles
was statistically tested (Table 3). Insignificant differences would suggest a lack of
correlation. A significant difference would indicate a correlation with the discolouration. If,
for example, all heads boiled together in the same batch had purple bones, then the boiling
process itself may have stained the bones. If all carcasses with purple mandibles were stored
together in the same freezer, then something about that freezer may have stained the bones.
If the discolouration cannot be associated with any artefact, then purple bones were likely
present in some proportion of the Icelandic Arctic fox population during the collection
period.
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Table 3: All variables that were tested for significant differences between purple (n = 54)
and white (n = 4284) bones. For continuous and discrete variables, a t-test was used,
while categorical, binary and nominal variables used a chi-square test. The region is the
only categorical variable for which a multinomial logistic regression was used.
Variable

Type

test

Fat index
Municipality (sveitarfélög)
T= runner, F=denner (where was it shot)
Sex
Morph
Age
County
Number of cubs
lamb remains at den
Placental scars
Foetuses
Thickness of uterus
Date (number of day)
Naked (hairless) morph
Weight (in kg)
Number of visible teats
Lactating
Region
Ear mite present
Weight of right testicle
Weight of left testicle
Dimensions of mandible

Continuous
Categorical
Binary
Binary
Categorical
Discrete
Nominal
Discrete
Binary
Discrete
Discrete
Continuous
Discrete
Binary
Continuous
Discrete
Binary
Categorical
Binary
Continuous
Continuous
Continuous

t-test
chi- square
chi- square
chi- square
chi- square
t-test
chi- square
t-test
chi- square
t-test
t-test
t-test
t-test
chi- square
t-test
t-test
chi- square
Multinom
chi- square
t-test
t-test
t-test

The variables are of different types and for each a test was chosen that recognizes differences
between two samples, the purple (n = 54) and the white bones (n = 4284). Correlations
between continuous variables like the fat index or the weight of testicles and discrete
variables like the number of teats were tested with student’s t-test, while binary and nominal
variables were tested with chi square. A multinomial regression analysis was used to find
correlations for the region, a categorical variable (Table 3).
Dimensions of the mandible bones were also correlated to mandible colour. The size is
expected to differ between different populations of Arctic foxes in Iceland (E.R.
Unnsteinsdóttir, personal communication, April 13, 2019). The correlation of colour was
tested with the following dimensions (Figure 13): overall length (SA), height (SD), the
length to the strongest molar tooth (SB) and the thickness (SE). This data from NI was
available for all samples that were investigated for this work.
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Figure 13: Four different dimensions of the mandible bones were measured, including two
length measures, as well as height and thickness.
Since asymmetric body features can be an indicator for the exposure of POPs (e.g. Bradley
et al., 2019; Bustnes et al., 2002; Jenssen et al., 2010; Sonne et al., 2005), the symmetry was
investigated. For this, the difference between the left and right testicle was calculated. A ttest was used to identify if this value differed between foxes with purple (n = 54) and white
(n = 4284) bones.
4.3.4 Estimation of Preheat Time
The preheat time was analysed visually by plotting the relevant colour dimensions a* and
Gnormalized and measures for luminance that were estimated for the black, grey and white
standard over time. Because a* and Gnormalized were used for the further analysis, it was
important to see how they changed over time on a colourless chart. But because they measure
a colour and the charts are black, grey and white, the brightness or luminance was also of
great importance and was evaluated as well as the hue for comparison.
Two sets of plots were created to analyse when the lighting was consistent. One visualized
the absolute value for the aforementioned colour spaces and the second visualized the change
from one minute to the next and served as the first derivation of the first set of plots. The
lighting was constant, when the first set of plots stabilized, which was when the values in
the second set of plots became zero.
4.3.5 Finding the Best Dimension to Measure the Discolouration
One goal of the statistical analysis was to find a way to measure the purple discolouration.
It was assumed that the dimensions that show the greatest difference between the purple and
white bones are best suited as a measure of the discolouration. The existing data from NI,
that was recorded in the process of boiling and cleaning, was used as reference to allocate
whether mandibles were white or purple.
R and RStudio were used to find the greatest difference between the purple and white bones
using t-tests for the colour dimensions that were described previously. Three-dimensional
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plots gave a visual support for the relevant colour spaces XYZ, L*a*b*, HSV, HSL and
sRGBnormalized. Violin plots together with three-dimensional plots provided visualization that
aided analysis of the fitness of colour dimensions as measures for purpleness and allowed
analysis of the dimension within the colour space.
Three-dimensional plots are well suited as the colour spaces generally also consist of three
dimensions. To emphasise the dimensions that showed the greatest difference, the viewing
angles for the three-dimensional plots in this thesis were selected in such a way, that they
show the greatest differences between purple and white bones, and this was the angle, in
which the means of purple bones and white bones lay in a plane, perpendicular to the viewing
angle. This angle was chosen manually, as the plots are not a standalone analysis of suitable
colour spaces, but a support for the statistical analysis.
a* and Gnormalized are the colour dimensions which will show the greatest difference and are
therefore considered to be best suited as colour measures for the discolouration. They were
used for the mapping in GIS but also to show the distribution of the discolouration over the
years. And since they are the two most relevant colour dimensions for this work, they were
also used to estimate the preheat time.
4.3.6 Classifying a* and Gnormalized for Further Analysis
To analyse the discolouration, it was necessary to create classes for the intensity of the purple
colour. As a previous step, a measure of the colour was found which was subsequently
classified. The classes were necessary for the visualization of the geospatial distribution in
GIS, as well as the change of the discolouration in Icelandic Arctic foxes over time.
Using standard deviation classification, a* from the L*a*b* colour space was divided into
the numerical classes 0 to 8. The breaks were multitudes of the standard deviation (SD)
added to the mean (Table 4). The first three classes were arguably not purple at all and were
assigned with a weighting factor of 0. This eliminated the impact on further calculations and
the final maps. For the higher classes, the weighting factor increases by one per class. Thus,
a stronger discolouration has a bigger impact.
For the classification of Gnormalized the class order was inverted (Table 5). The dimension
shows greater values for white bones because G measures the share of green. Accordingly,
purple bones have smaller G and Gnormalized values and hence needed a higher weighting
factor. In regard of the classification for a*, the classification of Gnormalized should also use
multitudes of the standard deviation and mean. Breaks were created by subtracting
multitudes of the standard deviation from the mean, creating classes from 0 to 8, with 0 being
the strongest discolouration (Table 5). The thereby created dimension were called Gnormalized’
to emphasize that it is inverted.
The colour data were classified, which permitted including the intensity of the discolouration
in the final illustration. Each observation was not only classified but also weighted using the
described procedure. The total purpleness of one municipality is the sum of the weighting
factors. The breaks, weighting factors and totals for each class are shown in Table 4 for a*
and Table 5 for Gnormalized.

30

Table 4: Classes and breaks for a* together with the total for the classes.
Class

Boundaries

Upper Break

Weigh factor

Total

0
1
2
3
4
5
6
7
8

0 - 2.230
2.230 - 3.328
3.328 - 4.427
4.427 - 5.525
5.525 - 6.624
6.624 - 7.722
7.722 - 8.820
8.820 - 9.919
9.919 - 11.017

mean
mean + SD
mean + 2 * SD
mean + 3 * SD
mean + 4 * SD
mean + 5 * SD
mean + 6 * SD
mean + 7 * SD
mean + 8 * SD

0
0
0
1
2
3
4
5
6

491
229
56
18
6
5
0
2
1

The resulting measure is abstract and has no dimension. It was then divided by the number
of total foxes shot in this area to account for the great differences in the number of findings
per municipality.
Table 5: Classes and breaks for Gnormalized with the total for the classes to create Gnormalized’.
Class

Boundaries

Upper Break

Weigh factor

Total

0
1
2
3
4
5
6
7
8

0 - 0.319
0.319 - 0.321
0.321 - 0.324
0.324 - 0.326
0.326 - 0.328
0.329 - 0.331
0.331 - 0.333
0.333 - 0.336
0.336 - 0.338

mean - 8 * SD
mean - 7 * SD
mean - 6 * SD
mean - 5 * SD
mean - 4 * SD
mean - 3 * SD
mean - 2 * SD
mean - SD
mean

5
4
3
2
1
0
0
0
0

0
0
1
2
5
6
79
281
434

4.3.7 Temporal Analysis
Three bar plots were created to illustrate and analyse the change of purpleness over time.
They were based on the two best measures for purpleness a* and Gnormalized for the years 2009
to 2019 and relied on the classification of the colour intensity. The share of purple bones was
visualized for the years 2003 to 2019 and is based on the subjective colour designation from
the process of boiling and cleaning.
4.3.8 Spatial Analysis
Early in the process it became obvious that the discolouration was not spread evenly around
Iceland. The location of the discolouration, together with its local intensity became
fundamental components for postulating and discussing possible causes. A GIS
(Geographical Information System) provided a visualization of results that facilitated
discussions on spatial distribution. QGIS was chosen for its common use among
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professionals and their open source license as well as compatibility with typical operating
systems, making it the perfect candidate to generate reproducible maps.
A shapefile with the most recent municipality boundaries (since 24.12.2019) is freely
available at the website from the National Land Survey of Iceland (www.lmi.is). The notes
from NI contained the name the municipality had at the time of fox carcass collection. Since
names have changed multiple times since the data recording started in 1979, to make an
unambiguous match, a table was created in excel to match the names of all municipalities
that have existed with the current municipality postal code.
The previous steps resulted in three measures for the purple bones. Two were created from
dimensions from colour spaces a* from L*a*b* and Gnormalized’ from sRGBnormalized (n = 799
white and 10 purple). Both take the intensity of the colouration into account. The third
measure was the share of purple mandibles per municipality (n = 8284 white and 54 purple).
It ignored the intensity of the colour and fully relied on the NI’s original subjective colour
designation at the time of boiling and cleaning (Unnsteinsdóttir, 2020). GIS was used to
illustrate the results in such a way that any observer understands the spatial presence of
discolouration.
Testing multiple measures for the same aspect has multiple benefits. A correspondence
between results that were created from different datasets was an indication for high
consistency. In other words: if the results from colour measurements and the binary colour
information from NI were similar, the results were more reliable.
The mapping of ear mites was based on how many of the foxes in each municipality were
found with ear mites, which was based on NI’s original carcass data.
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5 Results
5.1 Excluding Artefacts and Finding Correlations
Foxes with purple bones were on average one month younger than foxes with white bones,
but the difference is not significant (p = 0.9336). 90% of all foxes were one year or younger.
Foxes with purple bones were more likely to have ear mites (p = 3.754*10^-11) and the
mean of the year in which foxes with purple mandibles were shot was significantly different
to the mean of years of foxes with white bones (p < 2-2e-16, Table 6). There was a significant
difference between foxes with white and purple bones, regarding if they were shot on the
run or in the den. All other variables show no significant difference between foxes with white
and purple bones, but the differences in morph (white or blue fox) are not significant (p =
0.07407, Table 6).
Table 6: Statistic tests between the colour of the bones and recorded data show that the
location in Municipality and county, the year the fox was shot and the recordings for ear
mites differ significantly between purple (n = 54) and white (n = 4284) bones.
Variable

Significant Difference (p-value)

Fat index
Municipality
Shot at den or on the run
Sex
Morph
Age
Region
Number of placental scars
Number of foetuses
Thickness of uterus
Year
Day
Date
Naked
Weight
Number of visible tits
Lactating
Ear mite
Right testicle's weight
Left testicle's weight
Difference between testicle weight

no (0.5852)
yes (< 2.2e-16)
yes (0.0005268)
no (0.2144)
no (0.07407)
no (0.8183)
yes (< 2.2e-16)
no (0.2975)
no (0.7404)
no (0.6936)
yes (< 2.2e-16)
no (0.4708)
yes (< 2.2e-16)
no (0.6904)
no (0.1733)
no (0.3581)
no (0.7549)
yes (2.60E-12)
no (0.1578)
no (0.2013)
no (0.6654)

Foxes with purple mandible bones were not found more asymmetric than foxes with white
bones in terms of the weight of their testicles. The result of the t-test showed a difference
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between the means of the differences of the right and left testicle, but it was not significant
(mean difference testicle: white = 0.138, purple = 0.152, p-value = 0.6654).
5.1.1 The Thickness, Height and Two Length Measures of Purple
and White Mandibles
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The distribution of the size of the white bones was broader than for purple bones, indicating
that the variation within white bones was greater. The sample size (n = 4284 for white and
54 for purple bones) of white bones was much bigger (Figure 14).

White

Purple

White

Purple

White

Purple

White

Purple

Figure 14: Violin plots from two lengths as well as the height and thickness of purple (n =
54) and white (n = 4284) show that the white bones vary more in their size.
None of the sizes of the mandible bones show a significant difference between purple and
white bones. (Table 7).
Table 7: Mean values of the four size measurements of mandibles from white and purple
bones.
Size

estimate

SA
SB
SD
SE

-0.0047
-0.26
-0.40
-0.07
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mean white
(n = 4284)
89.99
50.30
34.05
6.29

mean purple
(n = 54)
90.00
50.56
34.45
6.36

t-value

p-value

-0.0099
-0.82
-1.78
-1.10

0.99
0.42
0.08
0.27

5.2 Finding a Colour Measure
5.2.1 Consistent Lighting
A preheat time of 20 minutes was found to be sufficient. After that time, the light output,
which was measured using different colour dimensions, remained constant. The hue H for
the white colour standard stabilized immediately and for the grey colour standard after 20
minutes. For the black colour standard, no trend was visible, and it did not stabilize in the
observed interval (Figure 15 and Figure 16).
a* stabilized earlier after about ten minutes for all three colour standards at a lower level
than it initially was. Gnormalized stabilized at higher levels than initially after about the same
time (Figure 15 and Figure 16).
The luminance estimates looked very similar to one another, increasing in the first few
minutes with a peak in the first minute. After that, they fell to a local minimum after ten
minutes, to slowly increase again (Figure 15). For all three luminance measures, white had
the highest values of around 240, followed by grey around 150 and black around 65 after 20
minutes (Figure 15 and 16).

Figure 15: The colour dimensions H, a* and Gnormalized stabilized for most colour standards
after about ten minutes. The measures for luminance peaked after an initial increase and
then fell to a local depression after ten minutes.
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Figure 16: The illumination of the lighting setup measured on reference colour charts black,
grey (18%) and white in the first 40 minutes after switching the lights on. Most investigated
dimensions stabilize within 5 minutes.
5.2.2 Inspecting Colour Spaces to Find a Measure of Purpleness
The results of colour dimension analysis show that colour dimensions can be applied to
distinguish purple and white bones. Except for b* from the L*a*b* colour space and Cb
from YCbCr, all dimensions showed a highly significant difference between purple and
white bones (Table 8). The normalized green value from the sRGB colour space Gnormalized
presented the greatest difference between purple and white bones (t-value = 11.79) with
significantly higher values for the white bones (p = 7.32*10^-14, Table 8). Another great
difference was found for a*, the dimension representing the red component in the L*a*b*
colour space. For this dimension, the mean of the purple bones was higher (p = 4.92*10-11,
Table 8).
With two exceptions, all dimensions show significant differences between the purple and
white bones, as results of T-tests show (Table 8). The greatest significant differences
occurred for Gnormalized and a*. Three estimates of the luminance (Lum), a standard (std) and
two for the perceived luminance (per1 and per2), showed that the purple bones were
significantly darker.
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Table 8: T-test results for the tested colour dimensions. Almost all dimensions differ
significantly between purple and white bones. The greatest difference, highlighted in red
font, was found for a* and Gnormalized.
Colour
Dimension

Colour
Space

estimate

R (red)
G (green)
B (blue)
Sum sRGB
Rnormalized
Gnormalized
Bnormalized
Lum std
Lum per1
Lum per2
H (hue)
S (saturation)
V (value)
S (saturation)
L (lightness)
X
Y
Z
L*
a*
b*
Y
Cb
Cr

sRGB
sRGB
sRGB
sRGB
sRGB
sRGB
sRGB
HSV/HSL
HSV
HSV
HSL
HSL
XYZ
XYZ
XYZ
L*a*b*
L*a*b*
L*a*b*
YCbCr
YCbCr
YCbCr

17.78
25.47
23.54
66.79
-240.84
360.35
165.00
23.69
22.95
23.03
7.45
-1.13
6.97
5.23
8.10
11.59
13.30
12.32
8.66
-3.37
-0.52
22.95
0.34
-3.69

mean
white
(n = 799)
218.87
201.86
175.15
595.87
439.35
469.88
362.72
203.55
203.90
206.59
36.51
8.57
85.83
38.31
77.26
58.38
60.70
49.87
81.99
2.11
14.78
203.90
-16.25
10.67

mean
purple
(n = 10)
201.09
176.39
151.60
529.09
680.19
109.53
197.72
179.85
180.95
183.56
29.06
9.70
78.86
33.08
69.16
46.79
47.41
37.55
73.33
5.48
15.30
180.95
-16.58
14.36

t-value

p-value

4.58
6.49
6.42
5.93
-7.23
11.79
4.55
6.13
5.98
5.94
8.04
-3.47
4.58
4.49
5.61
7.60
8.08
7.98
5.76
-9.75
-0.79
5.98
0.51
-7.98

6.92E-05
2.75E-07
3.18E-07
1.37E-06
1.83E-08
7.32E-14
6.44E-05
7.83E-07
1.22E-06
1.36E-06
4.10E-09
1.48E-03
6.92E-05
8.11E-05
3.48E-06
1.05E-08
2.84E-09
3.06E-09
2.29E-06
4.92E-11
4.37E-01
1.22E-06
6.16E-01
3.44E-09

Visual analysis
The colour for purple bones (n = 10) differed from white bones (n = 799), which was
reflected in the colour dimensions of multiple colour spaces, making these suitable for
measuring the discolouration. In all three figures, a single outlier resulting from a white,
broken and stained mandible was removed to enhance comprehensibility (Figure 17 - 22).
In the XYZ colour space (Figure 17), the diversity of colour stretched along all coordinates,
especially the X dimension. The purple bones merged with the white bones, and no clear
line could be drawn that would separate the two distributions. The same was true for the
sRGB colour space (Figure 20).
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For HSV and HSL, the hue was the dimension that caused the best separation between purple
and white bones (Figure 18 and 19). The effect of the other coordinates of both colour spaces
seemed random and were unsuitable.
All bones were spread over a plane in the normalized sRGB colour space and the viewing
angle was roughly perpendicular to this plane (Figure 21). This distribution was a result from
the calculation of sRGBnormalized as it took away the information of illumination. The
difference in Gnormalized was the greatest of all three dimensions, and almost allowed do fully
separate purple and white bones with an imagined line. The discrepancy was great,
suggesting this dimension for measuring purpleness, as it distinguished between the two
bone colours.
The L*a*b* colour space separated purple bones well from white bones (Figure 22). The
purple bones have much higher values for a*, and the two other dimensions were insensitive
for the discolouration.

Figure 17: The colour of purple bones has lower values for all three dimensions of XYZ
colour space, but the overlap is big. The purple bones do not stand out from the points for
the white bones. A single outlying data entry was removed to enhance comprehensibility.
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Figure 18: In the HSV colour space, purple bones have lower values for H (hue), while S
(saturation) does not differ. The difference in and V (value/brightness) is insufficient and
there is some overlap in the dimension of the hue. A single outlying data entry was removed
to enhance comprehensibility.

Figure 19: In the HSL colour space, the greatest difference between purple and white bones
is in the dimension for the hue H. In addition, the saturation S and the lightness L are slightly
lower for purple bones. A single outlying data entry was removed to enhance
comprehensibility.
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Figure 20: The top right corner of the sRGB colour space bright colours, while the bottom
left stands for darker tones. All bone colours are positioned around an imagined line
connecting these two extremes, meaning that all bone colours are more or less grey. Purple
bones tend to have lower values for all three dimensions. A single outlying data entry was
removed to enhance comprehensibility.

Figure 21: In the sRGBnormalized colour space most white bones are aligned and have lower
values for all three dimensions. Especially the dimension Gnormalized visualizes the difference
in colour between white and purple bones, as the latter stand out. A single outlying data
entry was removed to enhance comprehensibility.
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Figure 22: In the L*a*b* colour space the difference between purple and white bones is
pronounced in the dimension a*, as purple bones have higher values and stand out. The two
remaining dimensions b* and L* seem to have no effect on the purple colour. A single
outlying data entry was removed to enhance comprehensibility.

5.3 Temporal Distribution
This study examined fox mandibles from a 16-year period, 2003-2019. In 10 of those years
only white bones were observed and the occurrence of purple bone discolouration was
almost explicitly between 2013 and 2017 (Figure 23). This matched the strongest
measurements of relative purpleness from the a* and Gnormalized colour spaces (Figure 24).
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Figure 23: The mandible colour of Icelandic Arctic foxes that were killed between 2003 and
2019. The first purple bone was discovered in 2007, being the only discoloured bone in this
year. More purple bones were discovered between 2013 and 2018. The data for this graph
covers all bones as per NI records.
The number of carcasses with purple mandibles was only 3.71% of the 809 carcasses
examined. There was a single occurrence of purple bones in 2007, but over the next five
years none were observed among the collected carcasses (Figure 21). Purple bones
reappeared in 2013 when 8 foxes had purple bones. Purple bones were a recurring
phenomenon over the next 5 years with 8 carcasses with purple bones in 2014, 11 in 2015,
10 in 2016, 13 in 2017 and 3 in 2018. The number of purple bones was highest between 2015
and 2017 and last in 2018. For 2019 the data is insufficient for any conclusions.
According to the quantified classification results for colour data from a* and Gnormalized, over
50% of the mandibles in the period 2009-2019 cannot be considered purple at all (Figure
24). However, all years show some bones which are at least slightly purple, but for both
measures an intense discolouration (class 3 or higher for a* and class 4 or lower for
Gnormalized) can only be observed from 2015 until 2018 (Figure 24 and 25).
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Figure 24: The intensity of discolouration between 2009 and 2019 based on the colour
dimension a* from the L*a*b* colour space (top) and G normalized (bottom). The subset (n =
809) for the colour measurements did not include any mandibles from 2011.

5.4 Spatial Distribution within Iceland
The subjective colour designation at the time of boiling and cleaning shows that almost all
purple bones originate from the Westfjords with the exception of a single purple mandible
occurrence in the municipality Bláskógabyggð in the south-west (Figure 25) and two
occurences in the Reykjavík capital region. The focus of ear mites also lies in the Westfjords
(Figure 26). There are only three recorded occurrences of ear mites outside of the Westfjords
in the north of Iceland.
The three purple mandibles in the south-west has also impacted the classification that was
obtained from a* (Figure 27). The classification based on Gnormalized shows mainly
discolouration in the Westfjords but also in the capital area in the south-west (Figure 28).
The discolouration is most numerous and strongest in the municipality Súðavíkurhreppur in
the Westfjords which stands out in all three maps that illustrate the discolouration (Figure
25, 27 and 28). The ear mites on the other hand are distributed more evenly in the Westfjords
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and have no clear point of focus (Figure 26). The maps that are based on the colour measures
a* (Figure 27) and Gnormalized (Figure 28) indicate some expression of the discolouration in
and near the Reykjavík capital region.

Figure 25: Distribution of purple mandibles (colour designated at the time of boiling and
cleaning), in relation to Iceland’s current municipal boundaries. This occurrence of purple
bones is shown in two ways. (1) the colour of the municipality shows how many foxes from
each area had purple bones as a percentage and (2) the label shows the total number of
foxes with purple bones in the area. The highest total for any municipality of 16 is in
Súðavíkurhreppur, central Westfjords meaning that 0.045% of all bones Suðavikurhreppur
were marked as purple in the process of boiling and cleaning.
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Figure 26: The distribution of ear mites in Iceland based on the fox hunting data. The
number shows the total of foxes with ear mites, while the colour accounts for the
percentage of the total foxes with ear mites from the particular region. The boundaries
represent Iceland’s current municipalities.

Figure 27: Purpleness based on a* from the L*a*b* colour space shows a high
concentration in the Westfjords. Some purple bones were also found in the Reykjavík
capital area and Bláskógabyggð in the south-west. The boundaries indicate Iceland’s
current municipalities.
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Figure 28: Purpleness based on Gnormalized from the sRGB colour space show maximum
expression in the Westfjords and some expression in and near the Reykjavík region. The
boundaries indicate Iceland’s current municipalities.
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5.5 Statistical Distribution
The distribution of the purple bones registered at the time of boiling and cleaning did not
differ significantly from normal distribution for Gnormalized and a* (p = 0.526 and p = 0.2443),
also illustrated in the Q-Q plots (Figure 29).
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Figure 29: Q-Q plots show the distribution of all (left column, n = 809) white (centre column,
n = 799) and purple (right column, n = 10) for a* (top row) and Gnormalized (bottom row)
from CIE’s L*a*b* colour space. The distribution in all cases seems close to normal
distribution.
a* was skewed right for the total and white bones. The outliers were at the right end of the
plot, while it was the lower end for Gnormalized (Figure 29, left column, upper row vs. lower
row). The distribution of Gnormalized for the white bones showed fat tails which indicated a
broader distribution and more numerous extreme values than normal distribution (Figure 29,
bottom, centre). Purple bones showed lower values for Gnormalized and higher for a* (Figure
30).
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Figure 30: The distributions of the dimensions Gnormalized and a* from the L*a*b* colour
space from the CIE differ between the purple and white bones.
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6 Discussion
6.1 Excluding Artefacts
The results suggest that the investigated discolouration of purple mandible bones in Icelandic
Arctic foxes is not the expression of an artefact. None of the found correlations indicate that
the handling or storing of the fox bodies or the mandibles thereafter have altered the bone
colour to the observed extent. If the discolouration was an artefact, strong correlations and
patterns would have occurred.

6.2 Analysing Colour Spaces to Find a Measure
of Purpleness
To classify the intensity of the colour for the geographical distribution, it was necessary to
find a quantitative measure of purpleness. In search of such a measure, the difference
between purple and white bones for each colour dimension from the different colour spaces
was analysed (Table 8) together with three-dimensional plots (Figure 17 to Figure 22). The
following section will discuss how well the colour spaces were suited to serve as a measure
of the purpleness.
6.2.1 sRGB: The Standard Colour Space
In the sRGB colour space, purple mandibles were expected to stand out as they have a much
higher share in the red component, while the others stay relatively low. However, it turned
out that the variance in brightness overpowered the minor differences in the single
dimensions of this space. Colour coordinates from bones that were marked as purple did not
stand out against regular bones as expected (Figure 18).
The t-values reported the greatest difference between purple and white mandibles for the
dimension Gnormalized (Table 8). The share for the green dimension was most sensitive to
purple, because purple and green are complementary colours. This made Gnormalized a suitable
candidate to discriminate between discoloured and normal bones, but it did not serve as a
direct measure of purpleness, as the mean of purple bones was significantly lower and not
higher. One could say that it did not measure purple, but its absence. To create a meaningful
measure, categories of purpleness from the Gnormalized were inverted, under the assumption
that a low Gnormalized indicated a strong discolouration. Lower Gnormalized values were assigned
high category numbers and weighting factors (Table 5).
When sRGB was transformed into sRGBnormalized, the illuminance and therefore the
relationship the numbers of sRGB have to one another was eliminated. The normalized
colour space measures the share of the sRGB dimensions of the total brightness (equations
4.2.2.1 – 4.2.2.3). The resulting dimensions thus emphasize the colour, at the cost of
information loss about brightness. This effect was valuable for this research, as brightness
of bones can vary greatly depending on how long the bones were stored, the age of the fox
and dirt stains but none of these are in the scope of this research.
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6.2.2 Luminance: The Wrong Gauge for Colour
When measuring the colour of a surface such as bone, the luminance is naturally affected by
dirt and stains. Since this research only focused on colour, none of the measures of luminance
were suitable to measure purpleness, but rather stain intensity. Therefore, luminance is not
discussed further, however it was used to estimate the preheat time of the lights.
6.2.3 HSV/HSL Can Measure the Hue
H measured the hue in HSV and HSL and it was lower for the bones that were marked as
purple. The hue for a perfect green is 120°. The complementary purple or pink is opposite
of green at 120° + 180° = 300°. The mean of the measured mandibles was 36.51 for white
and 29.06 for purple bones. Both values represent orange (or brown), rather than purple.
Purple bones were closer to purple on the colour wheel, but the difference between 36.51 for
white and 29.06 for purple bones was smaller than expected.
One explanation can be found in colour theory itself. Humans do not see colour as the colour
spaces do. Instead, the human brain relies on context. That becomes more obvious when
looking at an example: the colour brown. Brown is nothing but a dark version of orange and
perhaps is less saturated. It is the context that makes a human define this single colour as
two different colours, even though objectively they are the same. A bone’s natural colour is
not perfectly white, but light brown (or unsaturated orange) and the purple discolouration is
not dissimilar to light brown in terms of the hue.
Another reason for the small differences can be found in the brightness of the colour. For
white, H can take any value, as long as the saturation S equals 0 and the brightness B, V is
maximal. Obviously, the bones were not perfectly white, but still very bright. And for bright
colours, a slight change in colour can hardly be noticed in the hue. In fact, the brighter a
colour was, the less a change in the dimension H was seen.
For the colour spaces HSV and HSL, overexposure worsens the previously described effect
of less saturation in bright colours. But even in correctly exposed images, the same problem
would have occurred. It was not a result of a systematic measurement error, but of the nature
of the colour spaces HSV and HSL. The design of these colour spaces was expected to be
very suitable to find a measure of purpleness, as the hue (H) is represented by a single
number. The results, however, show that the hue of white bones varied greatly. Further,
because purple and white bones had a similar hue, H could only make for a weak measure
of purpleness.
6.2.4 CIE’s Colour Spaces: L*a*b* and XYZ
For the XYZ colour space all dimensions showed a significant difference between the means
of purple and white bones (Table 8). That was due to the fact that the colour spaces from
CIE are based on the human perception since XYZ is derived from the sensitivity curves of
the human eye (Takatsui et al., 2012). To human eyes the difference between the purple and
white bones is striking, and this was reflected in the statistics of the XYZ colour spaces.
Each dimension in this colour space was a measure of how much each photoreceptor type of
human eyes is excited.
The colour dimensions from XYZ could be a useful measure of purpleness in this work.
However, the L*a*b* colour space, which was developed by the CIE with the purpose of
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distinguishing colours, showed even greater differences. Still, L* can be disregarded as a
measure of purpleness because it measures the brightness, which is subject to shadows and
stains. b* can also be ignored because it showed a low discrepancy between purple and white
bones. b* measures the share of yellow if positive or blue if negative. The share of blue in
the purple discolouration was sufficient to show a significant difference, but purple colour
had a bigger share of the red than the blue component. Finally, a* showed the largest
significant difference between purple and white bones and provided higher values for more
intense purple. If negative, a* measures the share of green and for positive values it measures
red or magenta. Since purple and magenta are similar colours, a* was suitable for further
investigation.
The superiority of a* over b* for measuring purpleness was evident from the empirical
results (Table 8). Since b* showed a very small difference compared to a* (Table 8). a* was
chosen to measure the intensity of the purple discolouration. The intensity of the purple
colour was only reflected in a single dimension of this colour space, whereas in sRGB for
example the difference was reflected in all three, making each of them weaker and less
suitable.
6.2.5 No Explicit Dimension for Purple in YCbCr
In the YCbCr colour space, Cr measures the red component of a colour. Purple would be a
combination of Cr and Cb. For this reason, the difference between purple and white
mandibles was not as great as for other values, making the colour space YCbCr not the best
candidate to measure the purpleness, as the combination of two values would be required to
measure the colour purple. This would have created an overcomplicated new dimension.
Since a* and Gnormalized were very well suited and used a single measurable value, YCbCr
was discarded. Additionally, the estimated difference between purple and white bones was
much higher for a* and Gnormalized than any dimension of the YCbCr colour space (Table 8).
6.2.6 Conclusions
A good measure of purpleness will discriminate between the purple and white bones and
may exhibit high t-values. Using two dimensions allows for checks of consistency, as two
different dimensions measure the purpleness of the mandibles.
Single dimensions of the XYZ colour space could also have been used. The dimensions can
differentiate between purple and white bones not as well as a* but still sufficiently. However,
consistency would not improve by adding a map with this dimension, as a* is calculated
from XYZ. Therefore, only one dimension from CIE’s colour spaces L*a*b* and XYZ
should be used. a* was chosen over X,Y or Z, since the difference was greater (Table 8), and
because it was a single dimension describing most of the difference in colour.
a* and Gnormalized are measurements that account for the intensity, and hence show some
inaccuracy or noise. Some bones fell into a higher class for purpleness, even though the
human eye did not see any discolouration on the bone. But all measures, including the ones
created in this research and the total of purple bones, resulted in plots that showed a similar
picture. Thus, the measurements seemed suitable, while their accuracy will need further
investigation.
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6.3 Purple Bones and Food Scarcity
The results show the peak of the discolouration in terms of intensity and total was between
2013 and 2017, with a single occurrence in 2007 (Figure 23 and 24). Hersteinsson et al.
(2009) found a negative correlation between fox abundance in Iceland and the subpolar gyre
(SPG) as well as the North Atlantic Oscillation (NAO), which suggests the dependence of
Arctic foxes on oceanic and weather phenomena. In 2007 the NAO winter index experienced
a sudden peak and has been positive with an increasing trend since 2013 (Hurrell, 2018).
SPG ocean current behaves in a similar way, although not as clearly (Berx & Payne, 2017).
High values for the indices have been correlated with negative impacts on the abundance of
fish and Arctic foxes (Hersteinsson et al., 2009; Pearson, 2008). This thesis suggests that
ultimately both SPG and NAO may be connected to bone discolouration in Icelandic foxes.
If purple bones continue to occur is unknown, but fewer were observed at the time of boiling
and cleaning in 2018 and 2019. In contrast, Figure 24 suggests intensity rises again in 2019,
but the data is insufficient to support such a statement. This thesis could not sufficiently
investigate possible changes over time.

6.4 Statistical Distribution of Colour
The distribution for a* and Gnormalized differs significantly from normal distribution. The QQ plots (Figure 29) showed that a* is skewed to the right tending towards higher purple
values. Gnormalized had fat tails for the white and the total. Assuming that it was not a result of
inaccurate measurement, this indicated that the distribution was broader than a normal
distribution with many extreme values.
For the purple mandibles, the distribution did not differ significantly from normal
distribution. Due to the design of Shapiro-Wilks test, it was impossible to conclude whether
the data was normally distributed or not, because the sample size was small (n = 10 purple
bones). Perhaps, if the sample size had included all 54 purple mandibles collected, a
definitive conclusion on the statistical distribution could be drawn.
For both Gnormalized and a* the plot for all measurements was very similar to that for the white
bones, because the samples were almost identical (Figure 29). There were only a few bones
that were considered to be purple. These however can be seen as outliers in the plots for all
samples.
The outliers in the Q-Q plots for all samples (Figure 29, left plots) were the purple bones
and were therefore not present in the plots for the white bones (centre plots). They stand out
in their colour strengthening the measures for purpleness. The hypothesis that samples with
high values for the colour measures were in fact purple was confirmed by the Q-Q plots
(Figure 29).
It must be discussed if the purple bones were just outliers, or if they were indeed from another
statistical population. The outliers were what distorted the Q-Q plot (Figure 29). As a result,
they might indeed have been from a different population which would indicate a binary
distribution of the colour. On the other hand, the transition in the intensity of purple was
smooth for most dimensions (Figure 17 to Figure 22). The smooth transition supports that
the distribution of colour was following a gradient, meaning it showed plasticity towards the
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causal agent, e.g., an environmental impact. The significant differences from the t-tests
cannot be used as an argument against the plasticity, as the colour spaces were selected for
showing a great difference. The results do not allow to draw any conclusions in this matter
and it remains unknown if the discolouration is binary or a gradient.

6.5 Localized Distribution of Purple Mandibles
Three measures for purpleness were created. The total of purple bones as absolute and
relative number (Figure 25) relied on the binary data (purple: yes, no) designated at the time
of boiling and cleaning mandibles and ignored the intensity of the discolouration. The second
measure of purpleness was based on the dimension a* from CIE’s colour space L*a*b*
(Figure 27). The third measure was created in a very similar manner as the second but used
Gnormalized instead of a* for its estimation (Figure 28).
The three distribution maps for the purple bones (Figure 25,Figure 27 and 28) show similar
results. Although the result of three different measures, they illustrate the same distribution,
which indicates strong consistency of the results. Still, the two quantitative measures are not
entirely separate from each other, since both relied on the original binary data to find a* and
Gnormalized.
Nevertheless, the Westfjords was the area where Arctic foxes with purple mandibles
occurred most. It is unlikely that the phenomenon is fully exclusive to the Westfjords, given
the occurrence of purple bones in and near the Reykjavik capital region. The maps for a*
and Gnormalized’ did show discolouration in other areas. All the GIS maps of the distribution
(Figure 25, 27 and 28) clearly indicated the same subarea where discolouration was strongest
in the Westfjords. This subarea corresponds to the Súðavíkurhreppur municipality. Hence
the origin of the discolouration is likely not an explicit, single source that is only in one
single area.
The colour of bones varies naturally. Hence it is possible – and given the results it appears
likely – that some of the bones fell into a high category for purple colour, despite having the
natural unstained white colour of a bone. The aforementioned explanation of high
consistency is only valid where all three maps agree, which is the focus of the purple bones
in the Westfjords.
The occurrences of a purple bone outside the Westfjords in the south west of Iceland was
the exception to the rule and may have been incorrect data. Over 100 km separate these foxes
from all other purple fox bones. It seems unlikely that a coastal Arctic fox from the
productive Westfjords makes a journey this far inland, specifically since Iceland’s foxes
typically remain close to their area of origin (Hersteinsson, 1984). On the other hand, in 2018
(Fuglei & Tarroux, 2019) observed a coastal ecotype female Arctic fox fitted with a GPS
transmitter travelled 3500 km in 76 days, beginning in Svalbard and ending in the Canadian
Arctic. Alternativley, the cause of the discolouration is present in both places, Reykjavik and
the Westfjords. Despite this anomaly among foxes, the answer regarding the cause of the
discolouration among Icelandic foxes can perhaps easier be found in the Westfjords than in
Reykjavik.
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6.6 Potential Causes for Discolouration
Purple mandibles were found in Arctic foxes especially in the Westfjords of Iceland with
most in the Súðavíkurhreppur municipality. The population in the Westfjords differs from
the Arctic foxes in the rest of the country in two ways. They are somewhat genetically
isolated (Norén et al., 2009) and they are predominantly feeding on ocean derived food
(Tannerfeldt & Angerbjörn, 1998). The explanation for the discolouration may be based in
either food or genetics.
Whether the foxes were white or blue morph correlated, but not significantly, with
possession of either white or purple bones. The lack of significance may be the result of low
sample size for purple bones. Meanwhile, blue Arctic foxes are more frequent at the coast
(Angerbjörn et al., 1994), with a diet of predominantly marine origin, which may be a factor
causing purple bones.
There is no known study in which a strong bone discolouration had its origin in genetics.
There are, however, multiple instances in which a similarly strong staining was caused by
chemicals in the diet (e.g. Burkhardt, 2012; France, 2008; Lund & Armstrong, 1942; Winer,
2020). The discolouration of mandibles from Icelandic Arctic foxes may also be caused by
their diet and not a genetic mutation. The discolouration may be displaying the presence of
a colouring substance and several possibilities are postulated in 6.6.1.
6.6.1 Possible Cause: Other Variables
It was tested if there was a significant difference between purple and white bones for any of
the recorded variables (Table 3) to find correlations and help suggest the cause(s) of the
discolouration. The only significant differences between the purple and white bones were
found for the year the fox was shot and the location, as well as the presence of ear mites
(Table 6). All foxes with purple bones were shot in recent years starting 2007 (Figure 23 and
Figure 24 ).
Statistically, Arctic foxes with purple bones were more likely to have ear mites. The results
show that almost all foxes with ear mites were from the Westfjords, and since this was the
hotspot of the discolouration, a correlation occurs. The correlation is based on the regional
overlap as both ear mites and purple bones are almost explicitly from the Westfjords, but the
correlation is not a causation. If the parasite had anything to do with the discolouration,
purple bones would have occurred much earlier. This statement is supported by the different
distribution of discolouration and ear mites within the area. Ear mites are spread rather
evenly throughout the Westfjords, while the bone discolouration was clearly concentrated in
the centre of the Westfjords, in the Súðavíkurhreppur municipality.
Three occurrences of the parasite that are not in the Westfjords are some of the oldest entered
data from 1979 and 1980 (Unnsteinsdóttir, 2020). The data entry could be wrong, since the
data was entered manually at NI. Regardless, currently ear mites are present only in the
Westfjords.
The fat index and weight of the foxes did not differ between foxes with purple and without
purple bones. A better nourishment can indicate the exploitation of a new ecological niche
which does not seem to be the case here. At the same time, the fat index indicates the foraging
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success and the overall health. The discolouration did not seem to harm the foxes, as they
were of equal body.
The size of the mandibles does not differ significantly for the measured dimensions between
Arctic foxes with purple and white bones (Figure 14 and Table 7). The variance seems bigger
for white bones but may be due to the larger sample size (n = 799 white and 10 purple). A
difference in mandible size between foxes with and without purple bones would be an
indication for a different food source, as the jaw adapts to the diet as all traits will adapt to
the needs (Reece et al., 2014). However, as an evolutionary process, natural selection in
mammals takes years before a phenotypic change is manifested (Ridley, 2004). The similar
mandible size does not exclude that diet may be involved in the discolouration.
6.6.2 Possible Cause: Environmental Pollution
The substance that causes the discolouration is possibly a pollutant in the ocean and multiple
examples show that the diet can affect the colour of bones (e.g. Burkhardt, 2012; France,
2008; Lund & Armstrong, 1942; Winer, 2020). The mandibles that displayed the strongest
discolouration were from foxes living in the Westfjords, where foxes are known to rely on
ocean derived food (Angerbjörn et al., 1994; Hersteinsson, 1984). The temporal overlap of
the discolouration with changes in NAO and SPG climate phenomena supports this
postulation.
Given the high concentrations of marine pollutants in the Westfjords (Hixson, 2019;
Sturludottir et al., 2013; Sturludóttir et al., 2014) and bioaccumulation in apex predators, the
Icelandic Arctic fox is perhaps just the first species to be discovered with discoloured bones.
Especially the fjords in the Súðavíkurhreppur and neighbouring municipalities are known
for a high concentration of marine pollutants. The concentration of Cadmium, for example
has doubled between 1995 and 2010 (Sturludottir et al., 2013). The concentration of
Selenium peaked around 2007 (Sturludottir et al., 2013), correlating temporarily with the
occurrence of a purple mandible. The concentration of Arsenic in the Westfords is five times
higher, compared to the estimated average of the country in 2011 and 2012 (Jörundsdóttir et
al., 2013). Marine pollutants are possibly the cause or directly related to the cause of purple
bones in Icelandic Arctic fox.
From abandoned infrastructure like farms or military sites to illegal waste disposal and
mining, the list of anthropogenic actions that could bring polluting chemicals into the
Westfjords marine environment is large and concentrations of various chemicals, such as
Cadmium, were found to be raised and have increased significantly over the last years in the
fjords of the area (Hixson, 2019; Sturludottir et al., 2013). The low water solubility
especially of POPs raises the amount of pollutants in sea birds (Lallas, 2001). Due to
bioaccumulation, coastal Arctic foxes show higher concentrations of pollutants (Fuglei et
al., 2007; Klobes et al., 1998).
The morphology of fox mandibles can be affected by the consumption of POPs (Bradley et
al., 2019). The change in morphology suggested by the authors affects the height of the
mandible’s anterior tip due to sub-canine porosity as well as asymmetry. Unlike the typical
shape and size of the mandible, the aforementioned changes are not a result of natural
selection and are therefore visible within a single generation making them a potentially good
indicator for the exposure of POPs in the diet.
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At least five of the ten purple mandibles that were photographed showed asymmetry or
deformation as described in Bradley et al. (2019) to some degree but it could not be
investigated sufficiently for this thesis. Further, when testicles were tested for asymmetry,
foxes with purple bones had somewhat more asymmetric testicle-weights, but the difference
is not significant. The exact effect of POPs on testicle asymmetry is unknown, but potentially
the same applies as for other body parts, where POPs induce asymmetry for various species
(e.g. Bradley et al., 2019; Sonne et al., 2005).
Bradley et al. (2019) found no discolouration of the mandibles. It is possible that multiple
pollutants, perhaps some of them POPs, made their way into the Icelandic Arctic fox diet.
Some of the chemicals affect the bones in the way Bradley et al. (2019) described, while
others cause the discolouration. It is possible that other, perhaps more harmful chemicals are
also involved.
6.6.3 Possible Cause: Glacial Pink Watermelon Snow
The algae C. nivalis was introduced earlier, for its capability of colouring glaciers. Globally,
many glaciers, of which some are in Arctic fox range, host this algae (Lutz et al., 2015;
Müller et al., 1998; Remias et al., 2005). Examples are found in Iceland, Svalbard, Russia,
Alaska and other glaciated places (e.g. Hisakawa et al., 2015; Lutz et al., 2015; Müller et al.,
1998; Stibal et al., 2007; Takeuchi et al., 2006). None of these glaciers and their algae have
been investigated for possible involvement with bone discolouration.
Regardless, the mechanism for transmission from glacial algae to Arctic fox would be
convoluted. Arctic foxes as top predators and through bioaccumulation are expected to
display the discolouration stronger and perhaps sooner than other species, and Arctic foxes
currently exhibiting purple mandibles mainly derive their food from the sea. Thus, algae
pigments must first reach the ocean via glacial runoff and thereafter make their way into the
food chain to affect Arctic foxes. Certainly, small fish and filtering organisms like sea
mussels consume algae and are eaten by sea birds, which are the main food source of coastal
Arctic foxes. If the alga or its pigments are digested by Arctic foxes, a similar effect to the
echinochrome staining seen in sea otters (Winer et al., 2013) may occur, perhaps a
“Chlamydonal staining”. Some meltwater from the Westfjords glacier, Drangajökull, with
watermelon snow may run off into the fjord area where fox mandible discolouration occurs.
If the above speculation proves true, then Arctic fox would not likely be the only top predator
affected. However, a similar discolouration has yet to be discovered among top predators
elsewhere despite widespread distribution of glaciers with pink watermelon snow.
Moreover, the change of the discolouration over time and the occurences in the south-west
cannot be explained by the glacier-algae-hypothesis.
6.6.4 Echinochrome Staining from Sea Urchins
Unlike for Sea otters, Sea urchins probably are not the cause for discolouration of bones in
Icelandic Arctic foxes, because the discolouration also affects the teeth in sea otters (Winer
et al., 2013), but this was not observed in Arctic foxes (Figure 1). Furthermore, there was
one instance in which the stomach of an Icelandic Arctic fox contained remnants of Sea
urchins, but the bone had a natural white colour. Since it was a mature fox, it is highly
unlikely that this individual started eating sea urchins so recently that the echinochrome
staining had no effect yet. There is insufficient data available as yet on fox stomach contents
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to be compared with the bone discolouration, but the existence of this single case indicates
that the discolouration arose from a different cause.
Another reason to discount echinochrome staining as a cause is the geospatial distribution
of the purple bones. Although bones from coastal living foxes are available for the entire
coastline of Iceland, the occurrence of purple bones is concentrated in the Westfjords. With
these arguments, echinochrome staining seems unlikely to be the reason behind the
phenomenon, but it cannot be rejected completely since Sea urchins could be on the menu
of the affected Arctic foxes.
6.6.5 Mussels: The Threefold Suspected Vector
Arctic foxes in the Westfjords of Iceland are known to eat sea mussels (Hersteinsson, 1984,
1987). In Iceland, the Blue mussel (Mytilus edulis) and the Horse mussel (Modiolus
modiolus) are both very common and found in shallow waters and tide pools which are
accessible to Arctic foxes (Sea Iceland, 2020).
The consumption of mussels by foxes could cause or accelerate the discolouration in the
ways described in the previous sections. The purple colour of the mussel’s shell might stain,
like echinochrome staining, the bones of predators that eat them. Alternately, as filter feeders
mussels accumulate various pollutants and chemicals from sea water (e.g. Phillips, 1976;
Viarengo & Canesi, 1991), which once digested by Arctic foxes may stain their bones.
Finally, the filter feeding mussels might accumulate the pigments from C. nivalis algae,
which are in the glacial runoff from watermelon snow. As a food source, mussels have the
possibility of providing Arctic foxes with high concentrations of the staining substance from
the alga.
Mussels are an alternate food source for Arctic foxes in the Westfjords when more
conventional food sources, like sea birds, are depleted (Hersteinsson, 1987). The fox
population in Iceland decreased dramatically after 2006 (Unnsteinsdóttir, 2018). Varying
food availability, i.e., sea bird abundance, was the suspected cause of this decline
(Unnsteinsdóttir et al., 2016). Perhaps, the shortage of sea birds in the Westfjords in these
years forced Arctic foxes to supplement their diet with mussels. These events may be
connected to the NAO and the SPG, as the occurrence of purple mandibles coincided with
high and rising values for the indices of both phenomena (Berx & Payne, 2017; Hurrell,
2018).
Ossification is the process of bone growth in young mammals and during this process the
bones are much more susceptible to changes (Caetano-Lopes et al., 2007). If a juvenile fox
consumes a colour staining substance, the colour of its bone might be more affected than for
a mature fox. Hence, the discolouration might be strongest for foxes which began consuming
mussels at a young age, which could explain the variability of the discolouration.
Moreover, many of the purple mandibles showed a stronger discolouration in dorsal
portions. Adjusting to the load and needs of the individual mammal, this is the more adaptive
zone of the bone, while the ventral portion remains largely the same (Watson et al., 2018).
Hence, this ever-changing dorsal area may more readily absorb the colouring substance.
Bones that are evenly purple, might originate from foxes that ate mussels consistently and
from an early age.
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6.7 Future Research
This work in Iceland is the only evidence of discoloured bones in Arctic foxes. Further
research might investigate whether other top predators are affected. As regards pollutants,
efforts might focus on presence and concentrations of pollutants, e.g., mercury, arsenic and
cadmium, test for ability of those pollutants to cause purple discolouration, and test and
document the mechanism of transmission to foxes.
Next steps could initially include quantifying and analysing colouration in the remaining 34
purple mandibles, investigating whether the mandible discolouration observed in foxes
involves to the same degree all the bones in affected individuals and whether discolouration
is present in other Icelandic species, e.g., the sea birds.
Future research on pollutants as a potential cause for discolouration might focus on indicator
species, like the Arctic fox, where the effects are expected to be stronger and readily visible
owing to bioaccumulation. A detailed literature review of the chemicals present in the
Westfjords, Súðavíkurhreppur municipality and other coastal areas of Iceland could provide
a baseline for comparing pollutant levels. Mussels of the Westfjords, especially in and
around Suðavikurhreppur and Ísafjörður contain paralytic shellfish toxins (PST), a public
health concern (Burrell et al., 2013) and if these or other chemicals are consumed by Arctic
foxes, they are may be transported to land. Most of the current research on pollution in the
Westfjords is done in the Skutulsfjörður fjord by Ísafjörður, which is just west of the core
area for discoloured Arctic fox mandibles, the Súðavíkurhreppur municipality. Including
Súðavíkurhreppur in pollution research may provide insights regarding mandible
discolouration among foxes in that area.
The temporal overlap of the discolouration in Icelandic Arctic fox mandibles with changes
in NAO and SPG climate phenomena supports the postulation that the amount of pollutants
in Arctic foxes’ diet may change when NAO and SPG change (Berx & Payne, 2017;
Hersteinsson et al., 2009; Hurrell, 2018). Detailed analysis of NOA and SPG and a
comparison with sea bird abundance and the discolouration of fox bones could highlight the
role of the diet in the discolouration. The NI has circa 500 Arctic fox stomach contents that
are associated with mandibles. The stomach contents could be analysed for the proportion
of mussels in the diet and possibly compared to presence of white or purple bones.
Asymmetry seemed more frequent among foxes with purple bones, but neither the
asymmetry nor the deformation was measured explicitly, making it impossible to say if they
are specifically frequent in purple mandibles. Regardless, this study’s bones are digitally
recorded as photographs, which provide a starting point for any future research using
methods as follows Bradley et al. (2019).
Humans perceive violet light with a wavelength of 400 to 450 nm but also a combination of
red and blue light as purple. The colour composition of the bones is insufficiently described
in this thesis to distinguish which colour is acting. However, it could ultimately help to
identify the pigments or chemicals that cause the discolouration in the bone.
Finally, DNA analyses may reveal possible relationship(s) between purple bones in Icelandic
Arctic fox and gene mutations and heredity.
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6.8 Methodology Critique
As a result of light refraction in the glass bodies and the construction of the lens the images
from cameras are darker in the corners. Different equipment shows the effect to a varying
degree, but generally modern and more expensive camera lenses handle this effect, known
as vignetting, better than older entry level lenses, like the one used. The lens that was used
to take the digital photographs from the bones is known to show this effect, especially with
an open aperture of f/5.6 (Carnathan, 2005). Since vignetting is stronger in corners, the
samples were carefully placed in the centre of the image, which reduced the effect of
vignetting, but it remained a systematic error that occurred in all images taken.
Lens correction in post processing would have reduced the vignetting, but also the
reproducibility and was therefore not applied. The vignetting of this particular lens is neutral
in colour (Carnathan, 2005). Because of this and the placement of the bones in the frame as
well as the consistency of measurements, the vignette did not distort the results.
The settings slightly overexposed the scene by less than 0.5 exposure values. Since none of
the areas were “burnt out”, the exposure remained within the dynamic range of the camera
and could be evaluated.
External validation could have been improved by using a colour checker or a similar colour
verification method. Colour verification permits a lighting profile for a particular scene,
which can then be used to reproduce the exact colours. No such chart was available.
Alternatively, a photospectrometer could have estimated the exact colour values of the
bones.
Since no other research was done on the bone discolouration of Arctic foxes, the benefits of
external validity would have been minimal. There is no reference to compare the results to.
Therefore, and for the benefits that a larger sample size brings, the time-consuming process
of spectrometry was renounced.
A single purple skull that was exposed to sunlight for months suggests that the colour fades
in sunlight (E. R. Unnsteinsdóttir, personal communication, April 13, 2019). But because of
the dark storage conditions of the purple mandibles studied, their fading in colour was likely
minimal. It has not yet been possible to measure the fading of colour over time, because no
fox carcass with purple bones was brought to NI during this thesis work. It is also possible,
but improbable that the colour only becomes visible after the mandibles are boiled for
cleaning. Regardless, the observed purple colour still functions as an indicator for pollution
or environmental change.
The fox hunting data was entered manually at NI and the colour measures were copied
manually from Photoshop to a spreadsheet. Both are a possible source of errors if some
entries are partially incorrect. Since this likely affects only a few data entries and sample
size of white mandibles was large (n = 809 for colour measurements and 4338 per subjective
evaluation at the time of boiling and cleaning), the results in form of t-tests, maps and plots
are deemed reliable for white mandibles. Sample size for purple mandibles (n = 10 for colour
measurements and 54 per subjective evaluation at the time of boiling and cleaning) was
small, and the colour of only 10 purple mandibles was quantified and analysed. Using the
entire sample of 54 mandibles would have provided more robust statistical results.
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7 Conclusions
Purple mandibles in Icelandic Arctic foxes are unusual, with the first observed in 2007. The
phenomenon disappeared for the next 5 years, reappearing in 2013 and occurred every year
thereafter until and including 2018. The occurrence of discoloured Arctic fox mandibles was
concentrated in the Westfjords area in north-west Iceland. Nevertheless, undetected bone
discolouration present elsewhere in Iceland is possible, because not all foxes killed are sent
to NI. Whether discolouration is linked to bone asymmetry and deformation, early mortality
or also affects other bones in the Arctic fox to the same degree remains to be investigated as
well as whether other animals inhabiting the Westfjords have similar discolouration
This study ascertained that the appropriate colour dimensions for measuring the purple
discolouration were a* from the L*a*b* colour space and once inverted the Gnormalized from
the sRGBnormalized colour space. The hue H from HSV/HSL was not suitable because of the
bright colour of bones, the design of the colour space and the nature of the discolouration.
Using the appropriate colour dimensions, purpleness was identified. This discolouration is
now quantified in a database, which provides a baseline for future identification of purple
bones. Maps of the spatial distribution for occurrence of purple bones showed these were
concentrated in the Westfjords, specifically Súðavíkurhreppur municipality.
This study observed no correlation between purple mandibles and post-mortem handling,
processing of the fox carcasses or storage. Thus, purple bones were not the result of an
artefact. Owing to the abrupt onset of discolouration, genetic mutation is unlikely the cause.
Although, investigating the definitive cause(s) for discolouration was beyond the scope of
this thesis, those responsible may be environmental. Purple mandibles may be the result of
chemical pollution because the area where discolouration occurs coincides with where
concentrations of pollutants in the marine environment have been steadily increasing. The
Arctic fox is an apex predator meaning bioaccumulation of pollutants will be exacerbated.
Sea mussels, as a secondary food source of Arctic foxes, are the suspected vector for
transmission. Being filter feeders, mussels may concentrate chemical pollutants or pigments
(e.g., from C. nivalis, which cause watermelon snow) from the environment. Alternately,
perhaps the answer is simply the ingestion by foxes of the mussel’s blue/purple shell
pigments. Nevertheless, this study postulates that chemical pollutants in seawater are the
probable cause of purple mandibles in Arctic foxes inhabiting the Westfjords in northwest
Iceland, with the source being dietary exposure through the consumption of mussels.
The abrupt infrequent occurrence, duration and location of purple mandibles suggests a
recent sporadic environmental problem within the Westfjords. Prioritizing Arctic fox
monitoring could provide needed insight regarding the cause(s) of discolouration. The
cause(s) may also impact animals other than foxes, and if marine in origin possibly human
food security and health because large-scale aquaculture for human consumption is located
within the Westfjords.
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