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Analysing hair cortisol concentrations (HCCs) is a minimally invasive way to retrospectively assess long-
term stress, and its application in studies of animal welfare and stress has attracted considerable interest.
However, not only stress-related effects but also hair-specific characteristics and external influences can
affect HCCs and interfere with the interpretation of results. Thus, it was the aim of this study to investi-
gate the impact of daylight and UV irradiation on cortisol concentrations in the hairs of pigs and cattle.
We also examined whether a potential irradiation effect on HCCs depended on the colour of the hair. For
this purpose, black and white hair samples from 18 Saddleback pigs and 18 Holstein Friesian cattle were
exposed to artificial light (both visible and UV) and compared with control hair samples from the same
animals kept in the dark. Exposure to artificial light significantly decreased HCCs in both pigs (P < 0.05)
and cattle (P < 0.001), and hair colour had an influence on HCCs, with black hair showing higher cortisol
levels than white hair (cattle: P < 0.001, pigs: P = 0.07). The interaction between light exposure and hair
colour was significant in both pigs (P < 0.01) and cattle (P < 0.001), so light exposure reduced HCCs in
porcine white hair but not black hair. In cattle, light-exposed white hair exhibited lower hair cortisol
levels than control white hair or black hair. These results demonstrate that artificial light irradiation
degrades hair cortisol or favours its elimination by structural changes of the hair matrix. However, this
effect was only detectable in white hair, indicating that the melanin pigments in black hair absorbed radi-
ation, thereby reducing the effects of photodegradation. Compared with other known influencing factors
on HCCs, such as age and body region, the influence of light irradiation was relatively low in this in vitro
experiment. However, further studies should investigate this influence under real-life animal conditions,
such as outdoor and indoor housing.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Hair cortisol concentration is a promising indicator for the
assessment of long-term stress. However, influencing factors that
are unrelated to stress must be identified and considered. This
study investigated the effect of light irradiation on hair cortisol
levels in hair of cattle and pigs. Light exposure reduced hair cortisol
concentrations in white but not black hair, which indicates that
melanin pigments in dark hair may protect hair cortisol from pho-
todegradation. This implicates that when using hair cortisol for
stress or welfare assessment, only hairs of the same colour should
be compared, preferably dark hairs to avoid interference by
photodegradation.
Introduction

Analysing hair cortisol concentrations (HCCs) is increasingly
used as a minimally invasive way to retrospectively assess long-
term stress in humans and animals (Meyer and Novak, 2012;
Burnard et al., 2017; Heimbürge et al., 2019). However, various
individual-based and hair-specific factors have been identified that
may also influence HCCs but are unrelated to preceding stress
events (e.g. age, sex and body region) (Stalder et al., 2017;
Heimbürge et al., 2019). Thus, these factors must be considered
and standardized when using HCCs to assess stress. Among the
hair-specific influencing factors, hair of different colours can also
differ in HCCs, but the results of studies in different species have
been inconsistent. Samples of dark or black hair have exhibited
higher HCCs (cattle: Tallo-Parra et al., 2015; humans: Staufenbiel
et al., 2015; Rippe et al., 2016; Binz et al., 2018), but also lower
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HCCs (cattle: Burnett et al., 2014; González-de-la-Vara et al., 2011;
chimpanzees: Yamanashi et al., 2013) than samples of bright or
white hair. In previous studies of cattle and pigs, we found that
HCCs were lower in white than in black hair (Heimbürge et al.,
2020a and 2020b). This effect was observed in samples of natural
hair, which contains hair in all growth phases (i.e. anagen, catagen
and telogen). Interestingly, in the same animals, no difference in
HCC between hair colours was found in regrown hairs that had
been shaved four weeks prior (Heimbürge et al., 2020b). After pre-
shaving, regrown hair is young hair mainly in the anagen growth
phase and has been under external influences less time than older
hair. This led us to assume that external influences on hair may
contribute to the HCC differences between black and white hairs,
which may also depend on exposure duration.

Light irradiation of cortisol and its acetate in solution or solid
state may cause photo-oxidation and one process involves loss of
the side chain at C-17 to give androstendione derivatives (Reisch
et al., 1992; Albini and Fasani, 1998; Caffieri et al., 2008). A variety
of photoproducts have been detected after exposure of steroid
solutions to natural sunlight, including rearrangement, hydration,
and more highly oxidized photoproducts (Young et al., 2013). Nat-
ural or artificial sunlight and UV irradiation can decrease HCCs,
probably also caused by photodegradation (Grass et al., 2016;
Wester et al., 2016). However, no irradiation study on hair cortisol
has yet examined hair of different colours. The potential degrada-
tion of cortisol by light exposure may also underlie other factors
influencing HCCs. In a previous study, we observed seasonal influ-
ences on HCCs in cattle but not in pigs. Cattle with occasional out-
door access exhibited lower HCCs during summer than winter,
possibly due to the higher exposure to sunlight in summer. In con-
trast, in pigs kept indoors throughout the year, no seasonal differ-
ences in HCCs could be observed (Heimbürge et al., 2020a).
However, in that experiment, other factors such as physical activity
or soiling of the coat with excrement may have also contributed to
the divergent results in cattle and pigs.

Based on this information, it was hypothesized that light irradi-
ation reduces cortisol concentrations in hair and that this effect is
more pronounced in white than in black hair. To test this hypoth-
esis, an in vitro study was performed to investigate the impact of
artificial light (both visible and UV) on cortisol concentrations in
white and black hairs of pigs and cattle. For this purpose, black
and white hair samples from 18 Saddleback pigs and 18 Holstein
Friesian cattle were exposed to artificial light irradiation and com-
pared with control hair samples from the same animals kept in the
dark.
Fig. 1. The exposure board (70.5 � 70.5 cm) was divided into nine squares (1–9)
(23.5 � 23.5 cm each). Four open dishes with white ( , yellow outline) and black
( , blue outline) hair samples of pigs or cattle and the four dark controls of white
( , green outline) and black ( , brown outline) hair were placed on each
square. For the uniform exposure of all samples, the positions of these squares
rotated after one-ninth of the total exposure time so that each square was
irradiated for the same amount of time at each position.
Material and methods

Animals and hair sampling

Hair sampling in pigs was performed on 18 female Saddleback
pigs used for breeding in the Experimental Pig Unit of the Leibniz
Institute for Farm Animal Biology (FBN Dummerstorf). The median
age was 280 days (range: 122–459 days). Animals were housed
indoors in groups of 4–7 animals on partially slatted floor and were
fed a commercial diet according to the recommendations for their
age (Gesellschaft für Ernährungsphysiologie, 2006). In cattle, hair
sampling was conducted on 18 Holstein Friesian cows kept for milk
production in the Landesgut Dummerstorf. The median age was
5.3 years (range: 3.7–6.7 years). Animals were kept indoors under
loose housing conditions with free stalls and were fed a mixed
ration for lactating cows consisting of grass silage, corn silage,
grass hay and concentrates. The procedure of hair sampling com-
plied with the German Animal Protection law and was approved
by the responsible authority (Landesamt für Landwirtschaft,
2

Lebensmittelsicherheit und Fischerei, Mecklenburg-Vorpommern,
Germany). In the morning of the collection day, clean samples of
black and white hair were carefully shaved by an electric hair clip-
per from the back and neck region of pigs and from the back region
of cows. After drying for 24 h, hair samples were stored in a dry
and dark place at room temperature until further experimental
use.
Exposure to artificial light

From each animal, two samples of black hair and two samples
of white hair, each weighing approximately 300 mg, were used.
One black and one white sample were placed on open glass dishes
and exposed to artificial light irradiation. The other black and
white hair samples served as dark controls; they were wrapped
in aluminium foil and placed on the exposure board close to the
respective open hair samples (Fig. 1).

The protocol for artificial light exposure followed the guidelines
of the International Conference for Harmonisation (ICH) and the
European Medicines Agency (EMEA) in the ‘Photostability Testing
of New Active Substances and Medicinal Products’ (Q1B) (EMEA,
1998). According to these guidelines, samples should be exposed
to an overall illumination of at least 1.2 million lux hours and an
integrated near-UV energy of at least 200 Wh/m2 for photostability
testing. This was achieved by exposing the samples to the light of
fluorescent lamps emitting a daylight spectrum (a colour temper-
ature of 6 500 K) and subsequently exposing them to near-UV irra-
diation. For this purpose, an apparatus was built to expose all the
hair samples of pigs and cattle to light in a single trial each
(Fig. 2). Six fluorescent tubes (Osram Biolux 965, 18 W) and six
energy-saving light bulbs (Philips Tornado Spiral 865, 23 W) were
used to simulate a daylight spectrum (a colour temperature of
6 500 K). Subsequently, the exposure to near-UV irradiation was
achieved by using six mercury vapour lamps (Osram Ultra-
Vitalux, 300 W) covering the UV-A (k = 400–315 nm) and UV-B
(k = 315–280 nm) spectral regions.

The light sources were placed above a square exposure board
(70.5 � 70.5 cm, Fig. 2). On 81 equally distributed points on the
exposure board, the radiant flux density of artificial daylight was



Fig. 2. An apparatus was built to expose hair samples of pigs and cattle to light of fluorescent lamps emitting a daylight spectrum and subsequently to near-UV irradiation.
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measured at a distance of 24 cm from the light sources using a
radiation-measuring instrument (Almemo 2470 with the V-
lambda radiation sensor FL A613 VLM, Ahlborn Mess- und
Regelungstechnik GmbH, Holzkirchen, Germany). Accordingly,
the radiant flux density of UV-A and UV-B light was measured at
a distance of 115 cm from the light sources using a two-channel
UV detector (UVTOUCH, Sglux GmbH, Berlin, Germany). At these
distances, the thermal load on the surface of the board was less
than 30 �C. For the uniform exposure of all samples, the exposure
board was divided into nine squares (23.5 � 23.5 cm each). Four
open dishes with hair samples and their four controls wrapped
in aluminium foil were placed on each square (Fig. 1). A rotation
scheme was chosen in which the squares’ positions were changed
after one-ninth of the total exposure time so that each square was
irradiated for the same length of time in each position. For artificial
daylight, the average irradiation was 10 014 lux/m2, resulting in a
total exposure time of 120 h to reach > 1.2 million lux hours, as
required by the guidelines. For exposure to UV light, the average
irradiation was 7.16 W/m2 (UV-A: 5.56 W/m2, UV-B: 1.60 W/m2),
resulting in a total exposure time of 31.5 h to reach more than
200 Wh/m2, as required by the guidelines.

The light exposure was performed in two trials: one for the hair
samples of pigs and one for the hair samples of cows. In each trial,
the samples were first exposed to artificial daylight for 9 days for
13.3 h per day. Starting the following day, samples were exposed
to UV radiation nine times for 3.5 h. Then, the hair samples were
stored protected from light at room temperature for 4–5 weeks
until further analysis.
Analysis of hair cortisol

Cortisol concentrations in hair samples were analysed accord-
ing to the method described previously in detail by Heimbürge
et al. (2020a). Hair samples (approximately 300 mg) were washed
twice with 5 ml isopropanol for 3 min. and dried for two days in
protected dishes at room temperature. Then, samples were snap-
frozen in liquid nitrogen and pulverization was achieved using a
ball mill (MM 400, Retsch GmbH, Haan, Germany). Approximately
50 mg of pulverized hair was extracted with 1 ml methanol at
incubation for 24 h at room temperature. After vaporization using
a vacuum evaporator (SC210A SpeedVac� Concentrator, Thermo
Fisher Scientific Inc., Waltham, MA, USA), extracts were dissolved
in 0.4 ml assay buffer and analysed in duplicate using a salivary
3

cortisol ELISA assay (Demeditec Diagnostics GmbH, Kiel, Germany;
Heimbürge et al., 2020a).

As based on the lowest cortisol concentration of the assay stan-
dards, a sensitivity of 0.8 pg/mg was found for hair of cattle and
1.1 pg/mg for hair of pigs. Serial dilutions of hair extracts showed
parallelism to the cortisol standard curve with no significant differ-
ence in slope (P > 0.05). Pooled pulverized hair samples were
repeatedly analysed and revealed intra- and inter-assay CVs of
4.3% and 7.8% for cortisol in cattle hair and 4.5% and 6.8% for cor-
tisol in pig hair, respectively.

Statistical analyses

Descriptive statistics and tests for normality were performed
using the UNIVARIATE procedure of Base SAS software (Version
9.4 for Windows, SAS Institute Inc., Cary, NC, USA) and showed
an approximately normal distribution of the data. The data were
analysed using the MIXED procedure with repeated-
measurement ANOVA. The ANOVA model was applied to data from
pigs and cows separately, and it comprised the fixed factors of light
exposure (light exposed and dark control), hair colour (black and
white) and their interaction. The repeated statement of the MIXED
procedure accounted for different hair sample treatments and col-
ours from the same animal, and the Tukey-Kramer test was used to
estimate the least-square means (LSMs) and their standard errors
(SEs) and make pairwise comparisons (Supplementary Material
S1 for more details). Effects and differences were considered signif-
icant if P < 0.05. All results are expressed as LSM ± SE.

Results

In the present study, the available number of Saddleback pigs
(i.e. pigs that exhibited both hair colours) determined the sample
size. Thus, samples from 18 animals could be used and the approx-
imatively estimated actual power of the type 3 tests (PROC
GLMPOWER of SAS) showed lower power for pig data but approx-
imately 0.8 power for cattle data. The outputs of the Type 3 tests
are presented as Supplementary Material S2. The ANOVA revealed
a significant effect of artificial light exposure on HCCs in pigs
(P < 0.05) and cattle (P < 0.001) and pairwise comparisons showed
significantly lower HCCs due to light exposure in both species. Hair
colour had a significant effect on HCCs in cattle (P < 0.001) and
tended to influence HCCs in pigs (P = 0.07), with black hair showing
higher cortisol levels than white hair. The interaction between
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light exposure and hair colour was significant in both pigs
(P < 0.01) and cattle (P < 0.001). Thus, light exposure reduced HCCs
in porcine white hair but not black hair (Fig. 3A). In cattle, light-
exposed white hair exhibited lower hair cortisol levels than either
control white hair or both treatments in black hair (Fig. 3B).
Discussion

To the best of our knowledge, this is the first study showing that
HCCs were reduced by artificial light irradiation in white but not
black hair, as demonstrated in both pig and cattle hair. Although
both light exposure and hair colour had significant effects, the sig-
nificant interaction between them indicated that the effect of light
irradiation on HCCs depended on hair colour.

Only a few studies have investigated the impact of light and/or
UV irradiation on HCCs, generally finding decreased cortisol levels,
which is in line with our results. However, no study has examined
the potentially divergent effects of irradiation on hair of different
colours. Grass et al. (2016) exposed human scalp hair samples to
short-term artificial light irradiation for several hours and to
long-term sunlight irradiation up to 6 h per day over two months,
Fig. 3. Cortisol concentrations in porcine (A) and bovine (B) hair samples after
exposure to artificial sunlight. Data are presented as least-square means ± SE.
Significant differences between and within different treatments and hair colours
are indicated by different letters (P < 0.05).
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and they observed a time-dependent reduction of HCCs caused by
artificial light and sunlight. Wester et al. (2016) exposed human
scalp hair to natural sunlight for 40 h or to high artificial UV radi-
ation, both of which significantly reduced HCCs. Other studies that
examined the impact of different levels of sunlight exposure on
HCCs in monkeys (Feng et al., 2019) and of UV irradiation on cor-
tisol in human hair (Li et al., 2012) also revealed lower HCCs after
irradiation.

In our study, the intensity of light irradiation was within the
range that may occur during housing of cattle and pigs. The relative
proportion of UV-A and UV-B radiation in the total solar radiation
on the earth’s surface is about 5% (World Health Organisation,
International Agency for Research on Cancer (IARC), 1992;
Signori, 2004; Steinmetz, 2014). The UV exposure in our study is
comparable to approximately 8 h of exposure to sunlight under
summer conditions, as described by Grass et al. (2016). In addition,
the illumination of 1.2 million lux hours used in our experiment
corresponds to about 60 h of daylight under cloudy skies (Norton
and Siegwart, 2013). The irradiance used in our study can be con-
sidered moderate, but under natural conditions, only parts of hair
are exposed to light irradiation and only temporarily. Future stud-
ies should investigate the strength of the effects of light irradiation
under real housing conditions of animals, such as outdoor and
indoor housing.

Presumably, the most important mechanism by which light
exposure affects glucocorticoid concentrations in hair is pho-
todegradation. Studies have shown that the artificial light irradia-
tion of a cortisol-containing solution or the UV irradiation of
cortisol in a solid state causes photodegradation (Reisch et al.,
1992; Caffieri et al., 2008; Grass et al., 2016; Klementova et al.,
2017). The cleavage of the acyl side chain at C-17 of the cortisol
molecule results in the formation of ketosteroids (Reisch et al.,
1992; Caffieri et al., 2008), but in addition, numerous photoprod-
ucts have been detected in steroid solutions after light irradiation
(Young et al., 2013). Consistent with our results, the photodegrada-
tion of drugs is higher in bright hair than in dark hair (Favretto
et al., 2014). Hair colour is determined by the absolute and relative
amounts of pheomelanin (red) and eumelanin (black) (Solano,
2014), so white hair is characterized by a lack of melanin and black
hair by large amounts of eumelanin. Melanin pigments absorb UV
radiation, protecting proteins from photodegradation, for example
(Hoting et al., 1995a). Thus, black hair is more photostable than
white hair (Hoting et al., 1995b), and the higher eumelanin content
of dark and black hair presumably protects other substances from
photodegradation as well, such as drugs and glucocorticoids
(Favretto et al., 2014).

Another mechanism by which light exposure may affect HCCs
involves structural changes of the hair matrix. UV irradiation can
damage proteins and alter amino acids. This damage is more pro-
nounced in the cuticle than in the cortex because the outer layers
of the fibre receive higher radiation intensities (Robbins, 2001;
Richena and Rezende, 2016). However, amino acids in whole bright
hair are also more markedly degraded than in whole black hair,
especially by UV-A and UV-B irradiation (Hoting et al., 1995a).
Thus, this structural damage may alter the binding of cortisol
and favour its elimination in white hair by washout, such as by
weathering influences in vivo or by washing steps during analysis.

In addition to effects induced by photodegradation, Wester
et al. (2016) suggested that UV-induced crosslinking between glu-
cocorticoids and the hair matrix could result in less extractable and
measurable cortisol. UV radiation caused crosslinking between the
corticosteroid flumethasone and the cytoskeletal protein spectrin
(Miolo et al., 2011), which could indicate a similar mechanism
between glucocorticoids and the hair matrix (Wester et al., 2016).

In previous studies of pigs and cattle, we observed that samples
of natural black hair exhibited higher cortisol concentrations than
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white hair samples of the same animal (Heimbürge et al., 2020a
and 2020b). This is consistent with the findings of other studies
of cattle and humans that dark hair is related to higher HCCs
(Tallo-Parra et al., 2015; Staufenbiel et al., 2015; Rippe et al.,
2016; Binz et al., 2018). However, some studies of cattle (Burnett
et al., 2014; González-de-la-Vara et al., 2011) and chimpanzees
(Yamanashi et al., 2013) have revealed contradictory results. The
underlying mechanisms of divergent cortisol concentrations
between differently coloured hairs remain to be elucidated. It is
assumed that different skin temperatures under dark and bright
hairs affect blood circulation and thus the incorporation of sys-
temic cortisol into the hair (Burnett et al., 2014), and that more
melanocytes in dark hair may facilitate the incorporation of lipo-
philic substances, such as cortisol (Pragst and Balikova, 2006).
However, in the light of our present results, the effect of hair colour
on HCCs is presumably due to the photodegradation and/or elimi-
nation of cortisol. As samples of natural hair have already been
exposed to light irradiation for a certain time, this effect not only
depends on colour but also the age of the specific hair or hair seg-
ment. Lower HCCs from proximal to distal hair segments have been
observed in various species, for instance (Kirschbaum et al., 2009;
Carlitz et al., 2015; Duran et al., 2017; Stalder et al., 2017). Besides
factors such as hair washing and hair treatment, light exposure
duration may also contribute to this ageing effect. In line with this
assumption, a previous study of cattle showed that natural white
hair had significantly lower HCC than natural black hair, although
in the same animals, no difference in HCC was detectable in
regrown hair samples with consequently less time under external
influences (Heimbürge et al., 2020b).

In conclusion, our results indicate that artificial daylight and UV
irradiation can reduce HCCs to different extents in black and white
hair of pigs and cattle, which may contribute to the divergent HCCs
found in black and white hair. This is presumably due to the pres-
ence of melanin pigments in black hair, which absorb radiation and
thus reduce the photodegradation of hair cortisol. Compared with
the impact of other known influencing factors on HCCs, such as age
and body region, the influence of light irradiation was relatively
low in this in vitro experiment. However, further studies should
investigate the influence of light irradiation under real housing
conditions of animals, such as outdoor and indoor housing. To
avoid interference by photodegradation, only hairs of the same col-
our should be compared, preferably dark or black hairs, and hair
samples should be stored in the dark until further analysis.
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