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ABSTRACT

Given the growing interest in wild wolf populations, hormonal profiling is a valuable tool for
conservation endocrinology. Hair samples appear as a reliable and practical substrate for
hormonal analyses due to their non-invasiveness and storage advantages. As keratinous
tissue incorporates hormones over a longer time (weeks to months), it seems suitable for long-
term stress evaluation. The hair and faecal samples used for this thesis were collected from
seven captive wolves. Their hair was collected using a shave/re-shave study design and
additionally brushing. One of the study’s aims was to conduct a comparison of concentrations
of glucocorticoids, specifically cortisol, extracted from hair and faecal samples to investigate
whether these represent an accurate reflection of systemic levels. In addition, possible
confounding factors such as season, body region, or sampling method were analysed.
Knowing the approximate time window during which hormonal incorporation into sampled hair
occurs also improves their validity as a measure of potential stressors because elevations can
be linked to a certain period or even specific stimuli. This requires knowledge of the hair growth
pattern in wolves, which has not been investigated before and therefore was another goal of
this study. The results demonstrate that hair growth in wolves is seasonally specific with a
growth spurt in late summer and autumn. A significant, positive correlation between faecal and
hair cortisol concentrations was established, demonstrating that hair cortisol does indeed
reflect systemic levels. Body region and season were found to have a significant effect on hair
cortisol and should thus be considered when analysing results. These findings add valuable
information to the field of non-invasive endocrinology and contribute to future research

investigating the systemic levels of cortisol in wild wolves in different contexts.
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ZUSAMMENFASSUNG

Hinsichtlich des wachsenden Interesses an Wildtierpopulationen, insbesondere Wolfen, ist die
Erstellung von Hormonprofilen ein wertvolles Mittel fur Erhaltungs- und Artenschutzprojekte.
Haarproben erweisen sich daflr als ein zuverlassiges und praktisches Substrat, da sie nicht-
invasiv enthommen werden kénnen und Vorteile bei der Lagerung bieten. Keratinhaltiges
Gewebe lagert Hormone Uber einen langeren Zeitraum (Wochen bis Monate) ein, weshalb es
besonders geeignet fur eine Erhebung von chronischem Stress scheint. Die in dieser Studie
verwendeten Haar- und Kotproben stammen von sieben Wolfen, die in Gehegen gehalten
werden. Die Haare wurden mittels eines shave/re-shave Studiendesigns und Birsten
gewonnen und im Labor analysiert. Da bisher noch nicht ausreichend untersucht wurde, ob
die extrahierten Glukokortikoide, vor allem Kortisol, aus den Wolfshaaren ein verlassliches Bild
systemischer Konzentrationen widerspiegeln, war der Vergleich mit Glukokortikoid-
Konzentrationen aus Kotproben ein Ziel der vorliegenden Studie. Zusatzlich wurden moégliche
Einflussfaktoren wie Jahreszeit, Korperstelle und Entnahmemethode untersucht. Die Kenntnis
Uber das Zeitfenster, in dem es zur Hormoneinlagerung in die Haare kommt, ist ein weiteres
Kriterium zur Validierung von Haarproben und stellte eine weitere Fragestellung dieser Studie
dar. Somit kénnen die Ergebnisse in weiterer Folge mit einem Zeitraum, bestenfalls einem
Stressor, in Verbindung gebracht werden. Dem vorausgesetzt ist Wissen Uber das
Haarwachstumsmuster der Wolfe. Dies wurde bisher noch nicht untersucht. Die vorliegenden
Ergebnisse zeigen, dass das Haarwachstum abhangig von den Jahreszeiten variiert, mit
einem besonders hohen Wachstum im Spatsommer und Herbst. Zwischen den
Kortisolkonzentrationen in Kot und Haar bestand weiters eine signifikant positive Korrelation.
Die Korperstelle und Jahreszeit wurden ebenso als signifikante Einflussfaktoren auf
Haarkortisolkonzentrationen identifiziert und missen daher bei der Interpretation von
Ergebnissen beachtet werden. Diese Resultate stellen wertvolle Informationen fur die

hormonelle Analyse von Haarproben dar und kénnen zukiinftige Forschungen unterstitzen.
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1. Introduction

With their recolonization, more precisely their growing population numbers in Austria and other
European countries, wolves have long been a polarizing topic, leading to public debates calling
coexistence into consideration, while still being subject to state protective measures in many
European countries (1,2). Over the past few decades, the combination of the wolf’s predatory
nature and the circumstance of them settling closer to human-dominated landscapes caused
increased research on large carnivores, in particular their behaviour and population dynamics
(2,3), aiming to maintain a suitable habitat for wolves, as this is crucial for their health, genetic

diversity and long-term viability (1).

Endocrinologists can contribute significantly to the understanding of the status of a population,
especially regarding the growth of the population in relation to the health status of individuals,
and to apprehend the mechanisms by which they cope with changes in the environment (4).
Therefore, hormonal profiling is a valuable tool for wildlife conservation. To gain insight into
that matter, steroid hormones linked to stress and reproduction are the most used measures.
These measures can be obtained from samples of all body fluids — plasma, serum, saliva,
urine — and even faeces and hair (5). However, there is an increasing preference for non-
invasive sampling methods, particularly in studies concerning stress so that the sample taking
itself does not become a stressor that could confound the results. Especially when studying
wild species, non-invasive sample collecting methods (for example of scats and hair) are
always preferred (5). However, it must also be considered which time interval hormonal levels
(acute vs. chronic, basal vs. stimulated) of the samples reflect and how stable concentrations
are if the samples must be stored. Hair samples, for example, provide a long-term record of
endocrine activity over weeks or months (5) , whereas blood samples reflect a point in time
and can be affected by acute stressors such as the capture and handling during sample
collection (6). Thus, different types of samples may provide different information linked to the

hormonal status of the animal.

In wild wolves, steroid hormones have been extracted and measured in hair (7) and faeces (8)
before. Generally, both substrates are supposed to reflect a past state of the endocrine activity,
while for hair it can be weeks to months, for faeces it is the state of hours to a maximum of one
day prior (5). However, it has not yet been investigated whether these two give approximately
the same information, more precisely, whether a link between the hormonal levels measured

in those two substrates can be established. Due to potential variations in the seasonal hair



growth of wolves and the time at which hormones are incorporated into hair, this question

needs further investigation.

The focus of this thesis is on the endocrine system of captive wolves. Those were housed at
the Core Facility Wolf Science Center, an internationally recognized institution in which various
research work has already been carried out on socialized wolves. The emphasis of the current
thesis is on the steroid hormone cortisol — a “stress” hormone that has been studied widely
before (9). Non-invasive methods are used for this purpose, measuring both faecal
glucocorticoid metabolite (FGCM) and hair cortisol concentrations (HCC) to allow long-term
monitoring of hormonal changes (10). However, considering both the fact that steroid
hormones are only incorporated into growing hair and the fact that the hair growth rate within
and among individuals might show differences, the interpretation of the hormonal levels might
be more difficult (6,11). The annual hair cycle of wolves is another focus of this thesis, since
knowing how rapidly wolf hair grows and in which specific seasons of the year the growth is at

its maximum rate, a time window of hormonal incorporation can be estimated more precisely.
1.1.  Glucocorticoids and their assessment

Glucocorticoids (GC) are steroid hormones produced in the adrenal cortex. Their release
results from the activation of the hypothalamic-pituitary-adrenocortical (HPA) axis. Generally,
the secretion of GC follows a circadian rhythm, but acute activation of the HPA axis in response
to stressors also releases GC (12). Specifically, when the hypothalamus releases corticotropin-
releasing hormone (CRH), this subsequently leads to the secretion of adrenocorticotropic
hormone (ACTH) from the pituitary. ACTH then stimulates the adrenal cortex to produce
cortisol and other GCs (cortisol being the predominant GC in wolves). GC levels are regulated
via a negative feedback loop that acts on CRH and ACTH secretion and ultimately their
production, resulting in the inhibition of the catabolic, lipogenic, anti-reproductive and
immunosuppressive effects caused by high levels of GCs and return to homeostasis (13,14).
Considering that cortisol is a stress hormone and short-term elevations of cortisol help
individuals to cope with unexpected or even life-threatening situations, it is crucial to
differentiate between the impacts of short-term in contrast to prolonged exposure to elevated
GC. Chronically elevated GC concentrations, and therefore prolonged activation of the HPA
axis, are less beneficial to the organism, as they exert a negative effect on the individuals’
health status (5,14). This is one of the reasons why GC concentrations are widely used in

wildlife research as indices of animal welfare.



If environmental circumstances exceed the individual’s capacity to adapt, stress occurs. From
an evolutionary perspective, an appropriate stress response is of crucial importance (15).
However, chronic stress can have detrimental effects, as chronically elevated cortisol

concentrations are noxious to an individual’s health.

Partially, the end products of the HPA axis repress cellular immunity and favour humoral
immunity. However since the endogenous defence primarily functions through cellular immune
responses, this affects the susceptibility to infections but also leads to restricted wound healing,
an increased tendency for autoimmune diseases, and an improved vulnerability for tumour
formation (16). Although there has been an association between clinically verified upper
respiratory ilinesses and elevated stress perception in humans (15), a previous study in wolves
indicated that viral, bacterial, and ectoparasitic infections were linked to increased HCC (7).
This study also revealed heightened HCC in wolves with neoplasia. Additionally, stress
activates the sympathetic nervous system, which ultimately affects the circulatory system (e.g.,
increased heart rate, vasoconstriction, raised blood pressure) and therefore leads to an
elevated risk of cardiovascular diseases such as hypertension, myocardial infarction, or
atherosclerosis (17). This is also associated with increased HCC (18). Furthermore, chronic
stress is shown to interfere with the positive feedback mechanism of oestradiol, which naturally
generates elevation of the luteinizing hormone (LH), hence inducing ovulation. Therefore,
chronically elevated cortisol concentrations can cause delayed LH surge and a diminished

amplitude (19), possibly affecting reproduction.

Blood samples (20,21) and other body fluids such as saliva (20-22) are well-suited for the
assessment of cortisol. However, other substrates, including faeces (23,24) , urine (21,25),
claws (26), or hair (6,10,22,24,26-29) also contain cortisol or its metabolites (30), which can
be quantified following extraction. Given this broad variety of potential sampling substrates,
choosing the most suitable one should be done carefully according to different criteria. One
such consideration concerns the timeframe that is reflected in the sample. While hormone
concentrations in blood samples provide a point-in-time measurement of acute levels (minutes)
(6), the cortisol concentrations in hair samples reflect long-term, integrated, and chronic stress
levels of several weeks or months (10). In addition, considering how invasive collection
techniques such as blood sampling might result in a stress reaction, it is of special importance,
especially when sampling wildlife populations, to consider less invasive or non-invasive
techniques, such as saliva, urine, faeces, or hair samples that can be collected almost without

any manipulation of the animals (9).



1.2. Benefits of non-invasive sampling methods

In general, but especially in wild populations, non-invasive sampling such as hair collection
offers a stress-free option for hormonal monitoring, providing significant insight into a
population’s status over an extended period and a retrospective view of hormonal changes
during life history (10). Moreover, considering that collecting blood or saliva samples is not
feasible in most field studies involving free-roaming animals, as the procedure is rather
invasive and potentially influences the validity of the results, the use of non-invasively collected
samples appears far more beneficial (23). Faecal and hair samples prove to be particularly
popular. Both measurements of faecal GCMs as well as keratinous GC concentrations (hair,
claws) provide an overview of prior HPA activity. Therefore, when assessing these values, it

must be considered that they do not represent the specific time point of sampling.

Nevertheless, the concentration of GCMs in faecal samples is influenced by animal-related
factors such as diet or the time of intestinal passage on the one hand and sample-related
factors such as age and composition of the sample, bacterial activity, and errors in handling,
storage, and processing of the sample on the other (23). The period reflected by the sample’s
values can be described relatively well by the time between two consecutive defecations. The
steroid hormones are metabolized in the liver and released into the intestine via the bile and
thus excreted in the faeces, which is why the time of intestinal passage serves as a good
approximate measure of the delay (9). In most species, faecal GC measures therefore
represent the systemic GC concentration from hours to one day prior to sampling (5).
Comparatively soon after defecation, degradation due to bacterial activity begins, as the
metabolites are metabolized by bacterial enzymes and can therefore no longer be measured
accurately, resulting in distorted values (9). In addition, the effect of prolonged exposure to
increased temperature and precipitation might also hinder accurate measurements (23).
Ideally, the samples should therefore be collected immediately after defecation and stored

correctly, i.e., dried or frozen until they are processed further (23).

As cortisol is incorporated into growing hair, the measured values reflect a longer period,
lasting weeks to months, depending on the hair growth rate. Thus, hair might be a powerful
substrate for long-term HPA activity monitoring and, therefore, a proxy for chronic stress.
Repeated sampling allows to link elevated cortisol concentrations to seasonal variations and
other events. Due to relatively slow hair growth rates, consequently, daily or hourly fluctuations
are not taken into account when measuring GC from hair, which — depending on the study

question — can be both a benefit or a limitation (24). A benefit of keratinous tissue is that GC



concentrations remain stable for long periods and do not require special handling, as they can
be stored long-term at room temperature, ideally under dark and dry conditions (26). Thus,
preference for hair samples is emerging due to these aspects. However, it is important to note
that there is not only a systemic HPA axis, which response to stress and has systemic effects,
but also local production of cortisol in the hair follicle itself. It responds to localized stressors
such as UV exposure, extensive brushing, or dexamethasone exposure (24,31). Therefore,
the interpretation of values obtained from hair samples, especially when those also contain
follicles (e.g., brushed hair in contrast to clipped or cut hair), is not straightforward, as the
contained levels may be a mix of systemic and local origin. This should lead to caution in the

interpretation, and further investigations are indispensable (24,31,32).

Naturally, it seems plausible to assume that GC concentrations measured in the hair reflect a
longer period, as they are absorbed into growing hair. However, recent studies have
questioned this and tended to assess HCC as an acute stress indicator. A study showed that
although HCC cannot be used as such an acute marker as blood and saliva (as they change
within a short time), HCCs were altered just hours after induced stress. The values correlated
best with values of faecal samples (33), which suggests that these may represent a similar
time period. Another study on rats (34) showed that GC concentrations in the rats’ hair
increased hours after an injection with corticosterone, which contradicts with the assumption
that HCC can be used as a marker for chronic stress and additionally suggest that GCs are
absorbed into the hair shaft much faster than generally assumed. In addition, this study
discussed the possibility of GCs diffusing through the hair shaft alongside GC incorporation.
As this would explain the rapid changes in HCCs. This altogether, emphasises the necessity

for further research to refine its application in stress assessment.

The collection of hair samples in the field is primarily conducted using specific hair-collecting
devices, but species differences should be considered when deciding which method to use.
Hair traps or snares are easy to install and depend on the fact that hair gets stuck to them or
is pulled out when animals walk past, rub, or scratch against these objects. Hairs are collected
on rub pads, brushes, or screws that are attached to objects in the animals’ surroundings.
However, cage traps can also be set up, which operate on the same principle; for example,
adhesive pads, tapes, or brushes placed inside collect the hairs (35). Nevertheless, hair
samples can be taken directly from the animals as well, by clipping, brushing, or plucking.

Although this is usually performed on wildlife carcasses (7), another study on wolves used



leghold traps and attractants to capture the animals, and samples were taken by plucking and
cutting the hair (26).

Past studies that have focused on evaluating the reliability of cortisol extracted from hair as a
proxy for systemic HPA axis activity determined the correlation between faecal and hair cortisol
concentrations in dogs and cats (24), mountain goats (36), as well as dairy cattle (37), and
showed significant positive associations. This, however, has not yet been established for

wolves.
1.3. Factors influencing cortisol levels

Subject-related factors such as sex and age have already been investigated in numerous
studies in the past, although the results vary. Previous research on mountain goats (36),
coyotes (38), and lynxes (39,40) showed no significant effect of sex. Therefore, whether the
animal is male or female, did not significantly affect HCC. However, other studies focusing on
lynxes (28) and dogs (41) revealed higher hair cortisol concentrations in females. In contrast,
black bears (42) and feral horses (43) showed increased concentrations in males. In wolves,
no significant link between sex and cortisol levels was found (7,26,30). These inconclusive
results from previous studies suggest that not only sex itself, but rather sex in combination with
other factors such as the species’ social structure or reproductive system influences cortisol

concentrations.

Furthermore, age should also be considered a potentially important factor, although many
previous studies have not found an effect. For felids (39,40), canids (22,38), and horses (29),
cortisol levels did not differ significantly between age groups. Conversely, studies in juvenile
lynxes (28) and mountain goats (36) reported increased values compared to adult individuals.
Regarding wolves, the results are inconsistent, with one study (30) finding no correlation, but
others reporting (7,26) higher concentrations in adults than in juveniles and younger
individuals. This contrasts with the results of studies on other species. A possible explanation
could be that the elevated levels in adults may be due to a combination of several factors,

including social status and seasonal ecological stress (38).

Considering social status, the studies for canids are in agreement, dominant individuals in both
coyotes (38) and wolves (8,44) showed increased cortisol concentrations. It can be assumed
that this is directly related to maintaining a high rank in the pack and that the individuals

therefore experience a higher level of stress.



Attempting to improve the work with hair samples and enable better interpretation, the effects
of various hair characteristics are also widely investigated. The analysis of hair type for
mountain goats (36) showed that guard hair tends to contain more cortisol than underwool.
However, this contrasts with other studies on wolves (26) and dogs (27), in which the different

hair types contained similar levels, thus highlighting the need for more specific investigations.

The consideration of coat/hair colour does not reveal consistent results either. A study on dogs
(22) found that black hair had lower cortisol concentrations, which may be explained by the
fact that dark hair has less capacity as a storage site for cortisol than lighter hair, as the pigment
already takes up that space. However, studies on horses (43) and cows (37) showed the
opposite pattern (i.e., lighter hair having lower cortisol levels). The latter study, however,
collected samples of black hair from different body regions, which could have influenced the
results. Moreover, in several studies on canids (27,45) and felids (40), the body site from which
the sample was taken was not considered, although studies on lynxes (39) and wolves (7)
showed differences according to the sampled body areas of the animals. This may indicate an
influence of natural sunlight (natural UV light) on GC concentrations (degradation) that is
greater in certain body regions than others, thereby resulting in reduced GC concentrations

primarily in hair from dorsal regions (32).

The effect of natural sunlight varies naturally depending on the season. In this regard, it is
essential to consider that the season could potentially influence cortisol levels both
systemically (by affecting, for example, food availability or reproduction) and externally,
through fluctuating UV exposure. High exposure to UV radiation during summer would,
therefore, decrease the values, while less UV exposure during winter may be associated with
a higher amount of GC in the hair. These seasonal differences have been investigated in a
multitude of studies on canids (7,27,30,46) and revealed a maximum GC concentration in
winter, more precisely in January. However, in wolves, the mating season also coincides with
the winter months, which could explain the increased cortisol levels as induced by mating and
increased competition. In conclusion, these effects are interrelated and could potentially also
cancel each other out. Collecting additional information about the population and individuals in
question (e.g., availability of feeding resources, mating competition, presence of puppies, and
so0 on) is essential in attempting to disentangle at least some of these effects. Testing
specifically the effect of UV light on HCC is another step for future research towards validating

hair samples for endocrine studies.



1.4. Hair growth in wolves

Hair growth in wolves generally follows the same pattern observed in many other mammails.
After completing morphogenesis, the hair follicles show cyclical growth activity. Each cycle is
classified into three distinct phases: anagen, catagen, and telogen. The anagen phase
represents the period of active hair growth and is thus thought to be the time of hormonal
incorporation (7,47). This is followed by the catagen phase, during which active hair growth
ends and the follicle regresses. Quiescence dominates in the telogen phase, wherein the
follicle shortens at some point, leading to the shedding of the old hair and the follicles enter a
new cycle (47). Hair replacement thus follows a mosaic pattern in order to prevent local hair
loss, consequently, neighbouring follicles undergo different phases (11). Hair grows to a
predetermined length, varying based on the body region, and no further hair growth occurs
after reaching the maximum and genetically defined length, resulting in species- and breed-
specific variations regarding the phenotypic coat. However, hair growth may differ among
individuals of the same breed and the different body regions. Predefined maximum hair length
and hair growth at a body region are directly proportional to one other (11,48). Both
endogenous and exogenous factors control the hair cycle, causing seasonal variations in
growth rates. Endogenously, cytokines and growth regulators create a local impact, whereas
hormones cause systemic effects influencing hair growth. Nonetheless, environmental aspects
regarding the duration of photoperiod and temperature are increasingly considered to have a
high impact on the seasonality of hair growth, hence those factors affect the secretion of both
melatonin as well as prolactin, which control the hair follicles cyclical activity (47,48). Therefore,
shedding follows an acceleration of the hair cycle, prompted by hormonal shifts stimulated by
deviations in photoperiod (11) and temperature alterations (49). During moult, commonly in
spring and autumn, the number of hairs that reach the telogen phase increases rapidly, causing
them to shed for the change of coat in a higher quantity in comparison to the remaining year
(11). The general idea is that the hair starts to grow again after moult. Therefore, since
hormones are expected to be incorporated into growing hair via the surrounding blood vessels
and glands, it can be assumed that the GC concentrations measured reflect the circulating

values at that time period (7).

So far, previous studies on dogs have revealed rapid hair growth during the summer months
compared to the winter season, as the low temperatures are believed to inhibit hair growth

(11,50). In contrast, results from another study also conducted on dogs, show no significant



seasonal impact on hair growth rates (47). These issues have not yet been addressed explicitly

for wolves, a gap that will be closed by this thesis.
1.5. Hypotheses and predictions

Building on the existing literature outlined above, the main hypothesis and prediction of this
thesis concern the seasonality of the annual wolf hair growth cycle. Shedding is most likely to
occur in spring and autumn. Thereafter, as soon as the anagen phase starts again, hormones
should be incorporated into the growing hair. Thus, in summer, the hair should have a higher
growth rate than during winter, as the cold temperatures have a negative influence, and

therefore minimal growth can be assumed during the colder season (11,50).

As mentioned above, the link between systemic (faecal) and HCC in wolves has not yet been
demonstrated. This is particularly relevant considering an additional possibility of hormone
incorporation in the hair via the cutaneous HPA axis (31). If hair samples are to be considered
meaningful proxies of systemic levels, a significant positive correlation between the two
substrates needs to be established. Nevertheless, this correlation alone does not suffice,
therefore demonstrating changes in hair sample levels (increases and decreases) during well-

defined situations is additionally necessary to confirm their reliability.

Moreover, this thesis attempted to identify other confounding variables and thus evaluated also
additional factors and more specifically: body region, season, and collection method (clipping
vs. brushing). Even though coat colour appears to be an important factor and contradictory
findings exist in the literature — for example, it is not clear whether black hair generally contains
lower hormone concentrations than lighter hair (22) — this thesis could not test this due to the
lack of more black-coated individuals (i.e., the available study population included only one
black-coated female wolf). Similarly, the factor age could not be tested as the available study
population comprised only adult individuals of roughly the same age. However, the factor body
region could be tested and was predicted to have an impact on cortisol concentration, based
on literature describing that sunlight/prolonged UV radiation can lead to a decrease in values.
Thereby, certain body parts being exposed for a longer time period than others should exhibit
decreased cortisol (more specifically, HCC in hair from the belly are expected to be higher than
samples from the back) (32). Lastly, higher cortisol concentrations may be predicted in wolves
during the winter compared to summer months, partially due to their seasonal mating period
that stretches from January to March but also because of the possible influence of natural

sunlight and UV radiation on hair (which is stronger during spring and summer months), which
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could have a degrading effect (27,30). However, no formal test of the effect of controlled UV

radiation on HCC was conducted for this study.
1.6. Statement of significance

Given that cortisol concentrations help to determine the health status of an individual or a
population, identifying confounding factors affecting cortisol levels, as much as the evaluation
and validation of HCC as proxies for systemic stress levels are essential. This knowledge can,
therefore, be included in the subsequent data analysis. Additionally, concerning wolves, there
are no studies on their hair growth, which makes the findings of this thesis valuable for
validating hair samples from wolves. Furthermore, it provides information for future
applications to better understand the welfare of wolf populations and to study the potential

consequences of novel and anthropogenic stressors such as urbanization.
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2. Material and methods
2.1. Study population and sampling process

All samples were obtained from a population of human-socialized and trained wolves, living in
dyads and small packs at the Core Facility Wolf Science Center (CF-WSC) in Ernstbrunn,
Austria. The controlled environment provides optimal conditions to conduct a shave/re-shave
study design to assess hair re-growth in wolves. All samples were collected using non-invasive
methods. Animals participated voluntarily during their regular grooming sessions carried out

by the animal trainers.

Samples were initially collected from seven wolves (four adult males, and three adult females),
but only six wolves continued with the study since one female was no longer willing to
participate after the first sample collection. Unfortunately, another female died shortly after
providing the first hair sample, and one male died following the second hair collection session,

resulting in only four individuals (three males, one female) completing the full study year.

Hair was clipped using electric clippers designed for animals on the left or right shoulder
(depending on which side the animal preferred during habituation training to the clipping
machine) on two predefined locations marked by the bone structure (scapula spine) of the
shoulder blade (cranial and caudal). The second spot served as a substitute in case of little or
no hair growth in the first spot in the following sampling session. Additionally, hair was brushed
from several body regions: left/right shoulder (next to the clipped spots), belly, upper back, and
lower back (upper back being between the shoulder blades and lower back being at the base
of the tail/on top of the hip bones). To assess hair re-growth, repeated sampling of wolf hair
from the same spots was conducted for a year, from October 2021 to October 2022 (see Fig.
1. for a visual timeline). Collectively, there were five sampling sessions for each wolf, with a
three-month interval between them. Therefore, each clipped hair sample reflected the

previous, three-month period since the last clipping.
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Figure 1. A visual timeline of the sampling regime and represented season.

Considering that, regarding two female wolves (Yukon and Tala), only the first sample of the
shave/re-shave study was collected, and therefore no relevant data for evaluation was
provided, they were not included in the assessment of hair re-growth or the correlation between
hair and faecal cortisol concentrations. This reduced the number of individuals (n) for formal

statistical analysis to five.

Hair re-growth was recorded visually with photographs and measurements of individual hair
lengths. All gathered samples were individually stored in paper bags, labelled with the running
sample number, subject ID, collection date, collection method (clipped/brushed), sample
weight, and body region from which the hair was collected. Samples were stored at room
temperature in a dry and dark room until further processing. In total, 152 hair samples were
obtained, of which three could not be used further since they did not meet the necessary weight

requirement (no less than 10 mg) for the cortisol extraction.

Ultimately, 149 hair samples had a sufficient weight for further processing, 41 of them were
‘clipped’ and 108 were ‘brushed’. First, the hair was evaluated macroscopically by measuring
the average hair length and categorizing the samples based on their composition. The average
hair length was determined by calculating the mean value of three hair strands. Due to the

sampling technique, it was not possible to separate guard hair and undercoat.

Simultaneously, during the entire duration of the hair sampling, faecal samples were collected
weekly from each wolf during leashed walks. The trainers collected the samples fresh
immediately after defecation. The samples were placed into plastic tubes, again labelled with
a running sample number, subject ID, collection date, and sample weight, and stored at -20 °C

until steroid measurements. In total 227 faecal samples were collected.
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2.2. Extraction protocol

The Experimental Endocrinology Unit of the Department of Biological Sciences and
Pathobiology at the University of Veterinary Medicine provided a previously validated
extraction protocol for steroid hormones (Appendix 7.1.). Following the macroscopic
evaluation, approximately 150-200 mg of each hair sample were cut with scissors into
approximately 3 mm-long pieces and weighed into a glass vial. To degrease the hair, 7 ml of
n-hexane was added and decanted after shaking shortly on a hand vortex. Further processing
required the samples to be dry, so they were left under the hood to evaporate the remaining
moisture overnight. On the second day of extraction, 100 mg of each sample was weighed into
a clean glass vial and mixed with 5 ml of methanol (100 %). In case of a differing sample
quantity, the added methanol quantity was adapted accordingly (e.g., 50 mg of sample plus
2.5 ml of methanol). After plugging, the vials were placed into a heated water bath with a
constant temperature of 37 °C for 24 hours. Then, the samples were centrifuged for 15 minutes
at 2500 g, and 2.5 ml (or 1.25 ml in case of lower methanol volume) of each sample were
transferred into a fresh glass vial, dried under a nitrogen air stream at 50-60 °C. To redissolve,
0.5 ml of buffer was added to the samples and shaken for 30 minutes. The extracts were

transferred into plastic tubes and stored at -20 °C until analysis by enzyme immunoassay (EIA).

The results from the faecal samples had already been obtained before, therefore, the
extraction process is outlined here only briefly for completeness. The frozen faecal samples
were thawed, and then 0.5 g of each sample was transferred into a clean glass tube. Then,
5 ml of methanol (80 %) was added to each sample and placed onto the shaker for 30 minutes.
This was followed by 10 minutes in the centrifuge at 2500 g. Afterward, 0.7 ml of the
supernatant was transferred into plastic tubes, diluted at 1:10, and stored at -20 °C until

analysis.
2.3. Enzyme immunoassay protocol

Regarding the hormonal analysis, a previously validated in-house EIA for cortisol (for details
see Palme and Moéstl (51)) was performed (Appendix 7.2.). Day 1 started by thawing the
extracted hair samples and washing precoated plates, in which, according to a customized
template, the samples were then pipetted in duplicates into the appropriate wells. The amount
of sample used on the assay plate was adjusted according to the quantity weighed in on the
second day of extraction. Specifically, for samples extracted with 100 mg, 10 ul of sample were

pipetted onto the plate, however, if the extracted sample quantity was lower than 100 mg, the
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amount was adjusted to 30 pl (for 50 mg) or 50 ul (for 25 mg) to ensure that measured
concentrations would fall within the linear range of the assay. After adding the assay
substrates, the plates were incubated for 24 hours at 4 °C while being placed on a shaker. On
day 2, after washing the plates, a mix of peroxidase (POD) and assay buffer (AB) was added
to each well. After a 45-minute-long incubation, the plates were washed once more, followed
by adding a mix of tetramethylbenzidine (TMB) and buffer before incubating again on a shaker
for 45 minutes at 4 °C. To stop the reaction and read the plate, 50 pl of sulfuric acid was

pipetted into the wells and shaken for 15 minutes at room temperature.

A photometer was used to read the plates at 450 nm. In cases where the optical densities (OD)
of the duplicates deviated by more than 10% coefficient of variation (% CV), the measurements
were repeated (five samples). If samples fell above or below the linear range of the standard
curve (binding below 20 % or above 80 %), they were re-measured with adjusted quantities
(two samples). All samples from one individual were measured on the same assay plate. Intra-
assay CVs were below 5 % (average % CV of the duplicates’ OD), and inter-assay CVs were
below 15 % and 20 %, respectively for hair and faeces (n = 5 plates of hair samples, n = 6

plates of faecal samples).
2.4. Statistical analysis

For statistical analysis, five faecal samples had to be excluded due to diarrhoea or altered
faecal consistency which could bias hormonal concentrations. One faecal sample from a male
wolf was excluded as it revealed extremely high cortisol concentrations and was collected
shortly before his cancer-related death. Other than that, no samples were excluded. As
mentioned above, two wolves had no matching hair samples for the assessment of the
correlation between FCGM and HCC (one died and one dropped out of the study early after
not cooperating anymore during shaving and brushing), which reduced the total sample size

for statistical analyses to 193 faecal and 149 hair samples of five wolves.

All statistical analyses were conducted in R Statistical Software (Version 4.4.1; R Core Team
2024), fitting linear mixed effect models (LMM) with a Gaussian error distribution and
implementing full-null model comparisons to avoid inflated type | error rates. Subject ID was
added to all models as a random intercept effect to avoid pseudo-replication, since multiple
samples per wolf were collected. Furthermore, to fulfii model assumptions of normally
distributed residuals, hormones concentrations were log-transformed prior to model fitting.

Since the wolves in this study were all adults, approximately in the same age range, the factor
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age was not included in this evaluation. Beyond that, coat colour and hair type only appear
descriptively, given the circumstance that just one wolf featured dark hair and most of the hair

samples were a mixture of guard hair and underwool.

First, to assess hair re-growth in the clipped samples from the shoulder, the average hair length
was set as the response variable, with the season reflected by the regrown hair (i.e., the period

since the last sampling and thus the period of re-growth) as the fixed effect test predictor.

The data subset comprising the average FGCM and matching HCC (from clipped hair) was
used to test for a correlation between faecal and hair concentrations, using a repeated

measures correlation test (package “rmcorr”) (52).

Next, to test the effect of body region on HCC, the dataset comprising of the brushed hair

samples was used with HCC as the response and body region as the test predictor.

To then investigate the effect of season on the HCC in the clipped samples from the shoulder,
another model was fitted with HCC (log-transformed) as the response, and season reflected
by the regrown hair (i.e., the period since the last sampling and thus the period of re-growth)

as the fixed-effect test predictor.

To compare the effect of sampling method (brushing vs. clipping), the subject of samples from
the shoulder was used, with HCC as the response and sampling method as the test predictor.
Only the first samples were considered, as subsequent clipping/brushing of the same spot
could have affected the next samples differently and to account for differences in hair length

between subsequent brushed and clipped samples.

Lastly, to evaluate potential confounding factors on faecal cortisol levels, another model was
fitted using log-transformed FGCM as the response and season in interaction with sex (due to

possibly sex-mediated effects of the reproductive season) as the test predictor.
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3. Results
3.1. Assessment of hair re-growth

The average length and standard deviation (SD, in brackets) of the clipped hair samples from
the shoulder in autumn 2021 (first collection), was 62 (15.98) mm (n = 5, range = 33—77 mm).
These initial values were not included in the following hair growth rate assessment, as they do
not reflect re-growth but rather maximum length when left alone. However, they are mentioned
to facilitate comparison with the subsequent samples. The data collected for hair re-growth

over the period of one year are listed in Tab. 1. and shown in Fig. 2.

Table 1. Hair re-growth (mm) by season, method (clipped) and body region (shoulder).

autumn winter spring summer autumn
Tekoa 75 26 15 60 44
Taima 33 25 16 23 44
Gero 68 27 76 68
Chitto 57 39
Amarok 76 36 79 69 63
mean length (mm) 62 31 34 57 55
sD 15.98 6.02 26.38 20.48 10.86
re-growth/day 0.35 0.37 0.63 0.60

The rate of hair growth differed between individual wolves. Moreover, there was a significant
difference between the means of summer and winter growth rates. The re-growth rate for the
sample dates four (summer) and five (autumn) was significantly higher than the measurements

of the other dates. For winter, the mean length (SD) of 31 (6.02) mm (range = 25-31 mm),



17

resulted in a daily growth rate of 0.35 mm. On the contrary, during summer, growth was
significantly higher with a mean length (SD) of 57 (20.48) mm (range = 23—-76 mm). Except for
one wolf (Amarok), the third sample revealed the smallest re-growth for all individuals. This
period, late winter and spring (February, March, April) had a mean length (SD) of 34
(26.38) mm and a growth rate of 0.37 mm per day.

0

10.0 1 .01.0 10.0
autumn) winter) sprmg) summer) autumn)
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hair re-growth (mm)

o

sampling session/season

Figure 2. Average hair re-growth (mm) by sampling date and season for n = 5 wolves (samples
clipped from shoulder). First sample (27.10.2021) represents the initial hair length without prior
manipulation.

A peak between the third (spring) and fourth sample (summer) was observed, i.e., in spring
and early summer (May, June, July), re-grown hair had almost reached the length observed at
the beginning of the study. In summary, season had a significant effect on hair re-growth (LMM,
ChiSq =9.24, df = 3, p = 0.03). The different growth rates were most pronounced between the
fourth and second sample (post-hoc testing, Tukey adjusted p-value = 0.04), the fourth and
third sample (post-hoc testing, Tukey adjusted p-value = 0.02), as well as the fifth and third
sample (post-hoc testing, Tukey adjusted p-value = 0.04, see Appendix Fig. 7.3.1.).
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3.2. Correlation between hair cortisol and faecal GCM concentrations

Only clipped samples were used for this analysis, which resulted in some missing HCC data
due to a lack of hair re-growth and therefore in-sufficient sample amounts for cortisol extraction
(Tab. 2.). This is particularly evident for the period January—April, where no HCC could be

measured for any of the wolves. Concordantly, this period revealed the lowest rate of hair re-
growth for the majority of the wolves.

Table 2. Corresponding average FGCM levels and HCC (clipped, shoulder) by subject.

mean FGCM (ng/g) HCC (ng/g)
Tekoa October — January 35.09 13.47
January — April 31.06
April — July 8.31 2.73
July - October 27.49 4,92
Taima October — January 106.30 9.13
January — April 99.61
April — July 28.25 3.52
July - October 53.16 12.04
Gero October — January 16.35
January — April 6.10
April — July 6.33 1.75
July - October 5.57 3.78
Amarok October — January 11.45 472
January — April 15.87
April — July 8.96 2.89
July - October 7.68 4.11
Chitto October — January 17.2 3.33
January — April 100.09

There was a significant positive correlation between FGCM levels and HCC (repeated
measures correlation, r = 0.72, df =6, p = 0.04, 95 % CI [-0.134, 0.979], Fig. 3.).
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Figure 3. Repeated measures correlation plot of hair (HCC) and FGCM concentrations (log-
transformed) of n = 5 wolves sampled repeatedly and represented by different colours (one
wolf, Chitto, green dot, only provided one sample pair and thus did not contribute to the
correlation analysis).

The mean FGCM (SD) for the period October—January was 38.44 (66.90) ng/g (n = 47, range
= 0.77-374.99 ng/g). The corresponding mean (SD) HCC was 7.66 (3.98) ng/g (n = 4, range
= 3.33-13.47 ng/g). Skipping the second sample (January—April) (n = 51) since no HCC could
be assessed, the mean (SD) FGCM for the third sample (April-July) was 12.60 (14.29) ng/g
(n =47, range = 0.84-60.61 ng/g) and related mean (SD) HCC was 2.72 (0.63) ng/g (n = 4,
range = 1.75-3.52 ng/g). For the last sample (July—October) the mean (SD) FGCM revealed
24.92 (43.23) ng/g (n = 48, range = 0.66-237.71 ng/g), and the mean (SD) HCC was 6.21
(3.39) ng/g (n = 4, range = 3.78-12.04 ng/g) (see Appendix Tab. 7.3.1. for visualisation).
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3.3. Assessment of confounding factors in hair and faeces
3.3.1. Effect of body region on brushed hair samples

The test predictor body region had a significant effect on the cortisol concentration extracted
from hair ((LMM, ChiSq = 21.84, df = 3, p = 0.00), see Fig. 4. for visualisation). Samples taken
from the shoulder (n = 22) revealed a mean (SD) HCC of 5.16 (3.66) ng/g (range = 1.55—
15.35 ng/g). Belly samples (n = 25) were almost as high, with a mean (SD) HCC of 4.66
(2.77) ng/g (range = 1.69-11.12 ng/g), but samples from the upper (n = 27) and lower (n = 27)
back exhibited lower HCC. The mean upper back (SD) HCC was at 3.43 (2.38) ng/g (range =
0.50-12.41 ng/g) and the mean lower back (SD) HCC was at 3.37 (1.93) ng/g (range = 0.72—
7.87 ng/g) (visualized in Appendix Tab. 7.3.2.).

-

belly lower back shoulder upper back
body region
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-
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o

hair cortisol concentration [ng/g]

N=7(4M, 3F) wolves

Figure 4. HCC in wolves (brushed samples) by body region. Blue boxes represent the
interquartile range with black lines as the median and red dots as the mean values.

Post-hoc pairwise comparisons of the model output revealed significant differences between
the lower back and belly (adj. p = 0.01) and the upper back and belly (adj. p = 0.01), as well
as between the lower back and shoulder (adj. p < 0.01) and the upper back and shoulder (ad;.
p <0.001). However, no significant difference was established between the shoulder and belly.
The measured amount of cortisol, therefore, differs significantly depending on the body region,

from which the sample was taken.
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3.3.2. Effect of season on HCC and FGCM

Considering that cortisol levels differ depending on the body region, only hair collected from
the shoulder region was used to test for an association between brushed HCC and season.
There was no effect of season on HCC (LMM, ChiSq = 6.4, df = 8, p = 0.60).

The highest mean (SD) HCC for brushed samples was at 5.39 (3.40) ng/g (n = 16, range =
1.40-15.35 ng/g) for the fifth time point/autumn, which contains hormones from August to
October. In comparison, the lowest values of mean HCC were recorded at sample time point
four (summer, representing May, June, July): 2.78 (0.87) ng/g (n = 12, range = 1.50—4.46 ng/g)

(values per season in Appendix Tab. 7.3.3.).

Season did, however, have a significant effect on HCC when only clipped hair was used (LMM,
ChiSq = 11.42, df = 3, p = 0.01). Here, the highest mean (SD) HCC appeared in the second
sample, which represents winter: 7.66 (3.98) ng/g (n = 4, range = 3.33-13.47 ng/qg), reflecting
hormone incorporation in November, December and January. Furthermore, there was a
significant difference between the third and second sample (adj. p = 0.05) as well as the fourth
and second sample (adj. p < 0.001). Thus, significantly less cortisol was detected in the

samples representing spring and summer than in winter.

The elevated HCC in the fifth sample (autumn) compared to the sample collected in summer
(adj. p = 0.00) indicates increased cortisol incorporation into hair during the months of August,
September, and October. The lowest mean (SD) HCC for clipped hair samples was found in
summer samples (fourth sample) with 2.72 (0.63) ng/g (n = 4, range = 1.75-3.52 ng/g) (values
per season in Appendix Tab. 7.3.4.).
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Figure 5. HCC in wolves (shave/re-shave test) by season. Blue boxes represent the
interquartile range with black lines as the median and red dots as the mean values.

Additionally, season also had a significant main effect on FGCM (ChiSq = 20.96, df =7, p =
0.00).

Samples collected during winter and spring exhibited significantly higher FGCM concentrations
than summer samples. A significant difference was determined between summer and winter
(adj. p = 0.00), summer and spring (adj. p < 0.001), and summer and autumn (adj. p = 0.05).

The latter reflects FGCM concentrations in the months of August, September, and October.

The lowest mean (SD) FGCM concentration was found during summer at 15.04 (20.19) ng/g
(n = 51, range = 0.84-110.99 ng/g), while the highest mean (SD) FGCM was in samples
reflecting spring at 45.30 (58.58) ng/g (n = 59, range = 0.66—-237.71 ng/g) (see faecal samples
per season in Appendix Tab. 7.3.5.).

As visualized in Fig. 6., a generalized additive model (GAM) was fitted to analyse data

regarding seasonal differences, creating a nonlinear pattern.



23

3.5

3.0

25

20

Cortisol concentration (ng/g)

Jan Feb  Mar Apr May  Jun Jul Aug Sep  Oct Nov  Dec

Time

Figure 6. Seasonality of cortisol concentrations in WSC scats, predicted by a GAM model.

3.3.3. Hair collection method comparison

To test the possible influence of the collection method (brushed vs. clipped) on HCC, only
samples from the shoulder and the first collection time were used to avoid other confounding
factors (body region, season, hair length). There was no significant difference between HCC
in brushed vs. clipped samples (LMM, ChiSq = 0.283, df = 1, p = 0.59) (Appendix Fig. 7.3.2.).
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4. Discussion

The primary aims of this thesis were to assess the annual hair growth of wolves as well as to
evaluate whether FGCM levels are reflected in the HCC found in wolf hair samples.
Additionally, factors possibly influencing these HCCs were investigated. Together, the results
of this study, conducted in captive wolves, aimed to provide information potentially useful for

studies on cortisol concentration in wild wolf populations.

Considering the annual hair growth, the results show that season had a significant effect on
hair re-growth, as there is a strong difference between summer (third and fourth re-growth in
summer and autumn) and winter (first and second re-growth in winter and spring) growth rates.
This aligns with the predictions of this thesis. For the correlation between hair and faecal GCM
concentrations, the predicted outcome was also met, since FGCM and HCC were significantly
positively linked. Regarding the confounding factors on HCC, the results show that the body
region from which the hair sample was taken, had a significant effect on the HCC. Brushed
samples from the shoulder and belly regions had higher cortisol concentrations than the
samples from the upper and lower back. The seasonal effect on HCC of brushed samples was
not significant. This contrasts with the prediction of this thesis. However, season had a
significant effect when considering clipped hair and faecal samples. In both cases, and in line
with the predictions, the highest concentrations were measured in the winter months. Lastly,
the results for the hair collection method comparison showed no significant difference in HCC

between brushed and clipped hair samples from the shoulder.
4.1. Hair re-growth

Hair growth was determined using clipped hair samples from the shoulder, which were
repeatedly collected after a three-month period. As mentioned before, the first sample taken
in October 2021 was exclusively used as a reference for assessing hair (re-)growth rates. The
fourth sample, reflecting spring and early summer, exhibited the highest mean growth rate and
was close to reaching the initial length (relative to sample one). Since the fifth sample clipped
in autumn showed a similar (slightly lower) mean length and daily growth rate, these two time
periods are in strong contrast to the other ones. These high growth rates may be due to the
wolves growing their winter coat earlier than expected. Generally, the second sample
(reflecting November, December, January) had the lowest mean growth rate, however, for all
wolves but one (Amarok), the third sample (reflecting February, March, April) truly showed the
lowest growth for the individuals (n = 3, 0.21 mm/day with a mean length (SD) of 19 (5.58) mm).
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Considering this period was the fastest growth for the wolf missing from those numbers
(Amarok), it explains the high standard deviation to the mean growth rate when including him
in the results (Tab. 1.). This, however, highlights how individually different hair growth can be

even within the same species (11).

The results show a seasonal variation in growth rates and therefore not only align with the
predictions of this thesis but also with previous studies in dogs (11,50) and horses (29). The
canid studies even revealed the same outcome, with higher growth rates in summer months,
underlining the positive influence of natural sunlight and temperature on hair growth, which
has been described in other studies as well (11,49,50). Considering the past meteorological
data for Vienna (autumn 2021 and autumn 2022), obtained from © WeatherSpark (see
Appendix Fig. 7.3.3.—7.3.6.), it may be assumed that the cold temperatures that set in around
the end of October and lasted until the beginning of April had the described negative effect on
hair growth. The same can be observed in the numbers for the hours of daylight, as the
photoperiod almost halves at the end of November (compared to summer months) and only

starts to increase again in March.

Overall, the results confirm that wolves at the WSC begin to develop a longer and denser
winter coat in autumn, to protect themselves from the cold conditions, and their coats thin out
during spring and summer to prevent the body from overheating. However, additional factors
influencing hair growth, such as diet and nutritional and health status, must also be taken into
consideration, especially when transferring these results from captive wolves to free-ranging

populations.
4.2. Correlation between hair and faecal GCM concentrations

As predicted, the results of this thesis show a significant positive correlation (Fig. 3.) between
the measures of FGCM and HCC in captive wolves, albeit with considerable individual variation
resulting in rather large confidence intervals. Overall, in cases of high FGCM, elevated cortisol
concentrations in hair in the corresponding samples were also detected. This supports the
hypothesis that hair samples can be used as proxies for systemic stress levels. Similar results
were established for dogs, cats (24), and cattle (37), emphasizing that hair, as a substrate, is
suitable as a biomarker of chronic stress and thus animal welfare. Nonetheless, there is a
cutaneous HPA axis that affects and influences HCC, which was not assessed in this study
but needs to be considered, indicating that merely proving a positive correlation is not sufficient

to prove the suitability of the method. To validate these approaches further, experimental



26

studies manipulating peripheral cortisol levels (either increasing or decreasing them) are
inevitable. This is of special importance considering studies highlighting the acute increases in
HCC (33,34), suggesting that further validation is required to confirm the method’s

effectiveness in different scenarios.
4.3. Confounding factors in hair and faeces

Four different body regions (shoulder, belly, upper back, and lower back) were sampled
through brushing and compared in relation to the measured HCC to investigate whether body

region serves as a confounding factor on the HCC.

Studies in wolves (7) and lynx (39) revealed differences in HCC between body regions.
Considering the influence of UV radiation on steroid hormones (32), it is likely to have a greater
impact on certain body regions that are more exposed to sunlight than others. The degrading
effect of sunlight is supported by the results of this thesis (Fig. 4.), as the HCC values between
the lower back and belly (p = 0.01), as well as those between the upper back and belly (p =
0.01), showed significant differences. The concentrations extracted from shoulder samples
had the highest mean values (5.16 ng/g). These results are inconsistent with existing research.
No effect of body region was observed in bobcats (40) and dogs (27,45). However, one study
concerning dogs only compared the left and right shoulder region and since these areas
generally receive the same amount of sunlight, likely, the concentrations do not differ greatly.
Certainly, these results should not be interpreted solely as an effect of UV radiation. It must
also be considered that the distinct body regions likely experience different types of
manipulation (e.g., scratching or grooming), with one region being subjected to more than
another, which possibly influences HCC by stimulating the cutaneous cortisol production or
mild inflammatory processes (31). Additionally, this thesis did not determine if hair colour varied
among the body regions of an individual, which could have impacted HCC as well, given that,
for example, belly hair tends to differ in colour and composition form the hair on the back.
Therefore, it is important to emphasize that further research is required to understand why

these differences in HCC occur when comparing body regions.

Furthermore, the density, length, and composition of the hair sample influence HCC.
Nevertheless, although the present thesis could not provide any conclusive information about
the hair composition, differences in the contained HCC in the two hair structures were found
in mountain goats (36). Guard hair generally revealed almost twice as much HCC than

underwool. Additionally, the ratio of guard hair to undercoat differs depending on the body
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region (e.g., the amount of guard hair in samples from the belly is lower than the amount in
back samples), highlighting the necessity for standardized sample taking, regarding body
region differences. However, studies in wolves (26) and dogs (27) could not report differences
between the hair structures, which is precisely why more clarification regarding hair
composition is required for future research and why, for this thesis, guard hair and underwool
in the samples were not separated. Generally, the results of this thesis emphasize the
importance of standardized sampling procedures, thereby utilizing the same body region for

sample collection to reduce the possibility of variability.

Moreover, the findings of the present study demonstrate seasonal variations in HCC of clipped
hair samples (Fig. 5.). This is in agreement with the predictions of this thesis, as well as with
previous studies on bobcats (40), dogs (27), and wolves (46). The second sample had the
highest mean HCC (7.66 ng/g), representing winter, while the fourth sample (summer) had the
lowest mean concentration. The studies on dogs and wolves described the same outcome.
The mating period may be the most influential factor, resulting in higher concentrations in the
winter months. This period is considered particularly stressful for the wolves, as despite the
small packs at the WSC, they see, smell, and hear the other wolves from the neighbouring
packs and may show higher levels of competitive behaviours such as marking, patrolling, and
howling. In addition, as animals are not neutered but intact (females) or vasectomized (males),
they also exhibit all physiological and behavioural changes related to the reproductive period,
such as mating, denning, and mate guarding/mate provisioning as soon as females become
pseudo-pregnant. However, it is worth mentioning that the study on bobcats (40) only found
seasonal changes in HCC in wild but not in captive bobcats. One could thus assume that
additional factors influenced GC concentrations, such as diet and food supply, respectively,
which were kept constant in captivity. Similarly, in the present sample, food supply at the WSC
is constant throughout winter, and a seasonal effect of nutritional stress on HCC is therefore

unlikely. However, this may be different for free-ranging wolves in future studies.

The negative effect of natural sunlight on the GC concentration in hair may also be considered
here since UV radiation causes the glucocorticoids to gradually disappear from the hair shaft,
as has been revealed for humans and sheep (31,32). Considering the data on hours of daylight
obtained from © WeatherSpark (see Appendix Fig. 7.3.3—7.3.6.), as beforementioned, the low
values of the clipped hair samples in spring and summer (summer being the lowest at

2.72 ng/g) (February to July) overlap with the months that have the most daylight and
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consequently the highest UV radiation. HCC was the highest in winter when the hours of

daylight were much shorter.

Another study on wolves (8) found no seasonal pattern in faecal GCM concentrations, which
concords with the findings of the brushed samples in this study. A possible reason could be
insufficient sample quality and number. However, it is most probable that the brushed samples
contained hairs from different growth phases and were analysed as a mix, leading to a

distortion of the concentration values.

Seasonality was also evident in FGCM, with the lowest mean FGCM measured in summer
(15.04 ng/g) and the highest mean FGCM in spring (45.30 ng/g) (Fig. 6.). A study on mountain
goats (36) also revealed a seasonal pattern in FGCM (although different with the highest
FGCM levels in summer and the lowest in autumn). The influence of UV radiation on this matrix
can be ruled out, especially considering the applied collection method used in the present
study. However, the mating period, as well as heavy weather changes (e.g., cold temperatures)
are possible impacting factors. At this point though, it is necessary to highlight that the HCC
and the FGCM peaks did not fully coincide, as the FGCM peak appeared later than the one in
hair. Although the opposite might have been expected, considering the duration of hormonal
incorporation into hair and the faster excretion via faeces. This, however, might also be a
cautionary sign for HCC as an indicator for chronic stress and it is important to consider that it
may also reflect more acute stress responses, requiring further investigation into its role in

different stress contexts.

Lastly, to determine if the sample collection method had a significant effect on HCC, brushed
shoulder and clipped shoulder samples were compared. However, since, as described above,
not only the body region but also the season impacted HCC, only the first and fifth sample
were suitable for comparison, as they were taken at the same time (autumn). However, to
avoid the possible influence of manipulation (i.e., repeated clipping and brushing), which may
have led to local cortisol production, only the first sample was considered valuable. No
significant difference between the methods was found. Despite these results, the question of
whether the presence of hair follicles influences the HCC remains interesting for future studies.
While clipped samples do not contain follicles, the number of follicles is possibly greater in
brushed samples (since they could be pulled out by the root). In a study in brown bears (53),
a significant difference was found. Therefore, HCC was higher in samples that included the
follicle. As this contrasts with the results of this thesis, it may be beneficial for the future

efficiency of hair sampling to determine whether the presence of follicles significantly
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influences HCC in wolves. After all, if the presence of follicles has no impact on HCC, all
sampling methods (e.g., clipping, plucking, snagging) would appear comparable and
interchangeable for long-term stress evaluation. This is of special importance when studying
wildlife. However, with the present results, no further conclusion can be made on this topic, as

it is not clear how many hairs from the brushed samples were collected with the follicle.
4.4. Limitations of this thesis

Although cortisol measurement from hair samples proved to be a useful method for steroid
hormone assessment in wolves, the present study has certain limitations. The relatively limited
sample size, due to the small available wolf population, could have affected generalisability
and reduced the statistical power of this thesis’ results. Additionally, the influence of the coat
colour could not be tested in more detail, as the presence of only one black wolf prevented any
conclusions. Previous studies produced inconsistent data. In dogs (22) black hair was
mentioned in combination with lower HCC, while the opposite was found in horses (43) and
cattle (37).

Furthermore, considering most of the used samples contained both guard hair and underwool
and were not separated for extraction, this could have led to some inaccuracies of the
concentration values. This is especially relevant given that the literature describes a variation
in the growth of these hair types in wolves (26) and a difference in the contained HCC (36),

while another study in wolves did not report differences (26).

Individual variations between the wolves partly resulted in large differences regarding the
absolute cortisol concentrations in hair and faeces. One wolf (Taima) consistently exhibited
higher cortisol levels than the other individuals and was in the upper range for every sample
time point. Although she was the only black wolf participating in this study, she showed very
high levels of both HCC and FGCM. This highlights the importance of other impacting factors
(e.g., health status, metabolic reasons). Additionally, the setting of this thesis allowed a good
insight into the characteristics of the wolves, as the number of individuals was manageable,
and the wolves were under constant observation. Therefore, it can be assumed that personality
and behaviour could also influence cortisol concentrations, particularly in the case of Taima,
who is relatively nervous and easily stressed, leading to higher levels. Moreover, it should also
be mentioned that she and Takoa, who also exhibited fairly high cortisol concentrations, are
the only European wolf mixes included in the study population. Both display rather shy and

nervous behaviour compared to the other wolves, which are pure North American wolves.
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Those tend to be less shy and timid (54). Unfortunately, a more detailed investigation into this
was not possible due to the small number of individuals, however, this could be interesting for

future studies with larger populations including wild wolves from Europe and US/Canada.

Furthermore, another wolf (Yukon) received prednisolone treatment during the study period,
which likely affected both hair and faeces measurements. Her samples were only included in
the assessment of confounding factors (body region, method), as she died shortly after the
second hair sampling session. As a synthetic GC, prednisolone has a similar effect to the
body’s natural cortisol and acts as an anti-inflammatory and immunosuppressive drug. It may
lead to increased levels when administered initially, but a long-term use is described to
suppress the negative feedback loop of the HPA axis (55). However, these decreased values
would have been recorded by the used cortisol EIA. Overall, her sample values did not show
lower concentrations compared to the other wolves. Certainly, there are no results that show
what her values were before the medication was administered, therefore it could well be that
she also exhibited higher levels in general and that the values measured were reduced to a
lower level. However, there could also be other explanations for this. First, she could have
reacted to other stressors — which then again might possibly suggest that HCC would be
appropriate as an acute stress measurement. Additionally, considering that she could have
developed a tolerance to the medication, therefore limiting the effectiveness, might have also
caused the measured concentrations in this thesis. Lastly, the possibility of possible errors
during the measurement cannot be ruled out either. Despite the many possibilities, it is
ultimately important to mention that no exact reason could be established. The other wolves
were treated with anti-parasitic drugs and spot-on treatments throughout the study period, and

no effect on the cortisol concentration was expected, but it cannot be excluded completely.

Moreover, one cannot neglect the uncertainty regarding how much the cutaneous “HPA axis
homolog” (56) influences the incorporation of cortisol into the hair. Although the present results
show a significant correlation between HCC and systemic levels, one cannot infer about the
influence of local cortisol production and mediation. Therefore, this question requires further
clarification. Additionally, the extraction process may have introduced variance into the present

results, considering that the hair and faecal samples were analysed by different people.

Finally, a substantial methodological issue in the interpretation of HCC as a biomarker for
chronic stress lies in the character of correlative studies. Correlation does not imply causation,
therefore, even though a link between GC concentrations in hair and faecal samples and

season and body region was observed, it does not allow a direct conclusion drawn about the
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causal relationship. Therefore, it is possible that other unconsidered factors have influenced
the HCC values. Recalling the studies that suggested that HCCs do not exclusively reflect
long-term HPA axis activity but rather short-term fluctuations (33,34), these results indicate
that HCCs should be used cautiously as a proxy for chronic stress. To validate HCC as a
reliable marker of chronic stress, targeted experimental studies are required in which HPA axis
activity is systematically manipulated (increased/decreased) and the effects on HCC can be
measured. Such experimental designs may provide more precise insights into the mechanisms

of cortisol incorporation into hair.
4.5. Conclusion of the study

In conclusion, the findings of this thesis reveal that the hair growth of captive wolves is
seasonally specific, with a peak during late summer and autumn, and suggest that clipped hair
samples serve as a useful biomarker for assessing long-term stress levels in wolves.
Additionally, the results show that influencing factors such as body region must be considered
during the interpretation of the HCC. Overall, the results emphasize the need for a
standardized sampling technique (e.g., body region, storage) to improve the significance and
inference of the HCC data. Altogether, due to the relatively low invasiveness, and stability of
hair samples, this method appears valuable for future research questions aimed at studying

wildlife.
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7. Appendix

7.1. Extraction protocol for cortisol

Day 1:

— Sort samples in batches of n = 36 (= 1 plate)
— Cut hair samples (~2-3 mm)

— Weighing ~0.2 g hair into a glass vial
Washing step (degreasing)

— Add 7 ml n-hexane

— Shake vials on hand vortex (~1 min)

— Decant n-hexane

— dry hair samples overnight

Day 2:
Extraction (1% part)

— Weigh 100 mg hair (0.100 £+ 0.0005 g) from each vial into an eprouvette
- 50mg-25mg-10mg

— Add 5 ml methanol (100 %)

- 25ml-1.25ml-0.5ml

— Plug vials tightly

— 24h incubation in thermomixer at 37 °C

Day 3:
Extraction (2™ part)

— Centrifuge (15 min at 2500 g)

— Transfer 2.5 ml into a new eprouvette

- 1.25ml-0.625 ml - 0.25 ml

— Dry down under a stream of nitrogen at 50°—60° C

— Re-dissolve in EIA buffer (0.5 ml; shaker for 30min)

- Always add 0.5 ml of EIA buffer regardless of sample amount
— Transfer extracts into ‘Biorad’ tubes

— Store in freezer at -20° C until analysis
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Enzyme immunoassay (EIA) protocol for cortisol

Thaw extracts
Wash coated plates
Thaw Enzyme label (EL), Antibody (AB) and Standards (S).

Pipet plates:

- S1-S7: 10 ul Standard + 40 ul assay-buffer
= 100 pl EL
= 100 ul AB

- P1-Px: 50 ul sample (or 30 ul sample + 20 ul assay-buffer)
» 100 pl EL
= 100 pul AB

- NSB: 150 pul assay-buffer
= 100 pl EL

- BO: 50 pl assay-buffer
= 100 pl EL
= 100 pul AB

Incubate plates on a shaker in a cold room overnight

Wash plates

Mix POD (peroxidase) and assay-buffer, then add 100 p/ into each well

Incubate plates on a shaker in a cold room for 45 minutes

Wash plates

Mix TMB (Tetramethylbenzidine), H202 and TMB-buffer, then add 100 u/ into each well
Incubate plates on a shaker in a cold room for 45 minutes

Add 0 plof HS O Sulfuric acid) into each well

Shake plates at room temperature for 30 minutes

Read plates with a photometer at 450 nm
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7.3. Additional figures and tables

Hair re-growth in wolves (shave-reshave test)

.

]

o

average hair length [mm]
-~

~

initial sample [collected end of Oct]  1st re-growth [Nov-Dec-Jan] 2nd re-growth [Feb-Mar-Apr] Jrd re-growth [May-Jun-Jul] Ath re-growth [Aug-Sept-Oct]

N=T7 N=5 N=4 N=4 N=4

Figure 7.3.1. Hair re-growth cycle in wolves (shave/re-shave test). Blue boxes represent the
interquartile range with black lines as the median and red dots as the mean values.

Table 7.3.1. Comparison of mean FGCM and HCC per sampling time.

Oct.—Jan. Jan.—April April-July July—Oct.
n 47 51 47 48
mean FGCM 38.44 47.44 12.60 24.92
(nglg)

SD 66.90 59.25 14.29 43.23
minimum 0.77 0.97 0.84 0.66
maximum 374.99 223.74 60.61 237.71

n 4 4 4
mean HCC 7.66 2.72 6.21
(ng/g)

SD 3.98 0.63 3.39

minimum 3.33 1.75 3.78

maximum 13.47 3.52 12.04
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Table 7.3.2. Comparison of body positions based on HCC.

shoulder belly upper back lower back
n 22 25 27 27
mean HCC 5.16 4.66 3.43 3.37

(ng/9)

SD 3.66 2.77 2.38 1.93
minimum 1.55 1.69 0.50 0.72
maximum 15.35 11.12 12.41 7.87

Table 7.3.3. Brushed hair samples per season.
Autumn Winter Spring Summer Autumn

n 28 22 23 12 16

mean HCC 4.47 3.61 3.89 2.78 5.39
(ng/g)

SD 3.46 2.33 2.00 0.87 3.40
minimum 0.98 0.50 1.38 1.50 1.40
maximum 14.83 8.93 9.20 4.46 15.35

Table 7.3.4. Clipped hair samples per season.
Autumn Winter Spring Summer Autumn
n 13 4 4 4 12
mean HCC 6.47 7.66 4.45 2.72 5.52
(ng/g)

SD 4.03 3.98 1.99 0.63 2.93
minimum 2.70 3.33 2.39 1.75 2.00
maximum 15.31 13.47 7.40 3.52 12.04
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Table 7.3.5. Faecal samples per season.

Winter Spring Summer Autumn
n 60 59 51 48
mean FGCM 26.70 45.30 15.04 24.92
(ng/g)
SD 55.35 58.58 20.19 43.23
minimum 0.77 0.97 0.84 0.66
maximum 374.99 223.74 110.99 237.71

Hair cortisol concentration in wolves (method comparison)

=y
N

[=-]

hair cortisol concentration [ng/g]

brushed_shoulder shaved_shoulder
collection method

Figure 7.3.2. HCC in wolves (brushed vs clipped samples). Blue boxes represent the
interquartile range with black lines as the median and red dots as the mean values.
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Figure 7.3.3. Hourly Temperature in Fall 2021 in Vienna (© WeatherSpark.com)
The hourly reported temperature, colour coded into bands. The shaded overlays indicate night
and civil twilight.
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Figure 7.3.4. Hourly temperature in 2022 in Vienna (© WeatherSpark.com)
The hourly reported temperature, colour coded into bands. The shaded overlays indicate night
and civil twilight.
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Figure 7.3.5. Hours of daylight and twilight in Fall 2021 in Vienna (© WeatherSpark.com)
The number of hours during which the sun is visible (black line). From bottom (most yellow) to
top (most grey), the colour bands indicate: full daylight, twilight, and full night.
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Figure 7.3.6. Hours of daylight and twilight in 2022 in Vienna (© WeatherSpark.com)
The number of hours during which the sun is visible (black line). From bottom (most yellow) to
top (most grey), the colour bands indicate: full daylight, twilight, and full night.
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