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I   Introduction 

The measurement of hormones is a valuable tool in the field of zoo and wildlife 

research. Understanding species-specific endocrine systems and their role within a 

greater ecological context are indispensable for the development of targeted 

conservation measures (see reviews by DANTZER et al. 2014a; KERSEY and 

DEHNHARD 2014; KOREN et al. 2019; V. KUMAR and UMAPATHY 2019). Especially 

steroid hormones linked to reproduction and stress have been measured in various 

species and matrixes (see reviews by HODGES et al. 2010; SHERIFF et al. 2011; A 

KUMAR et al. 2013; E MÖSTL 2014; KOREN et al. 2019; PALME 2019). Measuring 

sex hormones as testosterone or progesterone can provide information on the 

hypothalamic-pituitary-gonadal (HPG) axis activity and reproductive status or social 

structures within populations (see reviews by KOREN et al. 2002; F 

SCHWARZENBERGER 2007; KOREN et al. 2019; V. KUMAR and UMAPATHY 

2019). The obtained data can be used to establish conservation breeding programmes 

or effective contraception measures in zoos (F SCHWARZENBERGER 2007; V. 

KUMAR and UMAPATHY 2019). When it comes to stress hormones, most researchers 

commonly focus on the measurement of glucocorticoids (GCs; ROMANO et al. 2010; 

SHERIFF et al. 2011)—though, a variety of different hormones are involved in the 

stress response. In mammals the two core pathways of the stress reaction are the 

hypothalamic-pituitary-adrenocortical (HPA) axis (fish, amphibians and reptiles: 

hypothalamic-pituitary-interrenal axis) and the sympatho-adreno-medullary system: 

when an individual becomes exposed to a sudden threat (e.g. attack of a predator) 

activation of both systems leads to increased hormone secretion in the adrenal glands 

in order to adapt to the situation (fight-or-flight; CANNON 1929; E. MÖSTL and PALME 

2002; REEDER and KRAMER 2005). The almost instantaneous activation of the 

sympathetic nervous system (SNS) triggers the medullary secretion of catecholamine 

neurohormones, mainly norepinephrine and epinephrine, which increase arousal, 

heartrate and mobilize energy by enhanced glycogenolysis and lipolysis. 

Simultaneously, the HPA stress response starts with the release of corticotropin-

releasing hormone (CRH) and other releasing hormones from the paraventricular 

nucleus of the hypothalamus (Fig. 1; REEDER and KRAMER 2005). CRH is carried 
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via the hypophyseal portal system to the anterior pituitary gland and initiates the 

production of adrenocorticotropic hormone (ACTH) which is transported through the 

blood to the cortex of the adrenal gland. Its binding in the cortex activates a signalling 

cascade causing the release of GC hormones into the circulatory system (DALLMAN 

et al. 1992; SAPOLSKY 2002; BOONSTRA 2004). In most mammalian and fish 

species cortisol is the primary GC, while in some rodents, reptiles, amphibians and 

birds it is corticosterone (SHERIFF et al. 2011). Cortisol is secreted by the cells of the 

adrenal zona fasciculata and amongst others sets off an increase of blood sugar levels, 

heart rate and muscle tension to provide the body enough energy to quickly adjust to 

the harmful situation and react adequately (WINGFIELD et al. 1998; HABIB et al. 

2001). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1) Function and feedback mechanisms of the hypothalamic-pituitary-

adrenocortical axis and its role in the stress response. CRH, Corticotropin-releasing 

hormone; ACTH, Adrenocorticotropic hormone  
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Whereas this rapid and momentary activation of the HPA axis denotes a physiological 

and vital process in healthy individuals (SAPOLSKY et al. 2000; HABIB et al. 2001), 

several studies clearly demonstrated  that chronically elevated cortisol levels can entail 

severe damages for the organisms health (e.g. reduced fitness, immunosuppression) 

and also lead to reproduction disorders due to the close interaction between the HPA 

and HPG axes (MUNCK et al. 1984; DOBSON and SMITH 1995; GARY P. MOBERG 

et al. 2000; SAPOLSKY et al. 2000). Furthermore, in chronically stressed individuals 

negative feedback loops can be disrupted which can lead to HPA axis dysregulation 

(DANTZER et al. 2014a)—though there are species that show no adverse effects (in 

the long term) or adrenal exhaustion under chronic stress (BOONSTRA 2013). 

So far, in animals mainly blood, saliva, faeces and urine have been used for the 

analysis of steroid hormones. The various matrixes have to be evaluated differently in 

terms of time spans they reflect, stability of hormones, and feasibility and invasiveness 

of sampling (see Table 1 and reviews by SHERIFF et al. 2011; E. RUSSELL et al. 

2012; KERSEY and DEHNHARD 2014). Saliva and blood, for example, provide current 

circulating concentrations of hormones (point estimates), prone to circadian rhythmicity 

and environmental influences like e.g. handling (SHERIFF et al. 2011). The capture 

and/or restraint situation during sampling is stressful and can highly influence the 

outcome—especially when cortisol levels are to be determined. 

Thus, less or non-invasive sampling methods are important in order to acquire 

unbiased results, as for example provided by urine and faeces collection which allow 

an assessment of 24-hour integrated hormone concentrations (i.a. depending on 

species, metabolic/reproductive status, frequency of defecation; GOYMANN 2005; 

PALME 2005). Particularly when it comes to zoo or wildlife research, practicability of 

the sampling procedure is essential, what makes faeces an often-used matrix since it 

can be collected more easily than urine and without animal contact (MILLSPAUGH 

and WASHBURN 2004; TOUMA and PALME 2005; F SCHWARZENBERGER 2007; 

PALME 2019). Since hormones are quickly metabolized in the liver and their 

metabolites released via the bile into the gut, in faecal material these hormone 

metabolites (faecal glucocorticoid metabolites = FGMs) are measured instead of native 

hormones (see review by PALME 2019). 
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Furthermore, during the last years other materials as for example hair, feathers, claws 

or shed reptile skins have aroused interest in research as they deliver promising 

potential tools for non-invasive assessment of long-term hormone levels of different 

vertebrates (KOREN et al. 2002; BORTOLOTTI et al. 2009; BERKVENS 2012; E. 

RUSSELL et al. 2012; MATAS et al. 2016; HEIMBÜRGE et al. 2019; KOREN et al. 

2019). Hormones are assumed to accumulate in the growing hair shaft (or 

feather/claw, respectively) proportionally to their unbound, biologically active fraction 

in the blood (MEYER and NOVAK 2012; STALDER and KIRSCHBAUM 2012), 

providing a retrospective hormone evaluation of the last weeks to months prior to 

analysis. 

Table 1) Overview of sample matrixes commonly used for wildlife steroid hormone 

analysis with regard to material-specific characteristics.  

Sample 
matrix 

Invasiveness 
of samplinga 

Storage 
conditions 

Practical 
feasibility in 

the fieldb 

Reflected time 
span of 

hormone 
production 

Blood High 
Refrigeration or 

freezing 
(serum/plasma) 

Moderate to 
low 

Minutes; point 
estimates 

Saliva Moderate 
Refrigeration or 

freezing 
Moderate to 

low 
Minutes; point 

estimates 

Urine 
Moderate to 

low 
Refrigeration or 

freezing 
Low 12–24 h 

Faeces Low Freezing High 12–24 h 

Hair/Feathers 
Moderate to 

low 
Room 

temperature 
Moderate to 

high 
Weeks to 
months 

amainly depending on sampling situation, species and individual (e.g. zoo or field, 

trained vs. untrained animal) 

bmainly depending on sampling environment and species  
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Among the first wildlife species, in which long-term stress was assessed by measuring 

hair cortisol concentrations (HCCs) is the polar bear (Ursus maritimus) (see review by 

KOREN et al. 2019). As the largest land mammal of the Artic, polar bears are 

considered to suffer especially from long-term stress linked to global warming, and 

other anthropogenic factors (STIRLING and DEROCHER 1993; STIRLING and 

PARKINSON 2006; WIIG et al. 2008; HUNTER et al. 2010; HOCHHEIM and BARBER 

2014; PATYK et al. 2015). According to the most recent report of the International 

Union for Conservation of Nature (IUCN) there are currently about 26,000 polar bears 

living in 19 subpopulations and four different sea-ice ecoregions of the Arctic, related 

to Canada, the United States (Alaska), Greenland, Russia and Norway (Svalbard) 

(OBBARD et al. 2009; WIIG et al. 2015). However, an exact investigation of the total 

population remains cost-intensive and challenging due to their low density in remote 

habitats, thus for some subpopulations data are deficient and the current total 

population trend is unknown (WIIG et al. 2015). 

However, the total number of globally zoo-housed polar bears and captive born litters 

is decreasing since the 1980s (CURRY et al. 2015; LINKE 2016). In 2018 a historic 

low was reached with a population size of 279 polar bears in 119 zoos worldwide 

(ANGELI 2019). Despite the fact that all reproductively mature bears are 

recommended for breeding through conservation programmes, very few births occur 

and cub mortality is too high to remain a stable captive polar bear population (CURRY 

et al. 2015). The complex reproductive strategy of polar bears with delayed 

implantation, the frequent occurrence of pseudopregnancy and the lack of a reliable 

and non-invasive pregnancy test impede captive breeding efforts (CURRY et al. 

2012b). 

All in all, polar bears are at risk to disappear from many areas where they exist now, 

being it in the Arctic or in zoos. Several studies exist, non-invasively measuring steroid 

hormones to evaluate the impact of increasing environmental and nutritional stressors 

to wild bears health status, reproduction and population trends, (BECHSHOFT et al. 

2011; BECHSHOFT et al. 2012a; BECHSHOFT et al. 2012b; MACBETH et al. 2012; 

BECHSHOFT et al. 2013; BECHSHOFT et al. 2015; GUSTAVSON et al. 2015; 

MISLAN et al. 2016; STYRISHAVE et al. 2016) and to get a deeper knowledge about 
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polar bear endocrinology in the context of animal welfare, husbandry and breeding 

management in zoos (SHEPHERDSON et al. 2004; SHEPHERDSON et al. 2013; 

WHITE et al. 2015; BRYANT and ROTH 2018). However, in previous studies analytical 

methods and study design of steroid measurement vary (e.g. use of IA: BECHSHOFT 

et al. 2011; MISLAN et al. 2016; vs. LC-MS/MS: WEISSER et al. 2016). Also, a method 

validation was not always performed what makes the obtained results difficult to 

compare (BRYANT and ROTH 2018).  

The interpretation of previously measured polar bear steroid levels remains 

challenging because no species-specific base lines have been established and factors 

influencing hormone levels of polar bears are only insufficiently known. Especially for 

the evaluation of data from free-ranging polar bears a better understanding of these 

endocrine contexts is needed. Though, because of their remote habitat, a thorough 

validation study associated with frequent capture-recapture operations is expensive 

and hardly possible under field conditions (DOWSLEY 2009).  

Thus, in the current study captive polar bears from European zoos have been used as 

a reference to regularly sample hair and faecal material. At the time of the study (2013–

2018) about 58 European institutions housing approximately 145 polar bears have 

been listed in the European Endangered Species Programme (EEP) management 

plan (LINKE 2016). During the project different methods of measuring steroid 

hormones in faeces and hair of polar bears were compared, validated, and applied for 

the longitudinal assessment of HPA axis activity. Thereby, the focus of the study was 

on the analysis of cortisol and its metabolites, respectively, in both sample matrixes. 

However, in hair the simultaneous measurement of other steroids (cortisone, 

testosterone and progesterone) could be conducted by using liquid chromatography 

tandem mass spectrometry (LC-MS/MS) and thus, the originally intended sole analysis 

of adrenocortical activity was complemented by a concurrent HPG axis evaluation in 

this matrix. Possible effects of sample condition and method-inherent impacts on 

hormone concentrations, cause-effect-relations and inter-steroid correlations were 

assessed. Furthermore, empirical data about polar bear gastrointestinal transit times 

and hair growth rates could be obtained from two pilot studies. 
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Working hypotheses 

Faecal glucocorticoid metabolites (FGMs) have been measured in polar bears to 

access mid- to long-term stress in a few studies. Though, in these previous studies 

mostly radioimmunoassays (RIAs) have been applied which hold several 

disadvantages in their use (e.g. radiation exposure and toxic waste). Only one study 

used an enzyme immunoassay (EIA) in this species, which, however, was not 

validated. Before applying FGM analysis, species-specific assay validation is essential 

to test if the selected assay is capable of detecting FGMs that yield biological relevant 

information relating to the species´ hypothalamic-pituitary-adrenal (HPA) axis activity. 

Also, species-specific time delay between changes in plasma glucocorticoid (GC) 

levels and FGM excretion needs to be evaluated before application of FGM 

measurement. Furthermore, no data exist on polar bear long-term FGM levels of both 

sexes and during different seasons, including other possible influencing factors. The 

publication “Faecal glucocorticoid metabolites as a measure of adrenocortical activity 

in polar bears (Ursus maritimus)” covers these issues and validates a more practical 

EIA for measuring FGMs in polar bears. To better understand polar bear HPA axis 

activity, the validated assay was applied to monitor individual long-term FGM levels 

taking seasonal variation, sex and selected cause-effect relations into account. 

Previous measurements of hair cortisol concentrations (HCCs) in polar bears (Ursus 

maritimus) have yielded highly variable results, which are likely to be due to different 

methodological approaches. Particularly, different types of sample processing (e.g. 

powdering vs. cutting hair) and analytical techniques (mainly IAs or LC-MS/MS) can 

impact measured hormone levels. Furthermore, the analysis of HCCs has not been 

validated for polar bears, so far. Neither have species-specific hair growth rates been 

established, which impedes a temporal correlation of measured hormone levels and 

thus exacerbates their interpretation. Also, no longitudinal measurements of multiple 

steroids in polar bear hair have been reported before, taking into consideration 

possible effects of seasonal variation or sampled body region. These aspects are 

adressed in the manuscript “Analysis of hair steroid hormones in polar bears (Ursus 

maritimus) via liquid chromatography–tandem mass spectrometry: comparison with 

two immunoassays and application for longitudinal monitoring in zoos”. By using LC-
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MS/MS, measured HPA axis activity could be compelemented by data on 

hypothalamic-pituitary-gonadal (HPG) axis activity. 
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II   Materials and Methods 

Study animals, facilities, and sample sizes 

A total of 16 European zoos (from Austria, Denmark, England, Germany, Netherlands 

and Poland) contributed to the study with hair and/or faecal samples from 17 polar 

bears (ten males, seven females). All participating zoos were members of the 

European Association of Zoos and Aquaria (EAZA) and polar bears were kept under 

comparable conditions in relation to housing and management. Polar bears comprised 

different ages (1–16 years) and reproductive status (sexually immature, fertility 

proven/unknown, infertility proven). 

In the first part of the study, faecal material was collected from a total of eight bears 

(four males, four females) from twelve zoos to measure FGMs. One hundred and 

twenty-two samples were collected during five zoo-to-zoo transports from two males 

and two females for biological validation and immunoassay selection. To determine 

gastrointestinal transit times (GTTs), the first occurrence of coloured faeces after 

adding food colorants to different types of feed was monitored in one male and one 

female polar bear (number of trials = 5). In order to investigate individual FGM long-

term profiles, 261 faeces samples were collected from three male and two female 

bears over a 1-year period (7-22 months). 

In the second part of the study hair, was sampled from a total of thirteen polar bears 

(nine males, four females) from twelve zoos. Seventeen hair samples from six males 

and four females were used to compare different types of sample processing and 

analytical techniques of HCC measurement. To biologically validate the selected 

analytical techniques, four hair samples of one male bear were analysed for cortisol 

before, during and after the occurrence of a long-term stressor. Individual hair growth 

rates were monitored from three hair samples obtained from one male polar bear by 

shave and reshave. For the assessment of individual long-term steroid profiles, 53 hair 

samples were gathered from five male and one female polar bear over a 9-month 

period (5–13 consecutive months) by regular shavings. 
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Sample collection 

Fresh faecal samples (<24 h) were collected by the keepers from indoor and outdoor 

enclosures during daily cleaning routine. Each sample had to be thoroughly mixed by 

hand and only hen egg sized subsamples were taken. If necessary, faeces from 

different individuals could be distinguished by feeding food colorants (article numbers 

2110 (red) and 2112 (green), Brauns-Heitmann, Warburg, Germany), beetroot or 

maize to individual bears. Immediately after collection, samples were frozen and kept 

at –20°C until further processing.  

Hair samples were either collected opportunistically, e.g. from enclosures, during 

necropsies or anaesthesia for medical procedures (for the method comparison, ≥1.5 g 

per sample), or obtained from trained bears by shaving the same body region, 

preferably the neck (for longitudinal measurement of HCCs; ≥50 mg per sample). All 

samples consisted of guard hair and undercoat in varying proportions and were not 

further separated, since in a pre-test no effect of hair type on HCCs could be detected 

(see also MACBETH et al. 2012). As hair growth rates and cycles are not well 

described for polar bears, for longitudinal measurement of HCCs, trained bears were 

shaved repeatedly at the same spot at regular intervals (just before the shaved area 

could no longer be distinguished from the adjacent unshaved area, approximately 

every 3–8 weeks) in order to get a temporal correlation of measured hormones. 

Samples were taken as close to the skin as possible from a 6 × 7-cm area, using 

disposable shavers. To minimize contamination of the sample with “non-regrown hair” 

from the peripheral area, the inner 4 × 5 cm was always shaved first and only hair from 

this area used for analysis. Afterwards, the spot was enlarged to the initial 6 × 7 cm. 

Hair samples were air-dried if necessary and stored dry and dark in paper envelopes 

at room temperature until analysis. All experiments were performed in accordance with 

the German Animal Welfare law, following paragraph 7(2); no special permits were 

necessary.  
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Sample processing and steroid hormone analysis 

Faecal steroid extraction was performed at the Veterinary University of Vienna as 

described by PALME et al. (2013). Briefly, samples were defrosted at 40°C for 20 min, 

mixed again and 0.5 g of the wet faeces were weighed into test tubes after removing 

undigested material (e.g. maize, bones). Immediately afterwards 4 ml methanol 100% 

(No. 1.06009.2500, Merck, Darmstadt, Germany) and 1 ml double-distilled water (≙ 5 

ml 80% methanol) were added. After thoroughly shaking for 30 min at 20°C (RapidVap 

7900001, Labconco, Kansas City, MO, USA), samples were vortexed for 30 sec 

(Minishaker MS1, IKA, Staufen, Germany) and centrifuged at 2500 g for 12 min at 20°C 

(CS 6KR-Centrifuge, Beckman, Indianapolis, IN, USA). 50 μl of the supernatant were 

then pipetted into microtubes, diluted with 450 µl assay buffer and stored at –20°C until 

analysis with the selected cortisol EIA (see Method selection and biological 

validations). All samples were analysed on 15 plates in total and serial dilutions of 

extracts containing high FGM concentrations (one for each sex) were performed. Intra-

assay coefficients of variation (CVs) and inter-assay CVs were calculated with ten and 

30 repetitions each for a high and low concentration pool sample. 

HCC analysis was conducted in the Department of Biopsychology in the Technical 

University of Dresden. Hair sample size varied between 50 and 2000 mg, with smaller 

samples from the timed shavings and larger samples from opportunistic hair sampling. 

After cleaning from external material such as dried mud and plant matter, samples 

were thoroughly mixed and transferred into glass jars with isopropanol (3–6 ml for 

samples weighing 50 mg to 1 g), shaken for 3 min at room temperature and the 

isopropanol subsequently discarded (BECHSHOFT et al. 2011). This washing 

procedure was performed twice to further remove possible contamination by external 

hormone sources or blood and fat. Washed samples were dried overnight under an 

exhaust hood and prepared as in KIRSCHBAUM et al. (2009) or BECHSHOFT et al. 

(2011) with minor changes. Hair of each sample was cut with a pair of scissors into 

pieces of ≤4 mm and 50 ± 0.5 mg weighed into 20-ml glass jars.  

For the method comparison approximately 1.5 g of washed hair were cut into pieces 

of ≤4 mm and divided into two 750-mg subsamples. One subsample was left as it was 

and the second ground to a fine powder in a Retsch Mixer Mill MM 400 for 5 min. 



II Materials and Methods 

__________________________________________________________ 

12 
 

Afterwards it was proceeded as described below (Method selection and biological 

validations). 

Subsequent incubation at room temperature was the same for all samples: 1.8 ml 

methanol (LC–MS-grade; Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was added 

to the cut or powdered hair material and after 24 h, 1.6 ml methanol was transferred 

into a 3-ml plastic tube and the methanol evaporated at 50 °C and 0.1 bar under 

nitrogen for at least 30 min or until dry. After complete evaporation, 120 µl Aqua bidest 

(or 250 µl Aqua bidest, respectively, for the method comparison to have a sufficient 

volume for all three analytical techniques) was added for reconstitution, resulting in a 

13.3-fold concentration of steroids. Each tube was then vortexed for at least 30 s and 

the extract analyzed by IA and/or LC–MS/MS. 

A salivary cortisol EIA (Salimetrics, State Collage, PA, USA) that was previously 

applied to HCC measurement in polar bears (BECHSHOFT et al. 2011; BECHSHOFT 

et al. 2012a) was used for the method comparison only. A salivary cortisol 

chemiluminescence immunoassay (CLIA; IBL, Hamburg, Germany) was used for the 

method comparison and biological validation. In both assays, 50 µl of the extracts were 

pipetted into the wells of a microtiter plate and further processed according to the 

manufacturer protocols. Intra- and interassay CVs of both assays were calculated 

based on quality control samples provided with the kit and serially diluted hair extracts 

were used to test immuno-specificity for cortisol measured in polar bear hair.  

The applied LC–MS/MS system consisted of a Shimadzu LC-20AD high-performance 

liquid chromatography (HPLC) unit, a Shimadzu SIL-20AC autosampler and a 

Shimadzu CTO-20AC column temperature oven (Shimadzu, Canby, OR, USA). For 

method comparison these devices were connected to an AB Sciex API 5000 triple 

quadrupole tandem mass spectrometer equipped with an ion source (Turbo V™) for 

atmospheric pressure chemical ionization (APCI; AB Sciex, Foster City, CA, USA). For 

biological validation and longitudinal steroid analysis, a QTRAP® 6500+ with 

electrospray ionization (ESI; AB Sciex) was used, having the advantage of higher 

sensitivity, faster processing and a lower injection volume needed (only 50 µl 

compared to 100 µl in the API 5000). Online solid-phase extraction (SPE) was 

performed for sample purification, as reported by GAO et al. (2013). Further operation 
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steps, details of chemicals and the chromatographic and mass spectrometric settings 

are provided in GAO et al. (2013). Intra- and interassay CVs were calculated based on 

quality control samples included in each LC-MS/MS system. Limits of detection (LODs) 

were determined for cortisol in both assays and for cortisol, cortisone, testosterone 

and progesterone for both LC-MS/MS systems. Values below these thresholds were 

assigned a value half way between 0 and the LOD (MACBETH et al. 2010; MACBETH 

et al. 2012). 

Method selection and biological validations 

To select an appropriate enzyme immunoassay (EIA) and to test the hypothesis that 

FGM levels increase after a situation of stress (biological validation; see review by 

PALME 2019), as many faecal samples as possible were collected in the context of 

five polar bear translocations that where performed according to breeding 

recommendations of the EEP (SZÁNTHÓ and SCHAD 2014). Sampling started at least 

five days prior to transport, continued during transport and lasted for at least one week 

after transport. A simple sampling protocol was used to record sampling details, also 

taking into account transportation time and if bears were immobilized for loading.  

Three EIAs with a cortisol (PALME and MÖSTL 1997), an 11-oxoaetiocholanolone (E. 

MÖSTL and PALME 2002) and a 5α-pregnane-3β,11β,21-triol-20-one antibody 

(TOUMA et al. 2003) were tested on a subset of samples and resulted in choosing the 

cortisol EIA (11β,17α,21-triol-20-one structure) which exhibited highest peak increases 

(percentage above baseline) of measured FGM levels. Pre- and post-transportation 

time windows were defined to test if FGM levels after transportation differed from those 

before. Median FGM levels were determined for each individual and time window and 

a one-sided paired Wilcoxon signed-rank test used to detect FGM level increases in 

the post-transportation window. A Kruskal–Wallis rank-sum test was applied to detect 

individual differences in the pre-transportation window. To characterize the timing of 

FGM level increases and to access effect sizes, an iterative approach was used for 

individual calculation of baseline FGM concentrations, excluding pre-transport values 

higher than the mean plus two standard deviations (SD) until all values fell within that 

interval (PALME 2019). FGM level increases were considered biologically relevant 
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when exceeding baseline concentrations by two SD (VASCONCELLOS et al. 2011; 

FANSON et al. 2017; PALME 2019). 

Furthermore, in a pilot study, food colorants (article numbers 2110 (red) and 2112 

(green), Brauns-Heitmann, Warburg, Germany) were added to the morning feed (meat 

based, or fish and vegetable based) of one male and one female polar bear during late 

summer (when food was taken up at least 4 days per week). The first occurrence of 

coloured faeces (in hours after feeding) was recorded in five trials and used to estimate 

GTTs of polar bears. 

For selecting an appropriate method of measuring polar bear HCCs, different types of 

analytical technique (two different IAs and LC-MS/MS) and hair sample processing 

(cutting vs. powdering hair) were compared. Seventeen hair samples of ≥1.5 g were 

divided in equal parts and one portion cut, the other powdered as described above 

(Sample processing and steroid hormone analysis), which resulted in about 750 mg 

cut and 380 mg powdered hair per sample. Each powdered subsample was then 

further divided into 15 aliquots of 25 mg hair powder. For each aliquot, steroid 

extraction, methanol evaporation and resuspension steps were run separately (see 

Sample processing and steroid hormone analysis). After reconstituting with 250 µl 

Aqua bidest, the resulting 15 extracts were analyzed for cortisol in parallel by CLIA, 

EIA and LC-MS/MS. Five extracts each were run on three different days and three 

different IA plates (EIA and CLIA). Each cut subsample was divided into 10 aliquots of 

50 or 100 mg—again, all pre-analytical steps were run separately for each aliquot and 

all resulting extracts analyzed in parallel by CLIA, EIA and LC–MS/MS, on two different 

IA plates (LC-MS/MS: days) with five extracts per plate (LC-MS/MS: day). 

A total of 1203 measurements were conducted and linear mixed-effect models used to 

evaluate the effect of processing (cutting vs. powdering) and assay type (CLIA, EIA or 

LC-MS/MS) on HCC measurement. Hair sample ID was included as a random effect 

to account for repeated measurements and fixed effect predictors in the full model 

were assay type, processing and their interaction. HCC measurements were log10-

transformed and the model with the lowest Akaike Information Criterion (AIC) value 

was selected. Reported p-values are based on likelihood ratio tests. A post hoc 

pairwise comparison with Bonferroni–Holm correction was carried out to test those 
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assays between which HCCs differed significantly, pairwise correlations (Pearson 

correlation coefficients) of the log10-transformed HCC measurements were evaluated 

for the three analytical techniques and the two degrees of processing. 

Similarly to the biological validation of FGM analysis, hair was sampled from one male 

polar bear which was transported to another zoo and subsequently experienced 

considerable stress for a prolongued period of time (>18 weeks). An increase of HCCs 

in the samples collected after the transportation event (n=3) compared to the sample 

collected on the day of transport (n=1) was expected. All four samples were analyzed 

for cortisol via CLIA and LC–MS/MS. 

Longitudinal measurement of FGM levels and HCCs  

For investigating individual FGM long-term profiles one to three faecal samples per 

week were collected from five polar bears (three males, two females) for an average 

of 13 consecutive months (7–22 months). Besides sampling details (e.g. weather, date, 

sample quality), pre-defined potentially stress-inducing events (`fight´, `mating´, 

`socialization´, `separation´, `change of enclosure´, environmental changes´, 

`disease´, and `other´ (free text)) were recorded in an event log by keepers to take 

cause-effect relations into account. A linear mixed-effects regression of log10-

transformed FGM measurements was performed using the function lme of the nlme-

package (PINHEIRO et al. 2019) to evaluate the effect of these stress-inducing events 

and season and sex. The explanatory variable season was defined as a factor variable 

with four levels (breeding, March to May; non-breeding, August to November; pre-

breeding, December to February; post-breeding, June/July), stress-inducing events 

were assigned to the binary explanatory variables `social tension´ (fight, mating, 

socialization, separation), `transport´ (change of enclosure and zoo-to-zoo transport), 

`environmental changes´ and `other disturbances´ (diease and other). Further, faecal 

sample age and consistency (</>12 hours, diarrhoea) were included as binary 

explanatory variables. Model selection was based on the AIC with the full model 

containing the main effect predictors and the interactions between season and social 

stress. Individual was included as a random effect and an autoregressive model of 

order one was used to account for temporal correlation. As recommended by ZUUR et 
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al. (2009) the optimal random effects structure was selected first, based on restricted 

maximum likelihood estimation. Afterwards, the optimal fixed effects structure was 

selected based on maximum likelihood estimation and an exhaustive screening of all 

416 candidate models. Reported p-values were based on likelihood ratio tests that 

compared the likelihood of the final model to the likelihood of the model for which the 

focal parameter was dropped. Residuals of the final model were visually examined for 

conforming to a normal distribution and normalized residuals were inspected for 

temporal correlation and heteroscedasticity. 

In order to establish individual long-term hair steroid profiles, hair was collected 

repeatedly from five male and one female polar bear via shave and reshave during 

training. Hair was collected for 5–13 consecutive months (mean = 9 months)  and the 

bears were shaved approximately every 3–8 weeks at the same body region, either 

the neck or/and the paw, according to accessibility. Keepers recorded sampling details 

in a simple protocol (e.g. date, body region, medication) and hair was analysed for 

cortisol, cortisone, testosterone and progesterone using the validated LC–MS/MS. 

Furthermore, three hair samples of one adult male polar bear obtained via shave and 

reshave were used to access average individual summer hair growth rates based on 

length measurement of 20 single hairs per sample. 

Linear mixed-effect models were used to assess the influence of season and body 

region on hair steroid levels for male polar bears (only in males samples from all 

seasons were available) using the packages “nlme” and “multcomp”. For each of the 

four hormones analyzed separate models were calculated. Full models contained the 

log10-transformed hormone concentration as response variable and season and body 

region as explanatory variables. Samples were assigned to the factor variable season 

according to the midpoint of the assumed hair growth period. The four levels of the 

variable season were defined as  breeding (March to May), non-breeding (August to 

November), pre-breeding (December to February) and post-breeding (June/July; see 

HEIN et al. 2020). Growth periods were defined as the times between two shavings. 

To account for grouping in the data, sampled individual and sampling date were 

included as random effects. Model selection was based on an exhaustive screening of 

all candidate models nested within the full model and the model with the lowest AIC 
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value was selected. Reported p-values were based on likelihood ratio tests. 

Additionally, Pearson correlations between log10-transformed hormone 

concentrations were evaluated. 

All statistical analyses were performed in R, V3.5.0 or V3.5.1, respectively (R 

DEVELOPMENT CORE TEAM 2018). 
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Abstract 

Analysis of faecal glucocorticoid metabolites (FGMs) is frequently applied to assess 

adrenocortical activity in animal conservation and welfare studies. Faecal sample 

collection is non-invasive and feasible under field conditions. FGM levels are also less 

prone to circadian rhythms, episodic fluctuations and short acute stressors than 

glucocorticoid (GC) levels obtained from other matrices, for example blood or saliva. 

To investigate the suitability of FGM measurement in polar bears (Ursus maritimus), a 

species listed as Vulnerable by the IUCN (International Union for Conservation of 

Nature), a cortisol enzyme immunoassay (EIA) was biologically validated by 

demonstrating a significant increase in FGMs after five zoo-to-zoo transports. In 

addition to validating the method, the study also documented an average delay of 7 h 

until the first occurrence of food colorants in the monitored polar bears, which provides 

essential information for future studies. After validation, the assay was applied to 

measure FGM concentrations of five polar bears over a 1-year period. Several pre-

defined potentially stressful events were recorded in an event log to measure their 

effect on FGM concentrations. A mixed model analysis revealed significant increases 

in FGM concentrations after social tension and environmental changes, whereas 

season and sex had no significant effect. The study demonstrates that the applied 

cortisol EIA is suitable for measuring FGM levels in polar bears and that using a 

carefully validated assay for FGM analysis in combination with a detailed sampling 

protocol can serve as a valuable tool for evaluating mid- to long-term stress in polar 

bears. FGM levels can be used to monitor stress in captive polar bears in order to 

optimize housing conditions but also to elucidate stress responses in wild populations 

for targeted conservation measures. 
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Introduction 

The analysis of glucocorticoids (GCs) has been widely used for determining stress 

levels of a range of domesticated and wild animals (for a detailed list see SHERIFF et 

al. 2011). Stress is most commonly defined as an imbalance of homeostasis in 

response to external stimuli, called stressors. Stressors can be of various nature: any 

physical and/or psychological occurrence perceived by the organism can evoke a 

stress response in order to restore homeostasis. Under acute stressful conditions, 

GCs—in most mammals mainly cortisol (HARLOW et al. 1990; HADLEY 1996)—are 

released rapidly from the adrenal glands into the blood. Although fast activation of the 

hypothalamic-pituitary-adrenal (HPA) axis is part of a natural and vital defence 

mechanism, prolonged elevated GC levels may lead to negative health consequences 

for an individual, e.g. immune-suppression, reduced growth and reproduction 

(SAPOLSKY et al. 2000; HABIB et al. 2001; B. S. MCEWEN 2007). Furthermore, in 

chronically stressed individuals negative feedback loops can be disrupted which can 

lead to HPA axis dysregulation (DANTZER et al. 2014a)—though, there are species 

that show no adverse effects (in the long term) or adrenal exhaustion under chronic 

stress (BOONSTRA 2013). How and whether a species responds to changing factors 

(stressors) in its environment and thus can sustain itself long-term, is the main criterion 

defining its health (PATYK et al. 2015). Therefore, by measuring GC levels, stress 

responses can be evaluated and important stressors identified, e.g. in the context of 

housing criteria and captive animal welfare as well as ecological changes and their 

impact on free-ranging animals (E. MÖSTL et al. 1999; MILLSPAUGH and 

WASHBURN 2004; MORMEDE et al. 2007; SHERIFF et al. 2011; PALME 2012; 

DANTZER et al. 2014a). 

GCs can be measured in a range of sample types, each holding advantages and 

disadvantages regarding invasiveness of sampling methods and time spans 

represented by the measured GC levels (see reviews by E. MÖSTL and PALME 2002; 

MORMEDE et al. 2007; SHERIFF et al. 2011; PALME 2019). However, even in “non-

stressed” individuals, the physiological secretion of GCs occurs pulsatile in most 

mammals and circadian variation of plasma and salivary GC levels can be observed. 
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Thus, GCs measured in blood or saliva samples represent point estimates reflecting 

only short time frames (KIRSCHBAUM and HELLHAMMER 1989; L ROMERO and 

REED 2005). Also, bias caused by stress-evoking handling or restraint situations, as 

for example during blood collection, should be avoided (COOK et al. 2000; L ROMERO 

and REED 2005; SHERIFF et al. 2011). Contrary to other matrices, faeces can be 

easily collected from the ground in captive and natural contexts. GCs are quickly 

metabolised in the liver and their metabolites are excreted via the bile into the gut. 

Therefore, cortisol itself or other native GCs cannot be found in faeces in any 

meaningful quantities, which is why their metabolites are used instead for an integrated 

measurement of adrenocortical activity (E. MÖSTL and PALME 2002; GANSWINDT 

et al. 2003; PALME 2005; TOUMA and PALME 2005; PALME 2019). Another 

advantage of faecal glucocorticoid metabolite (FGM) analysis is its long-term 

character: FGMs reflect the average free (unbound) blood GC levels over several 

hours (6–24 h, depending on the species) and thus fluctuations due to secretory 

patterns are mitigated (PALME et al. 2005; SHERIFF et al. 2011; SHEPHERDSON et 

al. 2013; PALME 2019). 

Before applying FGM analysis, species-specific assay validation is essential. To 

determine if HPA axis activity is well reflected in FGM levels, stimulation or suppression 

of the adrenal cortex can be performed. In free-ranging or less accessible animals, a 

biological validation is often conducted: the effect of a known stressful event, e.g. 

capture or transport is monitored by analysing serial samples before and after the 

occurrence of the stressor (TOUMA and PALME 2005; PALME 2019). The species-

specific time delay between elevated plasma GC levels and FGM excretion also needs 

to be evaluated before application of FGM analysis to be able to temporally correlate 

measured levels.  

FGMs have been measured using various radioimmunoassays (RIAs) in polar bears 

(SHEPHERDSON et al. 2004; SHEPHERDSON et al. 2013; WHITE et al. 2015). Only 

one study used  an enzyme immunoassay (EIA) in this species, though with a non-

validated assay (BRYANT and ROTH 2018). Even though RIAs offer some benefits, 

including long-time application and high precision, there are several disadvantages in 
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their utilization such as risk of radiation exposure for staff and therefore the need for 

specialized laboratories and toxic waste disposal (E. MÖSTL et al. 2005; YADAV et al. 

2013).   

The aim of the current study was to first validate a more practicable EIA for analysing 

polar bear FGMs. In a second step the validated assay was applied to determine 

individual long-term FGM levels in the context of seasonal variation and cause-effect 

relations to understand polar bear HPA axis activity. Measuring FGMs from polar bears 

could be a valuable diagnostic tool for the long-term assessment of health and well-

being of both zoo and free-ranging polar bears. Quantifying the impact of human 

disturbance and specifying the most important factors for polar bear populations could 

help guide conservation efforts. 

Materials and methods 

Subjects and study design 

Study animals and facilities 

Faecal material was collected from a total of eight zoo-housed polar bears in Europe 

(Table 1). The 12 participating zoos were all members of the European Association of 

Zoos and Aquaria (EAZA) and polar bears were kept under comparable conditions 

(e.g. similar diet, predominant use of outdoor enclosures). Females were presumably 

non-pregnant (no signs of a birth/stillbirth, no withdrawing into the provided den; 

transported females were sexually immature), they were neither lactating nor carrying 

offspring during the entire period of the study. Each zoo received a starter kit with the 

necessary material, detailed sampling instructions and protocols for recording 

sampling conditions (including date/time, known/estimated age of sample, diarrhoea, 

temperature range/weather, inside/outside location; see Supplementary Material, S1). 

Furthermore, zoo keepers responsible for the polar bears were interviewed with the 

help of a questionnaire to obtain information on management practices, daily 

husbandry routines and feeding (see S3). 
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Pilot study: gastrointestinal transit time in polar bears 

Gastrointestinal transit time (GTT) in polar bears was determined by adding food 

colorants (article number 2110 red, article number 2112 green, Brauns-Heitmann, 

Warburg, Germany) to the morning feed (beef, chicks, capelin, mackerel, whiting, dog 

food, cucumber, salad, carrots, fruits and egg in varying proportions) of one female 

and one male polar bear in Zoo Karlsruhe during late summer (when food was taken 

up at least at four days per week). The first occurrence of coloured scats was recorded 

(total number of trials = 5).  

Enzyme immunoassay validation  

For the biological validation of the assay, faecal samples were collected from four 

bears (2 males, 2 females) that were translocated from one zoo to another (5 

transports, one male was transported twice). Translocations occurred between 2015 

and 2017 according to breeding recommendations of the European Endangered 

Species Programme (EEP; SZÁNTHÓ and SCHAD 2014). Transport and the activities 

related to it have been shown to be stressful for various animals, i.e. led to a rise of 

FGM concentrations (PALME 2005; TOUMA and PALME 2005; SHEPHERDSON et 

al. 2013). We therefore expected FGM levels to increase soon after a transportation 

event in polar bears. Transport-related stress can be measured by a suitable assay—

i.e. an assay which provides significant differences between pre- and post-stressor 

FGM-levels (E. MÖSTL et al. 2005; PALME 2019). Faecal sampling started at least 

five days prior to transport, continued during transport and lasted for at least one week 

after transport. As many fresh faecal samples as possible were collected (<24 h; for 

sample numbers see Table 1) and a simple sampling protocol was filled out by the 

keepers (see 2.1. Study animals and facilities). Feeding regimes on transportation 

days did not change from the usual routine according to keepers. All five monitored 

transports took place over a single day (transportation time: 3–8 h), two of the four 

polar bears (B, C; Table 1) had to be immobilized before transport (using 2.1 mg/kg 

zolazepam/tiletamine (Zoletil® 100, Virbac S.A., Carros, France) + 0.04 mg/kg 

medetomidine (Zalopine® 30 mg/ml, Orion Corporation, Espoo, Finland) and 0.2 

mg/kg atipamezole (Antisedan ® 5 mg/ml, Orion Corporation) for reversal).  
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Longitudinal measurements of faecal glucocorticoid metabolites 

In order to establish individual FGM long-term profiles, faecal material was gathered 

for an average of 13 consecutive months (range: 7–22 months) from three adult males 

and two adult female polar bears in five different zoos (one male was transported 

repeatedly during the monitored time, three different zoos participated in sampling of 

this bear and pre- and post-transport samples were part of the assay validation; Table 

1). Keepers collected 1–3 faecal samples per week per bear. In addition to the 

standard sampling protocol (see 2.1 Study animals and facilities), predefined stress-

inducing events (“fight”, “mating”, “socialization”, “separation”, “change of enclosure”, 

“environmental changes”, “disease” and “other” (free text)) were recorded in an event 

log parallel to the sampling by the keepers to take cause-effect relations into account 

(see S2).



III Faecal glucocorticoid metabolites as a measure of adrenocortical activity  

in polar bears (Ursus maritimus) 

_________________________________________________________________________________________ 

26 
 

Table 1) Overview of polar bears and faecal samples collected during transportation events and long-term sampling. 

Polar 
bear 

Sex 
Reproductive 

status 
Age 

[yearsa] 

Number of 
experienced 

transportation 
eventsb 

Number of faecal samples Excluded 
samples 

(older than 
12 hf) 

Otherwise 
excluded 
samplesg 

Total 
sample 
number Pre-

transport 

(daysc) 

Post-
transport 

(daysd) 

Long-
term 

(monthse) 

A m Fertility 
proven 

12 7 9 (22) 11 (33) 123h (22) 11 4 108 

     6 (5) 8 (23)     

B m Fertility 
proven 

16 5 25 (52) 22 (33)    47 

C f 
Sexually 
immature 

1 1 9 (8) 13 (15)    22 

D f 
Sexually 
immature 

2 1 6 (6) 13 (16)    19 

E m 
Fertility 

unknown 
5 1   34 (14) 4 1 29 
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aAge at start of sampling phase  

bIncluding monitored transports 
cIn parenthesis: number of sampling days before transport 
dIn parenthesis: number of sampling days after transport  
eIn parenthesis: number of consecutive sampling months 
fTime between defaecation and sample collection, according to sampling protocol 
gMissing sampling protocols and/or sample labels 
hIncluding transport samples 
iPresumed non-pregnancy based on lack of behavioural signs (e.g. withdrawing into the den) or other evidence such as birth/stillbirth

Polar 
bear 

Sex 
Reproductive 

status 
Age 

[yearsa] 

Number of 
experienced 

transportation 
eventsb 

Number of faecal samples Excluded 
samples 

(older than 
12 hf) 

Otherwise 
excluded 
samplesg 

Total 
sample 
number Pre-

transport 

(daysc) 

Post-
transport 

(daysd) 

Long-
term 

(monthse) 

F m Infertility proven 7 2   47 (12)   47 

G f 
Non-pregnant i/ 

fertility unknown 
5 1   34 (14) 3 2 29 

H f 
Non-pregnant i/ 

fertility unknown 
11 2   23 (7)  1 22 
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Sample collection, processing and extraction  

Faecal samples were collected by the keepers during the usual daily cleaning routine 

of the bears´ outdoor or indoor areas without disturbing them. If more than one sample 

was collected within the same day, each sample was analysed separately and the 

mean FGM concentration determined. If more than one bear was kept in the same 

enclosure, individual bears were fed with food colorants (see 2.1 Pilot study), beetroot 

or maize to differentiate scats from different individuals.  

Faecal material older than 24 h was avoided to reduce the risk of microbial degradation 

and subsequent changes in FGM levels (E. MÖSTL et al. 1999; E. MÖSTL and PALME 

2002; BEEHNER and WHITTEN 2004; MILLSPAUGH and WASHBURN 2004). 

Faeces that was still moist on the surface was estimated to have been excreted within 

a 12-h period (author´s personal experience and communication with zoo keepers (T. 

Ramm, M. Ehlers, head polar bear keepers, Karlsruhe Zoo); older/dry samples were 

marked in the protocol). Faecal material from outdoor enclosures exposed to extreme 

weather like heavy rain or temperatures above 25°C was excluded from analysis to 

avoid changes in FGM concentrations due to environmental factors (exclusion based 

on external appearance or sampling protocols, respectively; E. MÖSTL et al. 1999; 

KHAN et al. 2002; TERIO et al. 2002; TOUMA and PALME 2005). Each sample was 

mixed until homogeneous as FGMs are not evenly distributed within boli (PALME et 

al. 1996; MILLSPAUGH and WASHBURN 2004). Subsequently, hen egg size 

subsamples were transferred to labelled plastic sample bags. Immediately after 

collection the samples were frozen and stored by the participating zoos (at −20°C) in 

order to prevent degradation by bacterial enzymes (E. MÖSTL and PALME 2002; 

BEEHNER and WHITTEN 2004). On completion of sampling, frozen faecal material 

was transported via overnight express (packed with Styrofoam and freezer packs to 

prevent thawing) to the laboratory of the Veterinary University of Vienna (Unit of 

Physiology, Pathophysiology and Experimental Endocrinology, Department for 

Biomedical Sciences) and kept at –20°C in the freezer until further processing. 

The steroid extraction procedure was performed at the Veterinary University of Vienna 

as described by PALME et al. (2013). Briefly, samples were defrosted at 40°C for 20 
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min, mixed again and 0.5 g of the wet faeces were weighed into test tubes after 

removing undigested material (e.g. maize, bones). Immediately afterwards 4 ml 

methanol 100% (No. 1.06009.2500, Merck, Darmstadt, Germany) and 1 ml double-

distilled water (≙ 5 ml 80% methanol) were added, as this protocol has yielded the 

best results for steroid extraction in nearly all mammalian species previously tested 

(SCHATZ and PALME 2001; TOUMA and PALME 2005; PALME et al. 2013). By 

keeping the time between thawing and addition of the organic solvent short, further 

degradation after thawing could be prevented since deep-freezing alone does not 

eliminate bacteria which enzymatically degrade steroids (E. MÖSTL et al. 2005).  

After thoroughly shaking for 30 min at 20°C (RapidVap 7900001, Labconco, Kansas 

City, MO, USA), samples were vortexed for 30 sec (Minishaker MS1, IKA, Staufen, 

Germany) and centrifuged at 2500 g for 12 min at 20°C (CS 6KR-Centrifuge, Beckman, 

Indianapolis, IN, USA). 50 μl of the supernatant were then pipetted into microtubes, 

diluted with 450 µl assay buffer and stored at –20°C until further analysis. 

Faecal glucocorticoid metabolite analysis 

In a first step, three EIAs were tested, a cortisol EIA (Palme and Möstl, 1997), an 11-

oxoaetiocholanolone EIA (Möstl et al., 2002) and a 5α-pregnane-3β,11β,21-triol-20-

one EIA (Touma et al., 2003) on a subset of samples (transport event in a single 

male/female bear). Peak increases (percentage above baseline) of measured FGM 

levels were highest for the cortisol EIA (male/female: 2013%/208% compared to 

1510%/94% and 1080%/108% for the other two EIAs, respectively). Thus, all samples 

were only analysed with the cortisol EIA, which has previously been successfully 

applied in other carnivores such as dogs, wolves and aardwolves (PALME et al. 2001; 

SCHATZ and PALME 2001; GANSWINDT et al. 2012; MOLNAR et al. 2015). The EIA 

measures FGMs with a 11ß,17α,21-triol-20-one structure (for details including cross-

reactions see PALME and MÖSTL 1997). Serial dilutions of extracts containing high 

FGM concentrations (one for each sex) were performed and yielded curves parallel to 

the standard curve. Intra-assay coefficients of variation (CVs; 10 repetitions each) for 

a high and low concentration pool sample were 5.9% and 4.2%. Inter-assay CVs (30 
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repetitions each) were 9.7% (high) and 12.5% (low). All samples were analysed on 15 

plates in total. 

Data analysis  

Enzyme immunoassay validation  

In order to test if the FGM levels (in ng/g faeces) after a transportation event differed 

from those before the transportation event, pre- and post-transportation time windows 

were defined. The pre-transportation time window included the five days before 

transportation, being the maximum period of time for which samples were available in 

all five transports. The post-transportation time window was day one to six after the 

transportation event to not only cover the transportation event itself but also other 

possible stressful events related to transport (e.g. new enclosure). Since FGM levels 

were non-normally distributed, the median FGM level was determined for each 

individual and time window and a one-sided paired Wilcoxon signed-rank test was 

used to test if the median FGM levels in the post-transportation window had increased 

relative to the levels in the pre-transportation window. Finally, a Kruskal-Wallis rank 

sum test was used to analyse if FGM levels in the five-day pre-transportation window 

differed significantly between individuals.  

To estimate effect sizes and to characterize the timing of the increase of the FGM 

levels after a transportation event, baseline FGM concentrations before transport were 

calculated for each bear individually using an iterative approach as suggested by 

PALME (2019). Thus, pre-transport FGM values higher than the mean plus two 

standard deviations (SD) were excluded until all values fell within that interval (only five 

values were above the mean + 2 SD in bear B, all other values remained in the 

calculation). Increases in FGM levels after transport were considered biologically 

relevant when exceeding baseline concentrations by 2 SD  (VASCONCELLOS et al. 

2011; FANSON et al. 2017; PALME 2019). We report the relative time after the 

transportation event at which FGM levels exceeded this individual threshold for the first 

time, when peaks appeared, and when FGM concentrations returned to values within 

2 SD of the baseline.  
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Longitudinal measurements of faecal glucocorticoid metabolites 

To analyse the effect of season, sex and stress-inducing events (see Table 2) on FGM 

levels, a linear mixed-effects regression of log10-transformed FGM measurements 

was performed. Faecal samples were excluded from analysis if no sampling protocol 

was available for a sample or if the dates given on the sample bag and protocol were 

not consistent.  

The explanatory variable season was defined as a factor variable with four levels: 

breeding (March to May), non-breeding (August to November), pre- (December to 

February) and post-breeding (June/July). Levels were based on a literature review of 

studies on captive as well as wild polar bear populations (RAMSAY and STIRLING 

1986; AMSTRUP and DEMASTER 2003; PUSCHMANN et al. 2009; CURRY et al. 

2012a; SMITH and AARS 2015). Binary explanatory variables of different stress-

inducing events (as derived from the sampling protocol or event log) were “social 

tension”, “transport”, “environmental changes” and “other disturbances”. Moreover, 

diarrhoea and the age of faecal samples (older or younger than 12 h according to 

sampling protocol) were included as binary explanatory variables in the regression 

model to test their influence on FGM levels. For an overview and definition of all 

explanatory variables see Table 2. 

Model selection was based on the Akaike Information Criterion (AIC). The full model 

contained the main effect predictors (see Table 2) and the interactions between season 

and sex as well as between sex and social stress. Individual was included as a random 

effect and an autoregressive model of order 1 (AR1) was used to account for temporal 

correlation. As recommended by ZUUR et al. (2009) we first selected the optimal 

random effects structure based on restricted maximum likelihood estimation. The 

optimal fixed effects structure was selected based on maximum likelihood estimation 

and an exhaustive screening of all 416 candidate models up to the full model. Reported 

p-values were based on likelihood ratio tests that compared the likelihood of the final 

model to the likelihood of the model for which the focal parameter was dropped. 

Residuals of the final model were visually examined for conforming to a normal 

distribution and normalized residuals were inspected for temporal correlation and 
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heteroscedasticity. All statistical analyses were performed in R, V3.5.1 (R 

DEVELOPMENT CORE TEAM 2018). Linear mixed models for the log10-transformed 

FGM measurements were calculated using function lme of the nlme-package 

(PINHEIRO et al. 2019).
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Table 2) Definition of explanatory variables tested for their effect on longitudinal faecal glucocorticoid metabolite measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

aBased on records of sampling protocol 
bBased on records of event log at days one to three before faecal sampling (according to a delay time of approximately 47 h until 

significant post-transport increase of FGMs, see Table 4)

Variable Definition 

Diarrhoea Soft faeces (nonliquid)a 

Sample age Older/younger than 12 ha 

Season : 

Pre-breeding December to February 

Breeding March to May 

Post-breeding June/July 

Non-breeding August to November 

Sex Male/female 

Stress-inducing eventsb: 

Environmental 
changes 

E.g. new objects in enclosure/enrichment, change of enclosure 

Social tension Fight, mating, socialization, separation 

Transport Post-transport samples 

Other disturbances E.g. construction work, storm, fireworks, disease 
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Results 

Gastrointestinal transit time in polar bears  

First coloured scats appeared on average 7.2 h after feeding dye markers. Shortest 

transit times (6.3 h, 6.5 h) resulted from feeding of large amounts of vegetable/fruits 

with egg white (in ice blocks) and small quantities of fish. Longer transit times (8 h, 7.8 

h, 15 ± 7 h) were associated with the consumption of meat (including bones and fat). 

In one case the male did not defecate during the monitored time (after 8 h), coloured 

scat was found the next morning (after 22 h, i.e. 15 ± 7 h)—transit times including and 

excluding this value are given in Table 3. 

Table 3) Determination of gastrointestinal transit times by feeding dye markers to the 

usual morning feed of two polar bears. 

Polar 
bear 

Sex 
Age 

[years] 

Appearance of first coloured scat 

[h after feeding] 

Meat based dieta Vegetarian dietb 

I m 15 8 (15 ± 7c) 6.3 

J f 25 7.8 6.5 

Average transit time 7.9 (10.3d) 6.4 

Total 7.2 (8.7d) 

aIncluding fat and bones 
bIncluding small amounts of fish 
cDefaecation 8–22 h after feeding 
dIncluding 15 ± 7 h 

Enzyme immunoassay validation (transports) 

Median FGM levels one to six days after the transportation event were significantly 

elevated relative to FGM levels obtained over a five-day window preceding the 

transportation event (one-sided paired Wilcoxon signed-rank test, p = 0.03; Fig. 1). 

Further, baseline FGM levels five days prior to the transportation events differed 

significantly between individuals (Kruskal-Wallis test, p = 0.02). When assessing 

individual values and temporal course, in all bears FGM concentrations exceeded the 

mean baseline + 2 SD threshold within three days after a transportation event.  
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Taking into account the sampling time and the age of samples according to sampling 

protocols (samples older than 12 h were excluded, see discussion), FGM levels for all 

bears were higher than baseline + 2 SD at a mean of 47 h after start of transport (i.e. 

time of loading). During that time FGM levels were on average 7.8 times higher than 

individual baseline values (increases of 123–2013%). Individual FGM baseline values 

in the four transported polar bears ranged from 1.6 ± 0.7 to 6.1 ± 2.5 ng/g (mean ± SD; 

Table 4). Peak levels were reached two to six days (mean 88 h) after transportation, 

being up to 21.1 times higher than levels before transportation (peak increases of 163–

2013%). Detailed results for each bear are given in Table 4. Percentage increases of 

FGM levels two days after transportation relative to baseline levels of the two 

anaesthetized individuals (B: 750 %, C: 286 %) were within the range of values 

observed for the three non-anaesthetized individuals (123–2013 %; Table 5). No 

consistent effect of transport length on the increase of FGM levels two days after 

transport was observed (Table 5). 

FGM concentrations returned to values below baseline + 2 SD for the first time on 

average seven days (3–13 days) after transport. However, they did not remain at 

baseline values before a mean of 16 days (i.e. at least three consecutive days lower 

than baseline + 2 SD). In one female, FGM levels did not return to baseline values for 

more than two days in a row within the total monitored time (15 days post transport; 

Table 4), despite daily food intake and regular defaecation and sampling (faecal 

material was only missing at days 13 and 14 post transport).
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Figure 1) Individual faecal glucocorticoid metabolite levels (expressed as ng per g 

faeces) of four polar bears (A, B male; C, D female) during five transportation events 

in a five-day time window before transport and at day one to six after transport. Post-

transportation levels were markedly increased compared to pre-transportation levels 

(p = 0.03) and there were significant inter-individual differences in pre-transportation 

levels (p = 0.02).   
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Table 4) Faecal glucocorticoid metabolite levels of transported polar bears. 

PB Sex 

Baselinea FGM 
conc 

pre-transport 

mean ± SD 

[ng/g] 

(samples/days) 

First significant post-transport 
increase 

(> mean baseline + 2 SD) 

FGM peak 

Return to baseline 

(< mean baseline + 2 SD) 

[days after transport] 

Conc 

[ng/g] 

h after 
transportb 

(± h range) 

x times 
higher 
than 

baseline 

Conc 

[ng/g] 

h after 
transportb 

(± h range) 

x times 
higher than 

baseline 
first 

first of min 3 days 
in a row 

A I m 5.9 ± 4.3 (9/22) 125.2 62 ± 2 21.1 125.2 62 ± 2 21.1 13 33c 

A II m 2.2 ± 0.9 (6/5) 4.8 50 ± 4 2.2 5.7 86 ± 2 2.6 5 5c 

B m 6.1 ± 2.5 (25/52) 51.9 37 ± 2 8.5 65.7 108 ± 2 10.8 9 23 

C fd 2.1 ± 1.5 (9/8) 7.9 41.5 ± 2 3.9 43.0 141 ± 2e 21.0 7 NDf 

D fd 1.6  ± 0.7 (6/6) 4.8 42 ± 2 3.1 4.8 42 ± 2 3.1 3 3 

Mean 3.6 ± 2.2 
38.9 

± 
52.2 

46.5 ± 2.4 7.8 
48.9 

± 
49.9 

87.8 ± 2 11.7 7.4 16 

Abbreviations: conc, concentration; FGM, faecal glucocorticoid metabolite; min, minimum; PB, polar bear; SD, standard 

deviation 

aDetermined by an iterative approach: values above the mean + 2 SD were excluded (Palme, 2019) 
bi.e. hours after start of loading 
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c> 7 days between the three measurements 
dFemales presumably non-pregnant (see Table 1), not lactating or carrying cubs 
ei.e. 86 ± 2 h after socialization with another female 
fNot detected within monitored time 

Table 5) Relationship between transport length, immobilization and percentage increase of faecal glucocorticoid metabolites 

at day two after transport (46.5 ± 2.4 hours after start of loading, mean ± h range; see Table 4). 

PB Sex 

Transport 
length 

[h] 

Immobilisationa 

FGM 
increase 
above 

baselineb [%] 

A I m 2.5 No 2013 

A II m 5.8 No 123 

B m 8 Yes 750 

C f 3 Yes 286 

D f 7.8 No 209 

Abbreviations: FGM, faecal glucocorticoid metabolite; PB, polar bear 

aFor loading only 
bDetermined using an iterative approach (see Table 4) 
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Longitudinal measurements of faecal glucocorticoid metabolites 

The analysis of long-term FGM levels of five polar bears revealed that stress induced 

by social tension, environmental changes and other disturbances led to significant 

increases in FGM levels (Table 6). The strongest increases in FGM levels were 

observed for social stress, which led to a 4.7-fold rise above baseline FGM levels. 

Furthermore, measured FGM levels were significantly elevated (by a factor of 1.45) for 

faecal samples older than 12 h (p = 0.023). The transportation events of bear A (Table 

1) also led to significant rises of FGM concentrations (Table 6), as already described 

above (Enzyme immunoassay validation). Season, sex and mild diarrhoea had no 

significant effect on FGM levels. However, we note that males tended to have higher 

FGM values during the breeding season from March to May as compared to the non-

breeding season (Fig. 2). For the two females, the opposite pattern was observed with 

lower FGM concentrations during the breeding season compared to the non-breeding 

season (Fig. 2).
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Table 6) Results of a linear mixed effects model testing the effect of different binary stress variables and sample age on log10-

transformed faecal glucocorticoid metabolite measurements. Reported p-values are based on likelihood ratio tests that compare the 

likelihood of the final model to the likelihood of the model in which the focal parameter was dropped. The random effects structure 

controls for repeated measures per individual and temporal autocorrelation (using an AR(1) correlation structure). The estimated 

within-individual variation (σ2
residual = 0.0997) exceeds the variation between individuals (σ2

random intercept = 0.0098). The estimated AR(1) 

autocorrelation coefficient is ρ = 0.43. CI for 10^effect size gives 95% confidence intervals. 

 

 

 

 
Effect size 

(on log10 (FGMs)) 

10^effect 
size 

CI for 
10^effect size 

DF 
Likelihood 

ratio 
Pr 

(>Chi) 

Intercept 0.58 3.79 3.00–4.79    

Social tension 0.67 4.70 2.55–8.67 1 234.54 0.001 

Transport 0.42 2.61 1.41–4.81 1 92.40 0.002 

Environmental 
changes 

0.40 2.50 1.38–4.50 1 90.93 0.003 

Other disturbances 0.50 3.17 2.10–4.88 1 262.04 <0.001 

Sample age >12 h 0.16 1.45 1.05–2.00 1 51.53 0.023 

Abbreviations: FGMs, faecal glucocorticoid metabolites
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Figure 2) Boxplot of faecal glucocorticoid metabolite levels (expressed as ng per g faeces) of five polar bears (A, E, F male; G, H 

female) in different seasons (pre-breeding: June/July; breeding: March – May; post-breeding: December – February; non-breeding: 

August – November). The number of data points underlying each boxplot is indicated by n. 
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Discussion  

Enzyme immunoassay validation (transports) 

By measuring significantly higher GC metabolite concentrations in faeces of recently 

transported polar bears, we demonstrated that changes in the release of cortisol into 

the blood during a situation of stress directly affected their FGM levels, thus showing 

the biological validity of the used assay for this species (PALME 2019). The EIA was 

able to detect FGMs in polar bears and therefore at least some of the excreted 

metabolites cross-reacted with the antibody of the applied cortisol assay. Even though 

it is not possible to predict which faecal metabolites may occur in a given species and 

a characterisation of the specific polar bear FGMs has not been conducted (e.g. via 

HPLC separation (SCHATZ and PALME 2001; PALME 2019)), it was shown that the 

employed assay could trace fluctuations in metabolites that yield biologically relevant 

information relating to the bears’ HPA axis activity. 

The average time delay between transport related stress and clear FGM concentration 

increase was 47 h after loading the animals. This is consistent with previous work by 

SHEPHERDSON et al. (2013), which demonstrated a marked FGM increase during 

the 48 h-period of transport for two polar bears. In the same study the highest FGM 

levels (16 times higher than baseline) were detected on day three after ACTH injection 

of one polar bear (though no shorter intervals were sampled), which is similar to the 

current results (FGM peak levels average 11.7 times higher than baseline two to six 

days after transportation). However, in our study one juvenile female bear (C) was 

socialized with another young female two days after arrival at the new zoo. The 

corresponding FGM peak of this bear (86 h after socialisation) could be due to 

socialisation rather than transport related stress.  

In accordance with previous work (SCHATZ and PALME 2001; PALME et al. 2005; 

TOUMA and PALME 2005; MADLIGER and LOVE 2014), we detected significant inter-

individual differences in FGM levels during the five-day window prior to transport. Inter-

individual variation in cortisol concentrations could also be measured in hair 

(BECHSHOFT et al. 2011; BECHSHOFT et al. 2012a; BECHSHOFT et al. 2013) and 

plasma samples (TRYLAND et al. 2002; HAAVE et al. 2003) of free-ranging polar 
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bears. Moreover, we observed high inter-individual variability in measured peak FGM 

levels and reactivity to transport related stress differed widely between the four bears 

(Table 4), which is consistent with comparable studies (WELLS et al. 2004; PALME et 

al. 2005; TOUMA and PALME 2005).  

Percentage increases after zoo-to-zoo transports of two polar bears (717%, 480%) in 

a study conducted by SHEPHERDSON et al. (2013) were similar to those observed in 

the current study. Furthermore, ACTH-challenges revealed similar increases in FGMs 

in polar bears (1541%, n = 1; SHEPHERDSON et al. 2013), polar and grizzly bears 

(343–2258%, n = 6; WHITE et al. 2015) and several other carnivores incl. Himalayan 

black bear (401% and 573%, measured via cortisol EIA and corticosterone RIA, 

respectively; K. M. YOUNG et al. 2004). 

Even so, in our study pre-transport baseline levels were much lower compared to the 

average 3-day range of zoo polar bears before transport or ACTH test as reported by 

SHEPHERDSON et al. (2013; 175.5 ng/g, n = 2 and 256 ng/g, n = 1, respectively) or 

captive polar bear baseline FGM concentrations established by WHITE et al. (2015; 

33.8 ± 9 ng/g; mean ± SEM, n = 3) and BRYANT & ROTH (2018; six females: 29.98 ± 

11.40 ng/g; mean ± SD). However, this is likely due to the different applied assays (two 

different corticosterone RIAs and two cortisol EIAs were used) and their antibody 

affinity for different metabolites (WHITE et al. 2015; PALME 2019). This underscores 

the need to employ consistent sampling and analytical approaches in such studies in 

order to be able to directly compare results. 

One crate trained male (trained to enter the transport box using positive reinforcement; 

individual A) was sampled over two transports and showed clear differences in 

reactivity to transport related stress (peak levels 21 and 3 times higher than baseline). 

Though, baseline values were in the same range when comparing both data sets 

(Table 4). Intra-individual differences in the release of GCs have also been described 

for polar bears by BRYANT & ROTH (2018; not fully validated method). Besides 

natural individual variation, different seasons or the advanced training level in the 

second transport could be possible explanations (see below). Only few studies exist 

that investigate the influence of positive reinforcement training on GCs, suggesting that 
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trained animals cope better with situations of stress. Such animals showed calmer 

behaviour than untrained conspecifics during blood sampling or ultrasound 

examination and their GC levels did not rise (PHILLIPS et al. 1998; whereby only the 

first study provides values before training; GRANDIN 2000; CAPIRO et al. 2014). We 

observed that transport events were linked to a rapid, but temporary increase of FGMs 

in polar bears, which reflected an intact and adequate stress response. Elevated FGM 

concentrations first returned to values below the threshold of baseline + 2 SD after an 

average period of seven days after transport. For polar bears a return to near baseline 

levels is described for the 3-day range beginning two days after transport, however no 

faecal samples were collected at a later time (SHEPHERDSON et al. 2013). The 

observation that FGMs remained at baseline values after about two weeks (Table 4), 

indicated that such necessary transportations are only a short-lasting stressor, and 

bears quickly adapt to the new environment. This is important because coordinated 

breeding efforts of  EAZA accredited zoos are crucial to maintaining a demographically 

and genetically stable population, which is the main goal of the polar bear long-term 

management plan of the European Endangered Species Programme (EEP; 

SZÁNTHÓ and SCHAD 2014). Although we could not find an effect of transport length 

or immobilisation on FGM levels, we also cannot rule out an impact due to the low 

number of monitored individuals. We suggest to keep transport duration as short as 

possible (for a review on farm animals see NIELSEN et al. 2011) and to choose positive 

reinforcement training over anaesthesia for loading to minimise possibly associated 

negative effects (GRANDIN 1997; CAPIRO et al. 2014). 

Longitudinal measurements of faecal glucocorticoid metabolites 

During longitudinal measurements the stressors social tension, environmental 

changes and other disturbances led to significantly higher FGM levels in captive polar 

bears (besides transport). This highlights the necessity to include external factors 

whenever assessing FGMs of an individual. Considering that “positive stressors” (e.g. 

environmental enrichment, mating; see BROOM 1988; E. MÖSTL and PALME 2002; 

CAPIRO et al. 2014) were included as explanatory variables and also resulted in short-

term increases of FGMs one must be careful with interpretation of elevated FGM 



III Faecal glucocorticoid metabolites as a measure of adrenocortical  

activity in polar bears (Ursus maritimus) 

__________________________________________________________ 

45 
 

levels. Thus, a distinction of different reasons for stress responses might be necessary 

when evaluating increases in FGMs, especially in the context of animal welfare 

assessment. The duration of elevated FGM concentrations needs to be kept in mind 

in this context: positive and negative stimulation can lead to an acute activation of the 

HPA axis, which enables the individual to cope with a new situation and is therefore 

essential. However, as stated above, prolonged HPA axis activity and resulting 

chronically elevated cortisol levels have been linked to reduced wellbeing, immune-

suppression, impaired growth and reproduction rates in many species (SAPOLSKY et 

al. 2000; HABIB et al. 2001; B. S MCEWEN and WINGFIELD 2003; L  ROMERO et 

al. 2009).  

FGM values were significantly elevated in faeces older than 12 h, thus underscoring 

the importance of a standardized sampling protocol, thorough selection and rapid 

freezing of fresh faecal samples (MILLSPAUGH and WASHBURN 2004; PALME 

2005; TOUMA and PALME 2005). 

We could not identify a significant effect of sex or season on polar bear FGM levels 

when applying the predefined breeding seasons. However, the sample size of only 

three males and two females is too small to draw strong conclusions. To the best of 

our knowledge, no study assessing both male and female polar bear long-term FGM 

levels has been performed before, thus no comparison with our results is possible at 

this point. According to the study by BRYANT & ROTH (2018), where faeces from six 

zoo-housed female polar bears were sampled for 12 consecutive months and tested 

for FGM levels, no seasonal differences in FGM concentrations could be detected. 

Nevertheless, a seasonal influence of the HPA axis reactivity is described for many 

seasonally breeding vertebrates including black bears (HARLOW et al. 1990; 

WINGFIELD and ROMERO 2001; L. ROMERO 2002; MILLSPAUGH and 

WASHBURN 2004; JACHOWSKI et al. 2015). In addition, reproductive status in both 

sexes (testes active or not; non-reproductive, pregnant, lactating) is presumed to affect 

mammalian blood GC levels and should be reflected in FGMs as well (MILLSPAUGH 

and WASHBURN 2004; SHERIFF et al. 2010; PALME 2019). However, due to the 

unknown reproductive status of some animals and the low number of individuals, we 

could not investigate such an influence. Our longitudinally monitored females were 
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presumed to be non-pregnant, but we cannot rule out pregnancy with certainty, 

because delayed implantation, pseudopregnancy and the lack of an accurate and non-

invasive pregnancy test for polar bears make a reliable diagnosis difficult (CURRY et 

al. 2012b; STOOPS et al. 2012). 

However, season could be a possible explanation for the differing FGM increases after 

the two monitored transports of polar bear A (AI and II; Table 4): the percentage rise 

of FGMs was 17 times higher after translocation in March, which is the beginning of 

the breeding season, compared to the percentage increase after translocation in 

November of the same year, which falls within the time of low or no sexual activity in 

polar bears (RAMSAY and STIRLING 1986; AMSTRUP and DEMASTER 2003; 

PUSCHMANN et al. 2009; CURRY et al. 2012a). In both cases sexually mature 

females have been present in the destination zoo, olfactory or/and visually noticeable 

for the male (which was the only monitored male that has successfully bred before, 

Table 1).  

Gastrointestinal transit time in polar bears 

Our measured gastrointestinal transit times (GTT) and the fact that a mainly vegetarian 

diet shortened GTT resemble the results PRITCHARD & ROBBINS (1990) determined 

in grizzly and black bears: in both species GTT of a vegetarian diet (7 h) was nearly 

half that of a meat diet (13 h). Similar results for polar bears were presented by BEST 

(1985) for meat diets (incl. fish; 12.3–18.6 h), whereas SHEPHERDSON et al. (2013) 

indicated an average gut passage time of approximately 24 h for polar bears (type of 

diet not specified). These findings demonstrate an influence of diet on GTTs and 

therefore on the appearance of peak FGM levels following a stressor. We found longer 

delay times in the monitored transports, which may indicate that GTTs are less 

appropriate for assessing the time delay of blood GC levels to an increase of FGMs. 

However, one needs to bear in mind that in the mentioned GTT studies including ours, 

first appearance of dye (or mean retention times) and not peak excretion were 

determined. In addition, transportation is a complex stressor, and plasma peak GC 

levels most likely occurred to the end of the transportation (3–8 h), or even afterwards, 

when the bears experienced additional stressors due to the new environment. This 
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may explain the longer delay times observed in our study. Still, our recorded GTTs 

(time until first appearance of dye) are useful as they indicate the interval in which 

baseline values can still be assumed with certainty. For capturing peak levels with 

great probability, frequent sample collection is required (Palme, 2019). Finally, to 

empirically determine the whole duration of cortisol metabolism and excretion in polar 

bears, radiometabolism studies would need to be conducted (SCHATZ and PALME 

2001; KECKEIS et al. 2012).  

Other factors possibly influencing polar bear faecal glucocorticoid metabolites 

The factors season and diet are especially important with regard to FGM monitoring in 

wild polar bears: composition and amount of food intake highly vary in free-ranging 

polar bears due to differing availability or accessibility of food throughout the year. 

Polar bears undergo long periods of “fasting” during the summer months and early fall 

(only occasional feeding on berries/vegetation, bird’s eggs, geese, caribou, carcasses 

or small mammals) before a phase of increased food intake in winter and spring 

(BROOK and RICHARDSON 2002; DEROCHER et al. 2002; main food source ringed 

(Phoca hispida) and bearded seals (Erignathus barbatus); BENTZEN et al. 2007; 

THIEMANN et al. 2008; GORMEZANO and ROCKWELL 2013; IVERSEN et al. 2013). 

Pregnant females remain fasting in their den from fall until spring, when they emerge 

with their cubs (AMSTRUP and DEMASTER 2003; STIRLING 2012). The temporarily 

high proportion of fat and blubber in the diet of free-ranging polar bears is another 

unique characteristic (STIRLING 1974; DEMASTER and STIRLING 1981; BEST 1985) 

and differs from captive polar bears diet with higher amounts of meat, fish, commercial 

dog food, fruit, vegetables and left overs of human food (authors' personal experience 

and results of questionnaire, see Study animals and facilities; LINTZENICH et al. 

2006). However, seasonal fluctuations of the diet and especially of the actual 

consumption of food can also be observed in captive polar bears. According to the 

authors' personal experience, polar bear keepers of several participating zoos (T. 

Ramm, M. Ehlers, Karlsruhe Zoo; S. Krüger, Nuremberg Zoo; J. Bartunek, Vienna Zoo) 

and LINTZENICH et al. (2006) food intake of polar bears is less during the summer 

months (around late May to September) compared to the rest of the year—regardless 
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of the fact that sufficient amounts of different food items were offered in all zoos. 

Differences in the composition of the diet, frequency of feeding and defaecation as well 

as digestion type can highly influence the amount and distribution of measured FGMs 

(PALME 2005; PALME et al. 2005; TOUMA and PALME 2005; SHERIFF et al. 2011; 

GANSWINDT et al. 2012; PALME 2019) and should therefore be taken into account in 

future FGM studies on polar bears.  

Besides all the above mentioned external factors, a natural individual variation remains 

that can strongly affect GC levels. These inter-animal differences in GC concentrations 

and differing responses to stimuli also depend on individual factors like genetics, age, 

physiological condition and previous experience (GRANDIN 1997; GARY P MOBERG 

2000). Individual characteristics of zoo bears can be taken into account for example 

by assessing “life history” and “temperament” of an individual as suggested by 

SHEPHERDSON et al. (2013): captive polar bears that scored high on the “interest” 

axis (defined in relation to behaviour directed toward a newly introduced object) 

exhibited lower FGM levels over a one-year period. In our study “transport experience” 

was factored in as an element of “life history”: two of the four transported bears had 

been transported before (A, B; Table 1). Due to the mentioned natural inter-individual 

variability of GC baselines and individual reactivity to stress a direct comparison of 

experienced and non-experienced animals is not useful. Nevertheless, in male A, who 

was monitored during two transports, habituation and a learning effect, could be 

possible additional reasons for the much lower peak observed after the second 

transport (Table 1 and 4). Arguing against this is the fact that this male bear had also 

been transported before the first monitored transport in March, even if it was almost 

five years prior (LINKE 2016). 

Extensive behavioural observations were neither possible nor the focus of this study, 

thus only specific predefined events and behaviours were recorded. Captive polar 

bears are particularly prone to repetitive behaviours like pacing (POULSEN et al. 1996; 

SHEPHERDSON et al. 2004; SWAISGOOD and SHEPHERDSON 2005; CREMERS 

and GEUTJES 2012; SHEPHERDSON et al. 2013). In future FGM and welfare 

assessment studies the occurrence, extent and type of stereotypies (underlying 
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motivation; see MASON and LATHAM 2004) and their development under 

environmental changes should be included, since their relation to FGM levels is not 

entirely clear (Shepherdson et al., 2013: higher FGM levels linked to higher proportions 

of stereotypic pacing vs. Shepherdson et al., 2004: higher peak FGM concentrations 

and higher FGM variation in non-stereotyping bears; for a review on stereotypies as 

an indicator of welfare see Mason and Latham, 2004).  

Prospect 

Measuring FGM levels could contribute significantly to a holistic approach to welfare 

assessment of zoo polar bears. In conjunction with behavioural and other physiological 

markers (e.g. body condition, blood values) the health and wellbeing of bears can be 

evaluated under various influences like different enclosure features (e.g. number and 

type of hiding places, view out of exhibit, proportion of natural soil), group composition 

(sex, age, reproductive state, number of individuals) or managing details (e.g. 

environmental enrichment, positive reinforcement training, freedom of choice (e.g. 

inside/outside enclosure), predictability of feeding times) (YEATES and MAIN 2008; 

SHEPHERDSON et al. 2013; ROSE et al. 2017; BACON 2018). 

For the application of FGM monitoring in the field, the varying food intake of wild polar 

bears can be factored in by differentiating between samples collected during onshore 

fast vs. phases of hyperphagia (e.g. comparing samples over several summers or 

winters, respectively). Furthermore, food items can be accessed via faeces (VON DER 

OHE et al. 2004; BENTZEN et al. 2007; IVERSEN et al. 2013) and thus their potential 

influence on FGM levels taken into account. All in all, analysing FGMs has great 

potential also for wild bears as it completes the wide range of already established non-

invasive analyses of faeces (like DNA, population size, reproductive status, 

contaminant load, parasite infestation, demographic and life-history data; e.g. KOHN 

and WAYNE 1997 ). One of the most important concerns to polar bear health is climate 

change (STIRLING and DEROCHER 1993; STIRLING et al. 1999; STIRLING and 

PARKINSON 2006; WIIG et al. 2008; PATYK et al. 2015), which is particularly 

significant in the Arctic (STROEVE et al. 2007; BERNSTEIN et al. 2008). Even though 

polar bears periodically experience nutritional stress in times of seasonal food scarcity 
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or reproductive fasting (JASON HAMILTON 2008; MISLAN et al. 2016), the rapidly 

progressing environmental changes and other ecological, biological and social factors 

(e.g. increased exposure to contaminants and emerging diseases, human interactions 

or exposure to competitors) lead to a cumulative effect that exceeds the natural 

periodical experiences. Finally, there are numerous studies providing evidence that 

polar bears cannot cope long-term with this variety of mutually reinforcing stressors 

(DEROCHER et al. 2004; ACIA 2005; MOLNÁR et al. 2010; STIRLING and 

DEROCHER 2012; BECHSHOFT et al. 2013). Besides the characterization and 

examination of the different impacts on polar bear health, a systematic and 

standardized monitoring and data collection is vital to compare across populations and 

to enable a holistic approach to a circumpolar conservation effort (PATYK et al. 2015). 

Together with parameters as body condition, sea ice condition or reproductive 

success, measuring FGM levels can aid to evaluate population health status and thus 

possible consequences under current climate trends investigated. 

We validated a cortisol EIA for measuring FGM concentrations in polar bears. 

Furthermore, in this study for the first time FGM levels of both female and male polar 

bears were monitored for a prolonged period of time in European zoos, taking also 

cause-effect relations into account. The results of our research provide basic 

information on polar bear endocrinology, gastrointestinal transit times and factors 

influencing HPA axis activity. Social tension, transport, environmental and other 

external changes resulted in an acute increase of FGM levels in polar bears and 

therefore need to be taken into account when assessing long-term HPA axis activity in 

these animals. We highly recommend the use of a simple but detailed sampling 

protocol including diet, predefined external factors as well as sample age (faecal 

material older than 12 h should be excluded from analysis). Significant intra- and inter-

individual differences in baselines and stress responses were observed, preventing 

the establishment of general polar bear GC reference values or thresholds marking 

stress. Instead, individual GC profiles should be determined by assessing FGM levels 

over prolonged sampling periods of the same bear. Further investigation of individual 

FGM baseline values and circannual or nutritional fluctuations in captive polar bears is 

essential for the interpretation and understanding of FGM levels from wild bears, since 
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a validation and establishment of baselines would be difficult under field conditions. 

Even though a narrow definition of GC reference values for polar bears is currently not 

possible, basic information on polar bear endocrinology and long-term monitoring of 

GC levels will be useful for managing polar bears in captivity and for monitoring stress 

in wild polar bears faced with degradation of their habitat. 
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S2) Event log and definitions of events sent to the participating zoos. 
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Abstract 

Analysis of hair cortisol concentrations (HCCs) is a promising method for monitoring 

long-term stress in mammals. However, previous measurements of HCCs in polar 

bears (Ursus maritimus) have yielded highly variable results, which are likely to be due 

to different methodological approaches. In this study, hair samples of zoo-housed polar 

bears were analyzed for cortisol with two independent immunoassays (IAs) and liquid 

chromatography tandem mass spectrometry (LC–MS/MS). Resulting HCCs showed 

clear differences depending on analytical technique applied, whereby different sample 

processing (cutting vs. powdering hair) had no significant effect on HCCs by either 

method. HCC measurement was validated biologically for one IA and LC–MS/MS in 

one male polar bear that experienced considerable stress for a prolonged period of 

time (>18 weeks). The validated LC–MS/MS was used to determine cortisol, cortisone, 

testosterone and progesterone levels from hair samples collected over a 9-month 

period (5–13 months) from six captive polar bears (five males, one female). No 

seasonal steroid variation was observed except in male progesterone levels. For all 

steroids except cortisone, a strong body region effect (neck or paw) was observed. 

Cortisol and cortisone, as well as progesterone and testosterone, concentrations were 

positively correlated. The data established herein provide important information 

regarding methodology and study design for assessing hair steroid hormones in polar 

bears. Results of longitudinal hair steroid measurement complement basic knowledge 

of polar bear endocrinology. 

  



IV Analysis of hair steroid hormones in polar bears 

 (Ursus maritimus)  

__________________________________________________________ 

74 
 

Introduction 

Understanding species-specific endocrine function and interactions within a greater 

ecological context are key prerequisites for targeted conservation measures (see 

reviews by KOREN et al. 2019; V. KUMAR and UMAPATHY 2019). Steroid hormones, 

primarily those linked to reproductive and adrenal function, have been measured in a 

variety of different sample matrixes (ROMANO et al. 2010; SHERIFF et al. 2011; see 

reviews by DANTZER et al. 2014b; MADLIGER and LOVE 2014; KOREN et al. 2019). 

Characterization of hypothalamic–pituitary–gonadal (HPG) axis activity, routinely done 

by monitoring sexual steroid hormones such as progesterone and testosterone, can 

provide valuable information on the social and reproductive status of an animal. This 

knowledge can contribute to successful breeding programs, which often require 

effective control of gonadal function either to enhance or prevent reproductive 

outcomes. Additionally, hypothalamic–pituitary–adrenocortical (HPA) axis activity can 

be assessed by measuring adrenal glucocorticoid (GC) hormone production: cortisol 

in most mammals (and fish) and corticosterone in rodents, reptiles, amphibians and 

birds. Under the influence of a stressor, GCs are rapidly released via the HPA pathway 

into the blood to initiate a stress response. While crucial for maintaining homeostasis 

and survival, chronically elevated GC levels can have detrimental effects upon the 

health, reproduction and stability of a population (BOONSTRA et al. 1998; GARY P 

MOBERG 2000; SAPOLSKY et al. 2000). 

Recently, hair has become a favored substrate for endogenous steroid hormone 

analyses, having been used in more than 40 species (see review by KOREN et al. 

2019), including polar bears. Since polar bears are exposed to several anthropogenic 

and environmental stressors (VONGRAVEN et al. 2012; PATYK et al. 2015), studies 

have focused primarily on the measurement of HPA axis activity. However, cortisol 

levels reported in previous polar bear hair studies differ substantially. Bechshoft et al. 

detected hair cortisol concentrations (HCCs) in East Greenland polar bears (2011; 

2012a) that were 30-fold higher than levels measured in polar bears from Southern 

Hudson Bay and James Bay (MACBETH et al. 2012) or those from Western Hudson 

Bay (MISLAN et al. 2016). Similar low results were observed by WEISSER et al. (2016) 

in a pooled hair sample from four East Greenland polar bears. 
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Varying cortisol levels may derive from biological variation among individuals and 

subpopulations that may experience different levels of stress or have evolved different 

coping mechanisms. However, even within the same ecoregion and therefore the 

same subpopulation (East Greenland), HCCs were variable, suggesting 

methodological differences to be more likely the cause of HCC variation (KROSHKO 

et al. 2017). In the studies mentioned, different sample preparation (e.g., washing 

procedure, cutting or powdering of hair) and analytical techniques, including various 

immunoassays (IAs) and liquid chromatography–tandem mass spectrometry (LC-

MS/MS; only in WEISSER et al. 2016) were used to determine HCCs. While IAs are 

most commonly used for analyzing hormones in mammals because of their sensitivity 

and rapid and cost-effective application, LC–MS/MS techniques have greater 

specificity and sensitivity and can measure multiple steroids simultaneously but require 

expensive equipment and technical expertise (see reviews by MURTAGH et al. 2013; 

GAO et al. 2016). 

A standardized methodology of measuring steroids in hair that allows cross-study 

comparisons is highly desirable, especially in species such as polar bears where 

extensive sampling is difficult. Apart from methodological issues, the hair matrix offers 

several advantages that are particularly valuable during field work in remote habitats 

such as the Arctic: in contrast to more invasively sampled matrixes such as blood or 

saliva, which provide point estimates of hormone levels, hair enables a retrospective 

assessment of long-term integrated hormone concentrations over weeks and months 

by means of only a few samples. As lipophilic substances, hormones are thought to be 

incorporated continuously into the growing hair shaft, proportionally to their unbound 

(biologically active) fraction in the blood (see reviews by E. RUSSELL et al. 2012; 

STALDER and KIRSCHBAUM 2012). The main route of hormone incorporation is likely 

to be by passive diffusion from blood capillaries around the hair root, although the exact 

mechanisms of incorporation are not fully known. However, incorporation from 

surrounding tissues or external sources and local hormone production in the hair 

follicle are possible (MEYER and NOVAK 2012; E. RUSSELL et al. 2012; STALDER 

and KIRSCHBAUM 2012; reviewed by KOREN et al. 2019). The speed and duration 

of active hair growth define the amount of systemic steroid that can be deposited into 
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the hair within a certain time. While in humans and other primates hair growth rates 

average 1 cm/month (WENNIG 2000; STALDER and KIRSCHBAUM 2012; E. H. 

CARLITZ et al. 2014) growth rates and cycles are not well described for polar bears. 

Molting likely occurs in spring and hair regrows between April/May and September or 

October (AMSTRUP and DEMASTER 2003; DEROCHER 2012; MACBETH et al. 

2012). Once incorporated, steroids remain stable within the intact hair shaft (MEYER 

and NOVAK 2012; E. RUSSELL et al. 2012; KOREN et al. 2019); however, decreases 

in hormone concentrations in the distal hair segments compared to the proximal 

segments have been detected in some cases (KIRSCHBAUM et al. 2009; 

DETTENBORN et al. 2010; ESTHER HD CARLITZ et al. 2015); (but see DAVENPORT 

et al. 2006; BENNETT and HAYSSEN 2010; MANENSCHIJN et al. 2011; MALCOLM 

et al. 2013; E. H. CARLITZ et al. 2014; HEIMBÜRGE et al. 2020). Nonetheless, hair 

steroid levels could be measured in 1500-year-old Peruvian mummies (EMILY WEBB 

et al. 2010; EMILY C WEBB et al. 2015), in Siberian woolly mammoths (KOREN et al. 

2018), and in museum hides of polar bears (BECHSHOFT et al. 2012a) at similar levels 

to modern samples (humans, polar bears), indicating that steroids remain stable in the 

hair over time. In addition, the simple storage conditions for hair offer another 

advantage, particularly for field-based work: aside from keeping samples dry and dark, 

no cooling or special preservation techniques are necessary. 

All in all, hair steroid analysis seems a promising tool to understand better the activities 

and relations of the HPA and HPG axes and can help obtain a broader picture of polar 

bear endocrinology. This is the basis for any health and welfare assessments, breeding 

programs or conservation measures—in captive as well as in free-ranging polar bear 

populations. The aim of the present study was to investigate the effect of different types 

of sample processing (cutting vs. powdering) and analytical techniques (IA vs. LC–

MS/MS) on HCC measurement in polar bears. Cut and powdered hair samples from 

zoo-housed polar bears were analyzed for cortisol with two different IAs [one enzyme-

linked immunosorbent assay (EIA) and one chemiluminescence immunoassay (CLIA)] 

and LC–MS/MS. Furthermore, a biological validation of HCC measurement was 

performed in one bear using CLIA and LC–MS/MS, and hair growth rates were 

accessed in one polar bear. Finally, the previously validated LC–MS/MS method was 
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applied for longitudinal measurements of cortisol and other steroids, including 

cortisone, testosterone and progesterone, in the hair of six zoo-housed polar bears. 

The main objectives were to identify possible effects of seasonal variation and sampled 

body region on steroid hormone levels. To our knowledge, this is the first longitudinal 

study concurrently investigating HPA and HPG axis activity in polar bear hair. 

Materials and Methods 

Subjects and Study Design 

Study animals and facilities 

Hair samples were collected from a total of 13 polar bears (nine males and four 

females) from 12 European zoos. The participating zoos were all members of the 

European Association of Zoos and Aquaria (EAZA) and housing conditions were 

comparable for all bears (e.g., similar diet, predominant use of outdoor enclosures). 

Each zoo received a starter kit with the necessary material for sample collection: a 

polar bear training manual, detailed hair sampling instructions and a simple protocol 

for recording sampling conditions (including date, body condition score and body 

region; see Supplementary Material S 1–S 3). 

Comparison of HCC measurement using different types of sample processing and 

analytical techniques 

A total of 17 polar bear hair samples were analyzed (six males and four females; some 

bears were sampled repeatedly). Approximately 1.5 g of hair was washed (see 2.2.2 

Hair sample preparation and steroid extraction—final protocol), cut into pieces of 

≤4 mm and divided into two 750-mg subsamples (see Fig. 1). One subsample was left 

as it was (Subsample C) while the second was ground to a fine powder in a Retsch 

Mixer Mill MM 400 for 5 min (resulting in approximately 380 mg hair powder, 

Subsample P). Each Subsample P was then further divided into 15 aliquots of 25 mg 

hair powder. For each aliquot, steroid extraction, methanol evaporation and 

resuspension steps were run separately (see 2.2.2 Hair sample preparation and 

steroid extraction—final protocol). After reconstituting with 250 µl Aqua bidest (to have 

a sufficient volume for all three analytical techniques), the resulting 15 extracts were 
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analyzed in parallel by CLIA, EIA and LC–MS/MS. Five extracts each were run on three 

different IA plates on three different days. LC–MS/MS of the five extracts each were 

also run on three different days. Each Subsample C was divided into 10 aliquots of 50 

or 100 mg (depending on availability). Again, all pre-analytical steps were run 

separately for each aliquot. All resulting extracts were analyzed in parallel by CLIA, 

EIA and LC–MS/MS, on two different IA plates (days) with five extracts per plate (day).
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Figure 1) Overview of the method comparison: measurement of cortisol concentrations in 17 polar bear hair samples by CLIA, EIA 

and LC–MS/MS using powdered or cut hair. 



IV Analysis of hair steroid hormones in polar bears  

(Ursus maritimus) 

__________________________________________________________ 

80 
 

Biological validation 

To validate biologically the measurement of HCCs in polar bears, hair samples were 

collected from an adult male polar bear that was transported from one zoo to another 

and repeatedly received dental treatments in the new zoo (see Fig. 2). Hair was 

collected from the side of the neck four weeks before transport and on the day of 

transport during anesthesia (Samples 0 + 1). Approximately seven weeks later, hair 

was sampled from the same spot and additionally from the medial thigh during 

anesthesia for dental treatment (Samples 2 + 3). Almost 11 weeks later, another dental 

treatment was necessary, and hair was collected from the same spot at the medial 

thigh (Sample 4). Transport itself and activities related to it (e.g., crating, unloading) 

have been shown to be stressful for polar bears (HEIN et al. 2020). Furthermore, the 

new environment and socialization (HEIN et al. 2020) with a female and chronic pain 

(two broken canines; see MALCOLM et al. 2013) were assumed to be stressful. We 

therefore expected an increase in HCCs in the samples collected after the 

transportation event (Samples 2–4) compared to the sample collected on the day of 

transport (Sample 1; Sample 0 was not available for analysis). All samples were 

analyzed for cortisol via CLIA and LC–MS/MS, (see 2.2.2 Hair sample preparation and 

steroid extraction—final protocol) from 25 mg hair powder (samples were already 

prepared until this processing step).
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Figure 2) Overview of hair samples collected from an adult male polar bear at the day 

of transport (0) and the following 18 weeks. S0–S4: Samples 0–4, dotted lines indicate 

unknown periods of hair growth and cortisol incorporation, solid lines indicate known 

periods of hair growth and cortisol incorporation. Symbols: truck = transport, polar bear 

= socialization, tooth = dental treatment. (Symbols taken from the Wikimedia 

Commons: `SHSM_truck.svg´, `Tooth_-_The_Noun_Project.svg´, ` Ice-bear-

161992.svg´) 
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Longitudinal measurement of steroid hormones from hair and assessment of hair 

growth rates 

To assess individual long-term hair steroid profiles, hair was collected repeatedly from 

the same animals. Six polar bears (five males and one female) were trained to be 

shaved at regular intervals (approximately every 3–8 weeks) from the same body 

region: either the neck, about a hand’s width below the ear (right or left; see 

Supplementary Material Figures S 1 + 2), or the dorsal side of the paw (right or left 

front leg, preferably through a paw cage; see Fig. S 3 + 4). Two male bears were 

sampled from the neck, two other males from the paw, and one male and one female 

from neck and paw, according to individual accessibility (see Table 1). Hair was 

collected for 5–13 consecutive months (mean = 9 consecutive months; longest total 

period = 23 months) and a basic sampling protocol was filled out by the keepers (see 

S 3). Samples were examined for cortisol, cortisone, testosterone and progesterone 

using the validated LC–MS/MS. 

To estimate polar bear hair growth rates, the length of regrown hair from samples 

obtained by shave and reshave was measured. Three samples of one male adult polar 

bear were available for this part of the study, collected from the side of the neck as 

close to the skin as possible. Hair from each sample was collected opportunistically 

and represented growth over a 27- or 21-day period: Sample 1 roughly corresponded 

to the last three weeks of June and the first week of July, Sample 2 to the last three 

weeks of July and Sample 3 to the subsequent three weeks in August. Average hair 

growth rates were determined based on length measurements of 20 single hairs per 

sample. 
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Table 1) Overview of polar bears, samples and body regions during longitudinal 

measurement of steroid hormones in hair. 

PB Sex 
Reproductive 

status 
Housing 

conditions 

Agea 

[years] 

Shaved 
body 

region(s) 

Number 
of hair 

samples 

Sampling 
period 

[consecutive 
months] 

A M 
Fertility 
proven 

Temporarily 
housed with 

female 
11 Neck 19 13 (23)b 

B M 
Fertility 
proven 

Temporarily 
housed with 

males 
16 Neck 11 12 

C M 
Fertility 

unknown 
Housed with 

D 
6 Paw 4 6 

D M 
Fertility 

unknown 
Housed with 

C 
6 Paw 4 6 

E M 
Fertility 
proven 

Housed with 
F 

5 
Neck + 

paw 
3 + 6 11 

F F 
Fertility 
provenc 

Housed with 
E 

5 
Neck + 

paw 
3 + 3 5 

Abbreviations: F, female; M, male; PB, polar bear 
aat start of sampling phase 
bin total three sampling periods of 13, 5 and 5 consecutive months 
cstillbirth of an immature fetus during monitored period 
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Sample Collection and Processing 

Hair sampling 

All samples consisted of guard hair and undercoat in varying proportions and were not 

further separated, since in a pre-test no effect of hair type on HCCs could be detected 

(see also MACBETH et al. 2012). For the assay comparison, hair samples sufficient 

for repeated measurements were collected opportunistically (e.g., during anesthesia 

for medical procedures, routine checks of cubs, necropsies or from enclosures; ≥1.5 g 

per sample, see Fig. 1). Pooled samples containing hair from different individuals (e.g., 

from shared enclosures) were included in this part of the study in order to get higher 

sample weights. 

For longitudinal measurement of HCCs, trained bears were shaved repeatedly at the 

same spot at regular intervals (just before the shaved area could no longer be 

distinguished from the adjacent unshaved area, approximately every 3–8 weeks) to 

observe the effects of sampling time. 

Hair was shaved and not plucked to avoid the addition of follicles to the sample and to 

prevent possible blood contamination and skin irritation (potentially leading to local 

hormone content or production, see BECHSHOFT et al. 2011; SALABERGER et al. 

2016; CATTET et al. 2017; reviewed by SERGIEL et al. 2020). Samples were taken 

as close to the skin as possible from a 6 × 7-cm area, using disposable shavers. To 

minimize contamination of the sample with “non-regrown hair” from the peripheral area, 

the inner 4 × 5 cm was always shaved first and only hair from this area used for 

analysis. Afterwards, the spot was enlarged to the initial 6 × 7 cm (see S 2). 

Hair samples were air-dried if necessary and stored dry and dark in paper envelopes 

at room temperature until analysis. All experiments were performed in accordance with 

the German Animal Welfare law, following paragraph 7(2); no special permits were 

necessary.  
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Hair sample preparation and steroid extraction—final protocol 

Sample size varied between 50 and 2000 mg hair, with smaller samples from the timed 

shavings and larger samples from opportunistic hair sampling. After cleaning from 

external material such as dried mud and plant matter, samples were thoroughly mixed 

and transferred into glass jars with isopropanol (3–6 ml for samples weighing 50 mg to 

1 g), shaken for 3 min at room temperature and the isopropanol subsequently 

discarded (BECHSHOFT et al. 2011). This washing procedure was performed twice to 

further remove possible contamination by external hormone sources or blood and fat. 

However, most hair samples were free of obvious external contaminants and generally 

less stained than hair samples from free-ranging polar bears (BECHSHOFT et al. 

2011). Washed samples were dried overnight under an exhaust hood and prepared as 

in KIRSCHBAUM et al. (2009) or BECHSHOFT et al. (2011) with minor changes: hair 

of each sample was cut with a pair of scissors into pieces of ≤4 mm and 50 ± 0.5 mg 

weighed into 20-ml glass jars. Then 1.8 ml methanol (LC–MS-grade; Carl Roth GmbH 

& Co. KG, Karlsruhe, Germany) was added for incubation at room temperature. After 

24 h, 1.6 ml methanol was transferred into a 3-ml plastic tube and the methanol 

evaporated at 50 °C and 0.1 bar under nitrogen for at least 30 min or until dry. 

After complete evaporation, 120 µl Aqua bidest was added for reconstitution, resulting 

in a 13.3-fold concentration of steroids. Each tube was then vortexed for at least 30 s 

and the extract analyzed by LC–MS/MS and CLIA. 

Hair Steroid Hormone Analysis 

Immunoassays 

HCCs were determined using two commercially available immunoassays. A salivary 

cortisol EIA (Salimetrics, State Collage, PA, USA) that was previously applied to HCC 

measurement in polar bears (BECHSHOFT et al. 2011; BECHSHOFT et al. 2012a) 

was used for method comparison only. A salivary cortisol CLIA (IBL, Hamburg, 

Germany) was used for method comparison and biological validation. In both assays, 

50 µl of the extracts were pipetted into the wells of a microtiter plate and further 

processed according to manufacturer protocols (for cross-reactivities of the IAs see 

Table S1). Intra- and interassay coefficients of variation (CVs) of the assays were 
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below 10% (based on quality control samples provided with the kit). Immuno-specificity 

for cortisol measured in polar bear hair could be observed in both assays by parallelism 

between serially diluted hair extracts and cortisol standards provided by the 

manufacturer. Limits of detection (LODs) were 3 nmol/l (CLIA) and 0.2 nmol/l (EIA). 

Results below these thresholds were assigned a value half way between 0 and the 

detection limit (MACBETH et al. 2010; MACBETH et al. 2012). 

LC–MS/MS 

The applied LC–MS/MS system consisted of a Shimadzu LC-20AD high-performance 

liquid chromatography (HPLC) unit, a Shimadzu SIL-20AC autosampler and a 

Shimadzu CTO-20AC column temperature oven (Shimadzu, Canby, OR, USA). For 

method comparison these devices were connected to an AB Sciex API 5000 triple 

quadrupole tandem mass spectrometer equipped with an ion source (Turbo V™) for 

atmospheric pressure chemical ionization (APCI; AB Sciex, Foster City, CA, USA). For 

biological validation and longitudinal steroid analysis, a QTRAP® 6500+ with 

electrospray ionization (ESI; AB Sciex) was used, having the advantage of higher 

sensitivity, faster processing and a lower injection volume needed (only 50 µl 

compared to 100 µl in the API 5000). Online solid-phase extraction (SPE) was 

performed for sample purification, as reported by GAO et al. (2013). Further operation 

steps, details of chemicals and the chromatographic and mass spectrometric settings 

are provided in GAO et al. (2013). The LODs for both systems were 0.13 pg/mg for 

cortisol, 0.05 pg/mg for cortisone, 0.11 pg/mg for testosterone and 0.10 pg/mg for 

progesterone. Results below this threshold were assigned a value half way between 0 

and the LOD. Intra- and interassay CVs were below 12% (based on quality control 

samples included in each LC–MS/MS run). 
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Data Analysis 

Comparison of HCC measurement using different types of sample processing and 

analytical techniques 

In seven of 17 subsamples P, only 10–14 aliquots instead of 15 were available after 

powdering. In three of 17 subsamples C, only eight 50-mg aliquots instead of ten were 

available. Thus, each of the 34 subsamples (17 independent cut and 17 independent 

powdered subsamples) was measured 8–15 times by each analytical technique. A total 

of 1203 measurements were conducted and the effect of processing (cutting vs. 

powdering) and assay type (EIA, CLIA or LC–MS/MS) on HCC measurements was 

evaluated using linear mixed-effect models. Sample (i.e., hair sample ID) was included 

as a random effect to account for repeated measurements. The fixed effect predictors 

in the full model were assay type, processing and their interaction. HCC measurements 

were log10-transformed, which we found appropriate through examination of residual 

plots. Model selection was based on an exhaustive screening of all candidate models 

nested within the full model. The model with the lowest Akaike Information Criterion 

(AIC) value was selected. Reported p-values are based on likelihood ratio tests. A post 

hoc pairwise comparison with Bonferroni–Holm correction was carried out to test those 

assays between which HCCs differed significantly. In addition, pairwise correlations 

(Pearson correlation coefficients) of the log10-transformed HCC measurements were 

evaluated for the three analytical techniques and the two degrees of processing. 

Longitudinal measurement of steroid hormones in hair 

We assessed how hair steroid levels depended on seasons and body region using 

linear mixed-effect models. This analysis was restricted to samples from male polar 

bears, since longitudinal samples could be collected from all seasons from five males, 

whereas for females only data from one bear and two seasons (non- and post-

breeding) was available. For each of the four hormones analyzed (cortisol, cortisone, 

testosterone and progesterone) separate models were calculated. Full models 

contained the log10-transformed hormone concentration as response variable and 

season and body region as explanatory variables. Season was defined as a factor 

variable with four levels: breeding (March to May), non-breeding (August to 
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November), pre-breeding (December to February) and post-breeding (June/July; see 

HEIN et al. 2020). For the assignment of measured steroid levels to the appropriate 

seasons, hair growth periods rather than sampling dates were used. Growth periods 

were defined as the times between two shavings. Since the total regrown hair was 

analyzed, steroid concentrations measured in the shaved hair presented a mean value 

for the corresponding growth period. Thus, hair steroid concentrations were referred to 

the midpoint of the corresponding growth period, which was at the same time the 

criterion for the assignment to a season. Body region was either paw or neck. To 

account for grouping in the data, sampled individual and sampling date were included 

as random effects. Model selection was based on an exhaustive screening of all 

candidate models nested within the full model. The model with the lowest AIC value 

was selected. Reported p-values were based on likelihood ratio tests. Additionally, we 

evaluated Pearson correlations between log10-transformed hormone concentrations. 

All statistical analyses were conducted in R version 3.5.0 (R DEVELOPMENT CORE 

TEAM 2018) using packages “nlme” and “multcomp”. 

Results 

Comparison of HCC measurement using different types of sample processing 

and analytical techniques 

Table 2 provides a summary of the 1203 HCC measurements using the different 

methods. One of the hair samples consistently produced the highest HCC values 

(above 20 pg/mg) of all samples (cut and powdered) in the immunoassays, but resulted 

in HCC levels below the detection limit (0.013 pg/mg) in LC–MS/MS. This hair sample 

was excluded as an outlier from further analysis in the mixed model analysis but was 

included in the correlation plots (Fig. 4, Fig. S5). The resulting 1128 measurements of 

16 independent samples allowed us to show that HCC analyses were influenced by 

sample processing, analytical technique and their interaction (Table S2). With such a 

large number of measurements even relatively small differences could be detected at 

the significance level of α = 0.05. We therefore focused on effect sizes in the 

presentation of our results (Table 3). 
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Different sample processing produced largely consistent results. Powdering as 

compared to cutting resulted in slightly higher HCCs for LC–MS/MS, EIA and CLIA by 

factors of 1.51, 1.26 and 1.23, respectively (see Table 3). For all three analytical 

techniques, cut and powdered hair measurements were highly correlated, with R2 

values close to or exceeding 0.9 (Fig. 3). 

All analytical techniques produced consistent HCC measurements in samples where 

LC–MS/MS indicated that HCC exceeded 10 pg/mg (cut hair: see Fig. 4; powdered 

hair: see Fig. S5). In the majority of samples, LC–MS/MS measurements of HCCs were 

lower than 10 pg/mg and immunoassays produced higher HCC measurements than 

LC–MS/MS (Fig. 4). Overall, EIA measurements were the highest and exceeded LC–

MS/MS measurements by a factor of 5 (Table 3). For polar bear hair samples, intra- 

and interassay CVs were higher (CVs of 15–20%) than those based on the quality 

control samples provided by the manufacturers. Taking into consideration the 

extensive evaluation of the samples (with repeated measurements from separately 

extracted analytes on different days) and generally low cortisol values, the precision 

and repeatability of all applied methods were robust.  
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Table 2) Overview of hair cortisol concentrations (in pg/mg hair) of captive polar bears 

determined using different analytical techniques (CLIA, EIA, LC–MS/MS) and different 

sample processing (cutting vs. powdering hair). Number of samples = 16 (17)a; number 

of measurements = 1128 (1203)a; number of bears = 10. 

 HCCs of cut hair [pg/mg] HCCs of powdered hair [pg/mg] 

Method CLIA EIA 
LC–

MS/MS 
CLIA EIA 

LC–

MS/MS 

Minb 0.50 2.31 
0.19 

(0.07)a 
0.84 3.46 

0.56 

(0.07)a 

Maxb 
17.46 

(21.35)a 
14.20 

(21.54)a 
14.77 26.12 

20.03 

(24.00)a 
17.09 

Meanb 
2.67 

(3.81)a 

5.06 

(6.07)a 

1.71 

(1.61)a 

3.75 

(5.10)a 

7.24 

(8.34)a 

2.38 

(2.24)a 

Medianb 
1.40 

(1.48)a 

4.31 

(4.50)a 

0.83 

(0.82)a 

1.46 

(1.54)a 

6.13 

(6.53)a 

1.23 

(1.17)a 

Abbreviations: CLIA, chemiluminescence immunoassay; EIA, enzyme-linked 

immunosorbent assay; HCCs, hair cortisol concentrations; LC–MS/MS, liquid 

chromatography tandem mass spectrometry 
aincluding outlier, indicated only if different 
bcalculated by the mean HCC of each sample  
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Table 3) Post hoc comparisons for the linear mixed model explaining log10-

transformed HCC measurements by analytical technique, sample processing and their 

interaction. Reported p-values are adjusted using the Bonferroni–Holm procedure. 

Comparison 

Effect on 

log10-

scale 

10^Effect 

size 
SD Z Adjusted p 

EIA vs. 

LC–

MS/MS 

cut hair 0.73 5.37 0.022 33.15 <0.001 

powdered hair 0.65 4.47 0.018 35.81 <0.001 

CLIA vs. 

LC–

MS/MS 

cut hair 0.26 1.82 0.022 11.7 <0.001 

powdered hair 0.17 1.48 0.018 9.17 <0.001 

EIA vs. 

CLIA 

cut hair 0.47 2.95 0.022 21.45 <0.001 

powdered hair 0.48 3.02 0.019 25.92 <0.001 

powdered 

vs. cut hair 

LC–MS/MS 0.18 1.51 0.02 9.06 <0.001 

EIA 0.1 1.26 0.02 5.04 <0.001 

CLIA 0.09 1.23 0.02 4.4 <0.001 

Abbreviations: CLIA, chemiluminescence immunoassay; EIA, enzyme-linked 

immunosorbent assay; HCCs, hair cortisol concentrations; LC–MS/MS, liquid 

chromatography tandem mass spectrometry 
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Figure 3) Effect of sample processing on hair cortisol concentration (HCC) measurements in each of the three analytical technique. 

R2 is the coefficient of determination for the log10-transformed HCC measurements. CLIA, chemiluminescence immunoassay; EIA, 

enzyme-linked immunosorbent assay; LC–MS/MS, liquid chromatography tandem mass spectrometry. 
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Figure 4) Correlations between hair cortisol concentrations (HCCs) determined by three analytical techniques for cut hair samples. 

Plotted data include an outlier (marked by a red dot) with high HCC as determined by CLIA and EIA but low HCC as determined by 

LC–MS/MS. The coefficient of determination R2 for the log10-transformed HCC measurements is given for the complete data set 

and after removal of this outlier. CLIA, chemiluminescence immunoassay; EIA, enzyme-linked immunosorbent assay; LC–MS/MS, 

liquid chromatography tandem mass spectrometry
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Biological validation 

Cortisol levels in hair samples from a polar bear collected after a transport event for 

dental treatments (Samples 2–4) were higher than those before translocation. At the 

time of the first dental treatment cortisol levels were approximately 8-fold higher than 

on the transport day (CLIA and LC–MS/MS, respectively; calculated by the mean 

cortisol level of Samples 2 and 3). At the time of the second dental treatment cortisol 

levels were approximately 6.5-fold higher compared to those on the transport day 

(Table 4). Due to the low sample size further analysis was not performed, and the 

statistical significance of the results could not be determined. 

Longitudinal measurement of steroid hormones in hair and assessment of hair 

growth rates 

Longitudinal measurements of hormone concentrations in hair samples obtained from 

either the paw or neck of males did not yield evidence for seasonal variation, but strong 

evidence for an effect of body region sampled. Body region was retained as a predictor 

variable in the best-fitting models for cortisol, testosterone and progesterone (Table 

S3). Cortisol measurements were 0.26-fold lower in paw than in neck samples (p < 

0.0001, Table 5). Testosterone and progesterone measurements in paw samples 

exceeded those of neck samples by factors of 2 (p < 0.0001) and 2.4 (p < 0.0001), 

respectively (Table 5). A significant effect of season on hormone concentrations was 

found only for progesterone (Table 5, Table S3). Progesterone concentrations were 

lowest in the breeding period and highest in the post-breeding period, when they 

exceeded concentrations during the breeding period by a factor of 3.1 (p = 0.02; Table 

5). 

Significant positive correlations between log10-transformed hormone concentrations 

for cortisol and cortisone (R = 0.52, p < 0.001; Fig. 5), as well as for progesterone and 

testosterone (R = 0.84, p < 0.001; Fig. 5), were observed. 

Measured hair progesterone levels for the female were 6.3 pg/mg (hair grown in July), 

6.2 pg/mg (hair grown in August) and 2.7 pg/mg (hair grown from September to 

November). For detailed hair steroid concentrations of the longitudinally monitored 

male polar bears see Table S4 in Supplementary Material. 
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The measurement of regrown hair resulted in an average monthly growth rate of 1.9 cm 

(Samples 1 to 3: 2.3, 2.1 and 1.3 cm) for this polar bear (see Table S5). 

Table 4) Overview of hair samples collected from an adult male polar bear at the day 

of transport and the following 18 weeks. Resulting cortisol concentrations (in pg/mg 

hair) were measured by CLIA and LC–MS/MS and show clear increases in samples 

collected after transport compared to samples collected before. 

Sample 

no. 

Sampling 

time 
Body region 

HCCs [pg/mg] 

x-fold increase of 
HCCs 

compared to levels at 
DT 

CLIA 
LC–

MS/MS 
CLIA 

LC–

MS/MS 

0 DT – 4 weeks Neck NA NA - 

1 DT Neck 0.89 0.61 - 

2 
DT + 7 weeks 

(day 49) 
Neck 6.23 5.52 

7.4a 8.8a 

3 
DT + 7 weeks 

(day 49) 
Medial thigh 7.02 5.17 

4 

DT + 18 

weeks (day 

126) 

Medial thigh 5.64 4.36 6.3 7.1 

Abbreviations: CLIA, chemiluminescence immunoassay; DT, day of transport; HCCs, 

hair cortisol concentrations; LC–MS/MS, liquid chromatography tandem mass 

spectrometry; NA, not available 
acalculated by the mean HCCs of Samples 2 and 3
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Table 5) Effect of body region and season on log10-transformed concentrations of cortisol, cortisone, testosterone and progesterone. 

For predictor variables that remained in the best-performing models the likelihood ratio test statistic and resulting p-value is given. 

For post hoc comparisons the test statistic is the z score, which is compared to a normal distribution to derive the p-value (p-values 

of post hoc comparisons were Holm–Bonferroni adjusted). Significant effects and post hoc comparisons (adjusted p-value < 0.05) are 

highlighted in bold print. 

Response variable 
(log10-transformed) 

Predictor or post hoc 
comparison 

Effect on 
log10-
scale 

10^Effect 
size 

SD 
Test 

Statistic 
P-value 

Cortisol in males 
body region    17.39 <0.0001 

paw vs. neck –0.59 0.26 0.13   

Cortisone in males intercept      

Testosterone in 
males 

body region    23.52 <0.0001 

paw vs. neck 0.3 2.0 0.058   

Progesterone in 
males 

season    9.10 0.028 

non-breeding vs. breeding 0.34 2.2 0.17 2.05 0.20 

post-breeding vs. breeding 0.49 3.1 0.16 3.01 0.02 

pre-breeding vs. breeding 0.11 1.3 0.24 0.45 0.99 

post-breeding vs. non-breeding 0.15 1.4 0.15 0.92 0.99 

pre-breeding vs. non-breeding –0.23 0.58 0.24 –0.98 0.99 

pre-breeding vs. post-breeding –0.38 0.42 0.24 –1.6 0.43 

body region    32.66 <0.0001 

paw vs. neck 0.38 2.4 0.061   
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Figure 5) Correlations between steroid hormone concentrations measured in hair 

samples using LC–MS/MS. The numbers in the upper right panels are the Pearson 

product moment correlation coefficients (R) and corresponding p-values. LC–MS/MS, 

liquid chromatography tandem mass spectrometry.  
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Discussion 

Comparison of HCC measurement using different types of sample processing 

and analytical technique 

All analytical techniques yielded higher mean HCCs from powdered hair than from cut 

hair. However, high cross-method correlations (cut vs. powdered R² ≥ 0.9; see Fig. 3) 

indicate consistent results obtained by analyzing cut and powdered hair. Similar 

correlations between HCCs and other steroids measured in pulverized and non-

pulverized human hair was described by GAO et al. (2013) and STALDER et al. (2012) 

for both LC–MS/MS and CLIA. The somewhat higher values resulting from powdered 

hair are probably due to a slightly more efficient steroid extraction from powdered hair 

where the hair matrix is readily accessible for the extraction solution (GAO et al. 2016). 

Considering that powdering requires an extra working step and entails the risk of 

material loss due to static (up to 50%, author´s personal experience; and GAO et al. 

2016), the advantage of a higher extraction efficiency is negligible. This demonstrates 

that steroid levels are reliably detectable even if only relatively small amounts of hair, 

insufficient for powdering, are available—which is often the case when samples are 

collected via shave and reshave or, e.g., via barbed wire snags from free-ranging bears 

(CATTET et al. 2017). 

Higher HCCs measured by IA as compared to LC–MS/MS demonstrated a method-

dependent influence on polar bear hair cortisol quantification. For comparison of IA 

and LC–MS/MS values an outlier was removed that showed high HCCs as determined 

by both IAs but very low HCCs as determined by LC–MS/MS (mean values of 21.4 

pg/mg (CLIA) and 21.5 pg/mg (EIA) in cut and 24.3 pg/mg (CLIA) and 24.0 pg/mg (EIA) 

in powdered hair, respectively, vs. 0.013 pg/mg in cut and powdered hair measured by 

LC–MS/MS). Even after removing this outlier, method comparability and correlation 

were acceptable only between CLIA and LC–MS/MS and between both IAs (no 

removal of the outlier necessary). However, comparability and correlation between EIA 

and LC–MS/MS were marginal, especially at lower concentrations where the majority 

of measured HCCs fell. 

A method-dependent impact on measured steroid levels has been well documented in 

several studies on (mainly) human endocrinology: IAs often lead to an overestimation 
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of hormones compared to results from LC–MS/MS systems, which are considered the 

gold standard for quantification of most steroids (KIRSCHBAUM et al. 2009; GUST et 

al. 2010; PREIS et al. 2011; KEEVIL 2013; EVAN RUSSELL et al. 2015; GAO et al. 

2016). Also, in the field of animal endocrinology LC–MS/MS has been recognized as 

a powerful analytical tool and preferred over IAs for steroid analysis in different 

matrixes (HAUSER et al. 2011; MURTAGH et al. 2013; ESTHER HD CARLITZ et al. 

2016; DI FRANCESCO et al. 2017; SHAH et al. 2018). Nevertheless, comparability 

and correlation among IAs and LC–MS/MS are often concentration-dependent and 

partly insufficient (WANG et al. 2004; FANELLI et al. 2011; KOAL et al. 2012; 

JEWGENOW et al. 2020). Commercial cortisol IAs are usually developed to detect one 

specific analyte in a defined material: most commonly serum or/and saliva. When the 

assay antibody binds structurally related substances in a sample (cross-reactivity) it 

can lead to overestimation of the analyte concentration (see review by KIRSCHBAUM 

et al. 2009; MILLER et al. 2013; MURTAGH et al. 2013; GAO et al. 2016). Especially 

at low concentrations of the target analyte, cross-reactive effects result in poor 

specificity (TAIEB et al. 2002; MOAL et al. 2007). This problem is exacerbated when 

IAs are applied to steroid detection in materials other than those for which the assays 

were originally developed: potentially confounding metabolites might be present in 

higher concentrations than the target analyte. Furthermore it should be taken into 

account that substances from the different matrixes might interfere with the kit 

antibodies (see review by MURTAGH et al. 2013). Antibody design and binding 

characteristics vary across different IAs, which further impedes direct comparison of 

analyte concentrations even when measured from the same samples. Cross-reactivity 

of assay antibodies with structurally related substances is most likely the explanation 

for the outlier values in the IA. Thus, for future hair steroid measurements we suggest 

applying LC–MS/MS, especially to achieve better comparability between studies. If IAs 

are used we strongly recommend selecting an appropriate assay depending on its 

specificity toward the hormones of interest, e.g., by previous separation of the steroid 

extracts via HPLC (KERSEY and DEHNHARD 2014; V. KUMAR and UMAPATHY 

2019; JEWGENOW et al. 2020).  
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Biological validation 

The higher HCCs in samples collected during and after longer periods of stress support 

the biological relevance of hair cortisol measurement in polar bears, although a 

biological validation could only be performed for one individual. Cortisol levels peaked 

in hair Samples 2 and 3 (see Table 4 and Fig. 2), reflecting the 7-week period after 

translocation. During that time transport itself, a new environment, socialization to a 

female and painful dental conditions (two broken canines) occurred, all of which have 

been identified as stressors (DAVENPORT et al. 2006; VAN UUM et al. 2008; 

FAIRBANKS et al. 2011; JOYCE-ZUNIGA et al. 2016; HEIN et al. 2020). Cortisol levels 

from both body regions sampled (Sample 2: neck, Sample 3: medial thigh) were similar 

via both CLIA and LC–MS/MS. The exact growth period of Sample 3 was unknown. 

However, since the sample was taken at the end of May, a major portion of the hairs 

in Sample 3 were in anagen phase for several weeks before and at the time of 

collection. Thus, measured HCCs should reflect integrated HPA axis activity in the 

weeks just before collection and correspond roughly to the HCCs measured in Sample 

2. 

There are only a few studies that have biologically validated HCC analysis in different 

species, however with results comparable to ours (increased HCCs after a stressful 

event; for an overview see KOREN et al. 2019). A slight decrease in HCCs was 

measurable in Sample 4, which corresponded to the 11 weeks between the first and 

second dental treatment. An acclimatization to the new environment (MALCOLM et al. 

2013) and improved dental conditions (presumably resulting in less pain) could be an 

explanation for the slightly lower cortisol levels, although they were still higher than 

those before translocation (Sample 1). During the whole monitored period no 

glucocorticoid-containing medication was administered. No additional hair samples 

and examination results were available from this bear for subsequent evaluation.  
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Longitudinal measurement of steroid hormones in hair and assessment of hair 

growth rates 

To our knowledge there are no other studies measuring multiple steroids longitudinally 

in polar bear hair. In other mammals, only few studies have examined multiple hair 

steroids (HEATHER M. BRYAN et al. 2013; CV TERWISSEN et al. 2014; HEATHER 

M BRYAN et al. 2015; SCHELL et al. 2017; TENNENHOUSE et al. 2017; CATTET et 

al. 2018), whereas longitudinal measurements were conducted by CATTET et al. 

(2017) only in brown bears (Ursus arctos; cortisol, testosterone, progesterone and 

estradiol). Furthermore, traditionally progesterone levels are associated with and 

examined in females, whereas testosterone levels are studied in the context of male 

reproduction and life cycle (and review by WITT et al. 1994; but see ARNON et al. 

2016). 

Whereas progesterone concentrations were lowest in the breeding period and highest 

in the post-breeding period in the current study, CATTET et al. (2017) found little 

variation in hair progesterone concentrations throughout the year in male brown bears. 

However, progesterone levels tended to be lowest during hibernation (October to 

March). In American black bears (Ursus americanus) no seasonal differences in 

plasma progesterone levels for either sex were observed (HARLOW et al. 1990). 

Contrary to previous work we did not observe seasonal variation in testosterone levels. 

In polar bears seasonal variation is reported for serum and fecal testosterone, with 

higher levels during spring linked to increasing day length, enhanced spermatogenesis 

and breeding activity, and lower levels during the non-mating season in the fall 

(PALMER et al. 1988; HOWELL-SKALLA et al. 2002; CURRY et al. 2012a). In hair 

samples of male and female brown bears, testosterone levels were highest at the 

beginning of the breeding season and subsequently decreased until the post-breeding 

season and hibernation in fall and winter (CATTET et al. 2017). Due to the different life 

and breeding cycles of brown or black bears and the small sample size in both hair 

studies (Cattet, 2017 and current study) further interpretation remains difficult. Also, 

molting patterns and therefore times of active hair growth and hormone incorporation 

are highly influenced by species, sex, age, reproduction, latitude, and food availability 

(MACBETH et al. 2010). In the current study, different age classes, the unknown 
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reproductive status in two males (see influence of age/sexual maturity on hair steroids 

in CATTET et al. 2018) and small sample sizes, combined with uneven distribution 

across seasons (see Table 1), could be further possible explanations for the lack of 

clear seasonal trends in hair steroid levels. However, highest testosterone levels were 

observed in one young male polar bear (bear E, Table 1) that was known to have 

successfully bred. From two of the other males no data on breeding activity were 

available; the two remaining males were siblings and were housed together without a 

female throughout the study. 

In accordance with longitudinal investigations on fecal cortisol or glucocorticoid 

metabolites (FGMs), respectively, of captive polar bears (BRYANT and ROTH 2018; 

HEIN et al. 2020) no significant seasonal differences in hair cortisol (and cortisone) 

concentrations were observed in the current study. In free-ranging polar bears higher 

cortisol levels could be measured in serum and hair samples during the later phases 

of the onshore fasting period when there is less sea ice coverage and thus poor access 

to their primary prey, bearded and ringed seals (Erignatus barbatus, Pusa hispida; 

JASON HAMILTON 2008; MACBETH et al. 2012). Furthermore, BECHSHOFT et al. 

(2013) found a positive correlation between HCCs and the North Atlantic Oscillation 

index, which can be used as a proxy for climate and sea ice coverage. Body condition 

is closely linked to nutritional stress, which was correlated negatively with HCCs in wild 

polar and brown bears (MACBETH et al. 2012; CATTET et al. 2014; MISLAN et al. 

2016). However, in the current study some polar bears tended to eat less during the 

summer months (authors’ personal experience and communication with polar bear 

keepers of participating zoos: S. Krüger, Nuremberg Zoo; J. Bartunek, Vienna Zoo; D. 

van Appeldoorn, Ouwehands Zoo), even though food availability was constant 

throughout the year in the participating zoos. Also, body condition of the monitored 

bears varied only between 3 and 4 (average to fat; see Supplementary Material III 

Table 1), suggesting that captive polar bears experience little to no nutritional stress. 

Moreover, in contrast to free-ranging bears, other stressors such as aggressive 

encounters due to seasonally high competition for food or mating partners or temporary 

high energetic demands are practically non-existent in a zoo environment. 

Nevertheless, other factors such as social tension, environmental changes (e.g., 
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change of enclosure) and other disturbances such as construction work lead to an 

increase of FGMs in zoo polar bears (HEIN et al. 2020); these were not accounted for 

in the current study but are probably too short-lasting to be reflected in hair samples. 

Although we could obtain only very few hormone data from one female polar bear, it 

should be mentioned that progesterone levels were more than twice as high during 

July and August than those from September to November when a dead cub (immature 

fetus) was found in mid-November. The higher progesterone levels during pregnancy 

of this female were similar to mean hair progesterone levels reported for pregnant 

female brown bears, while the lower progesterone value corresponding to abortion is 

similar to mean levels measured in non-breeding female brown bears (receiving 

megestrol acetate for contraception; CATTET et al. 2017), thus further supporting the 

biological relevance and diagnostic use of hair steroid measurement in polar bears. 

Whereas variation in HCCs of free-ranging polar bears from Southern Hudson Bay 

could not be explained by the body region sampled (MACBETH et al. 2012), in the 

current study we found strong evidence for an effect of body region, not only for hair 

cortisol but also for testosterone and progesterone levels. In various mammals, 

including Canada lynx (Lynx canadensis) and brown bears (Ursus arctos), an influence 

of body region on HCCs could be shown (MACBETH et al. 2010; ASHLEY et al. 2011; 

C. V. TERWISSEN et al. 2013; ESTHER HD CARLITZ et al. 2015; HEIMBÜRGE et al. 

2020). Similar to our findings, Macbeth et al. (2010) found the highest HCCs in samples 

from the neck of brown bears, and variation across body regions was greater in 

undercoat than in guard hair (which was not tested for in the current study). 

Interestingly, however, for testosterone and progesterone we observed the opposite 

pattern, with higher levels in paw compared to neck samples. Apart from one study on 

coyote pups (Canis latrans; SCHELL et al. 2017) where hair testosterone (and cortisol) 

levels were not affected by body region, no comparative data are available regarding 

progesterone and testosterone (or cortisone, respectively). Differences in hair type 

(i.e., guard hair versus undercoat), hair growth cycles and rates (resulting in varying 

amounts and duration of hair in anagen phase), different skin blood flow (leading to 

different hormone uptake into hair) and varying distribution and density of locally 

steroid producing skin cells could all result in a body region effect (MACBETH et al. 



IV Analysis of hair steroid hormones in polar bears 

 (Ursus maritimus) 

__________________________________________________________ 

104 
 

2010; ESTHER HD CARLITZ et al. 2015; FOURIE et al. 2016; CATTET et al. 2017). 

Also, body-region-dependent exposure to rain, UV radiation, mechanical irritation 

(SALABERGER et al. 2016) or contamination by urine, feces or saliva (grooming 

effect) could possibly lead to diverging hair steroid levels (ESTHER HD CARLITZ et 

al. 2015; ACKER et al. 2018;  and review by HEIMBÜRGE et al. 2019). 

Since in mammals the immediate precursor of cortisol (hydroxycortisone, biologically 

active form) is cortisone (biologically inactive form) and both corticosteroids can be 

transformed into each other by reduction or oxidation, their positive correlation is not 

surprising. Similarly, the strong positive correlation of progesterone with testosterone 

can also be attributed to their closely linked synthesis (STYRISHAVE et al. 2016). 

However, no significant associations among the reproductive hormones and cortisol or 

cortisone were found, despite their common synthetic pathways—low sample size 

could obscure possible correlations. 

The hair growth rates observed in one male polar bear were similar to the results of 

FELICETTI et al. (2004), who determined a hair growth rate of about 1.5 cm/month for 

brown bears. Even though we could measure hair lengths of only a few samples from 

one polar bear, results showed differences in growth rate depending on month and 

variation of hair length within a sample (up to 1.2 mm). Samples very likely consisted 

of hair in different growth phases (anagen, catagen or telogen), explaining the different 

lengths by asynchronous growth (HARKEY 1993; FOURIE et al. 2016). Furthermore, 

our findings suggest a seasonal growth cycle with presumably higher growth rates 

toward the beginning of the growth phase in spring/early summer. Though there were 

no lengths available from hair sampled at the end of the year, we observed 

considerably slower or no hair growth between around November to March in all 

monitored bears, which resulted in longer shaving intervals during the winter months, 

as the hair took longer to reach the minimum required sample length. While the applied 

method gave a rough estimation of hair growth rates, its results should be interpreted 

with caution. Inaccuracy was introduced due to difficulty shaving the hair as close to 

the skin as possible and to collect the entire hair shaft in one pass. In addition to 

seasonality, hair growth rates have been reported to be highly variable depending on 

other biological factors (e.g., age, sex, latitude, species, body region) and individual 
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differences (PEARSON 1975; FELDHAMER et al. 2003; MACBETH et al. 2010; 

FOURIE et al. 2016; SERGIEL et al. 2020). 

However, as long as more precise methods to investigate growth rates are not 

available or feasible (e.g. using radionuclide or dye markers; see review by 

CHAMBERLAIN and DAWBER 2003), the shave and reshave procedure is a good 

approach for collecting recently grown hair in captive individuals—even if single hairs 

might not reflect exactly the same growth period. 

Conclusions 

The current study is the first to show a method-dependent impact on HCC 

measurement in paired samples of polar bears. For the first time a biological validation 

of HCC analysis in polar bears via CLIA and LC–MS/MS was performed and the latter 

used to longitudinally monitor cortisol and other steroids in the hair of zoo-housed polar 

bears. 

Our results suggest that LC–MS/MS is preferable to IAs for measuring hormones in 

hair in order to obtain a higher degree of accuracy and specificity, especially when 

analyte concentrations are low. LC–MS/MS also allows for the simultaneous analysis 

of multiple hormones from sample sizes acquirable in the field. No clear benefit of 

powdering hair prior to analysis was observed, suggesting that this step can be omitted 

from hormone analysis. 

The applied shave-reshave method and observed hair growth rates can guide future 

hair sampling of zoo-housed polar bears and help in the interpretation of HCCs from 

free-ranging bears. In order to control for the body region effect in future zoo or field 

studies, hair should be sampled preferably via shaving from the same region. If shed 

hair is used (e.g., when collected from enclosures) we recommend larger hair sample 

sizes and uniform hair collection procedures (e.g., barbed wire snags at different 

heights) and periods (e.g., fall), to obtain seasonally harmonized samples from varying 

body regions. 

While our study highlights important basic aspects of methodology and study design, 

a larger sample size will be needed in order to understand fully the longitudinally 
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measured hair steroid levels in polar bears of different sex, age and reproductive states 

in different seasons. 

Nonetheless, we demonstrate the feasibility of longitudinal studies of stress and 

reproductive hormone levels using hair steroid concentrations in polar bears. 
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Supplementary Material 

 

S1) Polar bear training manual sent to the participationg zoos. 
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S2) Hair sampling instructions sent to the participating zoos.  
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S3) Hair sampling protocol sent to the participating zoos.  
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Table S1) Cross-reactivities of the antibodies (in %) used in the Cortisol CLIA Kit (IBL, 

Hamburg, Germany) and the Cortisol EIA Kit (Salimetrics, State College, PA, USA). 

Steroid CLIA EIA 

Prednisolone 15.82 0.568 

11-Deoxycortisol 5.35 0.156 

Cortisone 1.73 0.130 

6β-Hydroxycortisol <1.0 NA 

Prednisone <1.0 ND 

Androstenedione <1.0 NA 

Estrone <1.0 NA 

Estriol <1.0 NA 

Medroxyprogesterone 17-acetate <1.0 NA 

17α -Hydroxyprogesterone <1.0 ND 

Dehydroepiandrosterone <1.0 ND 

Pregnenolone <1.0 NA 

Medroxyprogesterone <1.0 NA 

4,5α-Dihydrotestosterone <1.0 NA 

Progesterone <1.0 0.015 

Corticosterone <1.0 0.214 

Dexamethasone <1.0 19.2 

Testosterone <1.0 0.006 

Androsterone <1.0 NA 

Dihydrotestosterone <1.0 NA 

Methyltestosterone <1.0 NA 

19-Norethindrone <1.0 NA 

Ethynylestradiol <1.0 NA 

Epiestriol <1.0 NA 

ß-Estradiol <1.0 ND 

Abbreviations: CLIA, chemiluminescence immunoassay; EIA, enzyme-linked 

immunosorbent assay; ND, none detected (<0.004); NA, not available 
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Table S2) Akaike Information Criterion (AIC) values obtained for the different linear 
mixed models explaining log10-transformed HCC measurements. The selected model 
containing analytical technique (type of assay), sample processing and their interaction 
as fixed effects is printed in bold. All models accounted for grouping in the data by 
specifying sample as a random effect. 

Model 
Degrees 

of 
freedom 

AIC 

assay * processing 8 –420 

assay + processing 6 –412 

assay 5 –306 

processing 4 879 

intercept 3 905 

 

Table S3) Seasonal analysis of steroid hormone concentrations measured in hair 

samples using LC–MS/MS. Full models contain the explanatory variables season and 

body region where the hair sample was taken. Selected models are printed in bold. 

Models account for grouping in the data by specifying sampling date and individual as 

random effects. Models are based on longitudinal data from five males. 

Response variable 
(log10-transformed) 

Model 
Degrees of 

freedom 
AIC 

Cortisol in males season + body region 8 155.6 

 season 7 171.6 

 body_region 5 151.5 

 intercept 4 166.9 

Cortisone in males season + body region 8 44.5 

 season 7 42.8 

 body_region 5 40.9 

 intercept 4 39.4 

Testosterone in males season + body region 8 –28.6 

 season 7 –7.2 

 body_region 5 –32.7 

 intercept 4 –11.2 

Progesterone in males season + body region 8 15.9 

 season 7 46.6 

 body_region 5 19.0 

 intercept 4 48.6 
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Table S4) Hair steroid hormone concentrations (in pg/mg hair) of five male polar bears 

during different seasons of longitudinal measurement. Mean sampling period = 9.6 

months, number of hair samples in brackets. 

Season 
Cortisol [pg/mg] Cortisone [pg/mg] 

Median Range Median Range 

Pre-breeding (4) 0.51 0.06–1.07 0.11 0.02–0.43 

Breeding (12) 0.10 0.06–3.72 0.19 0.02–0.62 

Post-breeding (16) 0.23 0.06–7.27 0.13 0.02–0.60 

Non-breeding (15) 0.29 0.06–0.90 0.13 0.02–0.33 

 

 

  

Season 
Progesterone [pg/mg] Testosterone [pg/mg] 

Median Range Median Range 

Pre-breeding (4) 1.68 1.04–4.60 0.65 0.39–0.77 

Breeding (12) 1.61 0.47–11.94 0.65 0.39–2.94 

Post-breeding (16) 6.86 0.61–23.89 1.16 0.46–4.09 

Non-breeding (15) 5.83 0.61–32.05 0.74 0.38–4.93 
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Table S5) Overview of hair samples collected from one male adult polar bear to assess 

hair growth rates.  

Sample 
No. 

Time of hair growth 

Measured 
hair length 

(after x days) 
[cm] 

Resulting 
30-day hair 
growth rate 

[cm] 

Mean 30-
day hair 

growth rate 
[cm] 

1 
Last three weeks of June 
and first week of July 

2.1 (27) 2.3 

1.9 2 Last three weeks of July 1.5 (21) 2.1 

3 
First three weeks of 
August 

0.9 (21) 1.3 
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S1) Side of neck 

       S2) Position for neck shaving 

 

 

S3) Dorsal paw                 S4) Paw cage 

Figures S1–4) Shaved body regions and sampling sites.  
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Figure S5) Correlations between hair cortisol concentrations (HCCs) determined by three analytical techniques for powdered hair 
samples. Plotted data include an outlier (marked by a red dot) with high HCC as determined by CLIA and EIA but low HCC as 
determined by LC–MS/MS. The coefficient of determination R2 for the log10-transformed HCC measurements is given for the 
complete data set and after removal of this outlier. CLIA, chemiluminescence immunoassay; EIA, enzyme-linked immunosorbent 
assay; LC–MS/MS, liquid chromatography tandem mass spectrometry 



V General Discussion 
__________________________________________________________ 

132 
 

V General Discussion 

Polar bears in a melting Arctic 

Polar bears are specified under the category “Vulnerable” in the IUCN red list (WIIG et 

al. 2015): the effects of climate change are especially distinct in the circumpolar 

regions, in particular in the Artic ecosystem, where sea ice is melting rapidly (MANABE 

and STOUFFER 1980; ACIA 2005; SERREZE and BARRY 2011; CASTRO DE LA 

GUARDIA et al. 2013). The Arctic sea ice cover for December 2020 averaged 11.77 

million km2, which is 1.07 million km2 below the 1981 to 2020 December average (see 

Fig. 1) and the third lowest in the satellite record. From 1978 to 2020 the December 

ice extent shows a decline of 3.6 % per decade, corresponding to 46.500 km2 per year, 

which is almost the size of Lower Saxony (DESTATIS 2020; NSIDC 2020).  

 

 

 

 

 

 

Figure 1) Arctic sea ice extent for 

December 2020 and relation to the 1981 

to 2010 average extent for December 

(magenta line; Image courtesy of the 

National Snow and Ice Data Center, 

University of Colorado, Boulder; 

https://nsidc.org/data/seaice_index) 

Further reductions in the duration, distribution and quality of the sea ice cover are 

forecasted (HOLLAND et al. 2006; SAHANATIEN et al. 2012; KOENIGK et al. 2013; 

S. G. HAMILTON et al. 2014).  

Polar bears are not only highly adapted to a life in the Arctic ice, they critically depend 

on the abundance of sea-ice to get access to their primary prey bearded and ringed 

seals (Erignathus barbatus, Pusa hispida; DEROCHER et al. 2002; THIEMANN et al. 

https://nsidc.org/data/seaice_index
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2008). Especially the annual ice which completely melts in summer and reforms in 

winter plays a vital role in the polar bears food supply: it rarely exceeds about two 

meters in thickness, thus sunlight in spring penetrates the ice and leads to more 

nutritious water where seal density is high (STIRLING 2012). But particularly in the 

seasonal ice ecoregions, which are in the southern polar bear habitats (Baffin Bay, 

Davis Strait, Foxe Basin, Southern Hudson Bay, and Western Hudson Bay) and in the 

polar basin divergent ice ecoregion (Barents Sea, Chukchi Sea, Kara Sea, Laptev Sea, 

and the Southern Beaufort Sea) polar bears are at great risk due to longer ice-free 

periods during the Arctic summer and thus have limited access to food (GAGNON and 

GOUGH 2005; HUNTER et al. 2007; REGEHR et al. 2007; AMSTRUP et al. 2008; 

REGEHR et al. 2010; CASTRO DE LA GUARDIA et al. 2013; PBI 2020). Furthermore 

sea ice provides an important platform for the seasonal movement and mating of the 

bears (DEMASTER and STIRLING 1981; DEROCHER et al. 1993). As a consequence 

of prolonged ice-free seasons, bears are forced to travel longer distances for hunting 

and reproduction to access suitable denning areas on shore or swimming—both 

requiring higher energetic costs and resulting in a drop of body condition and thus 

unfavourable terms for breeding (STIRLING et al. 1999; MOLNÁR et al. 2009; 

HUNTER et al. 2010). 

Besides their main threat, the loss of their sea-ice habitat and reduced access to their 

primary prey (OBBARD et al. 2009; PEACOCK et al. 2010), polar bears are also 

exposed to several other stressors linked to human activities, including high emission 

of contaminants and greenhouse gases which not only leads to global warming but 

also to an accumulation of toxic substances and pollutants in the arctic ecosystem, 

especially in polar bears as top predators (NORSTROM et al. 1998; WIBERG et al. 

2000; BECHSHOFT et al. 2012b; SONNE et al. 2012; PATYK et al. 2015). Also, the 

exploration and production of oil and gas and year-round shipping leads to a loss of 

their habitat (AMSTRUP 1993; STIRLING and DEROCHER 1993). 

Although their population trend is currently categorized as unknown (IUCN), a decline 

is likely for at least some of the polar bear subpopulations in the Arctic on the long-

term facing the projections for ongoing climate warming and progressive habitat 
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destruction (OBBARD et al. 2007; STIRLING and DEROCHER 2012; BROMAGHIN et 

al. 2015; REGEHR et al. 2016).  

Also the number of captive polar bears in zoos worldwide is decreasing for the last 40 

years (LINKE 2016)—fewer births combined with high neonatal mortality and less 

successful rearing of cubs are the main problems (CURRY et al. 2015).  

The role of hormones in polar bear conservation and the need for standardized 

and fully validated methods in wildlife endocrinology 

Besides a strong climate protection programme and a freeze of the economic 

exploitation of arctic ecosystems, further actions are needed to prevent polar bears 

from extinction. A major prerequisite for developing targeted conservation measures 

for a species is a comprehensive knowledge of their specific biology and physiology, 

as well as of their interactions within a greater ecological context. Thereby the analysis 

of hormones, particularly those linked to reproduction and adrenal function provides 

valuable fundaments for the assessment of a populations health and sustainability 

(PATYK et al. 2015).  

However, in previous works on measuring FGMs or HCCs of polar bears lack of 

standardization and, in some instances, full validation impede cross-study 

comparisons (PATYK et al. 2015) and therefore interpretation of the results in a 

broader context, which is a common issue in wildlife endocrinology (WIELEBNOWSKI 

and WATTERS 2007; HEIMBÜRGE et al. 2019; KOREN et al. 2019; PALME 2019; 

JEWGENOW et al. 2020). A full validation consists on one hand on experiments that 

evaluate and document the reliability of an analytical procedure/assay, including 

measures of accuracy, precision, sensitivity and specificity (SHERIFF et al. 2011; 

KOREN et al. 2019; PALME 2019), referred to as analytical validation. On the other 

hand, physiological and/or biological validations should be performed to test how well 

expected changes in hormone levels are reproduced in the species-specific matrix and 

to what extent an assay is capable of measuring these changes. Thereby, monitored 

changes of hormone levels are achieved via stimulation or suppression of hormonal 

synthesis either pharmacologically (e.g. stimulation of the HPA axis by injecting 

ACTH), depicting a physiological validation, or by exposure to a known stressor (e.g. 

capture or transport event), which corresponds to a biological validation (TOUMA and 
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PALME 2005; SHERIFF et al. 2011; PALME 2019). The latter is usually applied in 

wildlife species, where pharmacological challenges are often difficult to perform and 

associated permits are rare due to conservation status (see RANGEL-NEGRIN et al. 

2014). Biological and/or physiological validations are most crucial for the validity of an 

procedure—even if an assay proofs to be suitable during analytical validation, it´s not 

necessarily (the most) suitable to reflect species- and matrix-specific biological signals 

(FANSON et al. 2017). 

Despite this need for comprehensive validations, in around 37% of the 1,327 studies 

on FGM measurement reviewed by PALME (2019) no full method validation (including 

biological or physiological aspects) has been performed. Regarding studies on hair 

steroid measurement, even though an analytical validation was performed in 85% of 

the 40 species examined between 1997 and 2017, only in around 0.1% of these 

species applied methods of cortisol analysis were biologically or physiologically 

validated (KOREN et al. 2019).  

Key finding of the study and considerations for future studies 

Thus, in the current study much importance was attached to biological validations: it 

could be demonstrated that stress perceived over a medium to longer period of time 

resulted in increases of glucocorticoid (metabolite) levels in hair and faeces of polar 

bears. This shows the biological relevance of the used analytical techniques referring 

to the HPA axis activity of polar bears and is the first reported biological validation of 

HCC analysis, or FGM analysis (with sample size > 2, see SHEPHERDSON et al. 

2013), respectively, in this species. Further, by directly comparing different analytical 

techniques of assessing HCCs, the previously hypothesised method-inherent impact 

on hair cortisol levels could be exemplified. This again underlies the importance of 

testing different assays to determine the most suitable for a species and species-

specific material (in terms of a full validation) and also highlights that caution should 

be applied when comparing hormone values resulting from different studies and 

assays. In regards to methodology and study design, it should also be noted that it is 

absolutely advisable to use a simple, but strict protocol when collecting polar bear hair 

or faecal samples. Besides possible external influences (e.g. season, 
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presence/absence of conspecifics) also criteria relating to quality/character and age of 

the sample should be considered: faecal material older than 12 hours should be 

rejected and sampled body regions standardized. Sample processing should be kept 

as simple as possible and not necessarily required steps should be left out (e.g. 

powdering hair samples) to increase practical applicability and reduce susceptibility to 

errors, and possible expanses for special equipment. 

Since in both parts of the study considerable individual differences of hormone levels 

(particularly of cortisol and its metabolites) could be observed, in future studies 

individual steroid profiles should be assessed by longitudinal sampling of the same 

animals rather than trying to establish general reference values or thresholds marking 

stress. Furthermore, based on the findings of the current work a bigger sample size is 

needed to fully interpret data from longitudinally monitored polar bears. With an 

average gastrointestinal transit time (GTT) of 7 hours at least one faecal sample per 

day per bear seems advisable to cover a rather continuous period of time. In relation 

to polar bear hair obtained by shave-and-reshave, sampling should be hinged on 

individual growth rates—in the monitored bear hair growth tended to be faster during 

early summer. This, in reverse, leads to longer sampling intervals during the 

autumn/winter months in order to obtain sufficient hair for analysis (≥ 50mg)—based 

on a sampled area of 4 x 5 cm, hair should be shaved when approximately 1 cm long. 

In future work, collected samples should also be distributed as evenly as possible 

among age, sex and reproductive classes and seasonally harmonized, which could not 

always be achieved in the current study. 

Taking into consideration the points mentioned and additional parameters as for 

example behaviour, body condition, weight or medical data, the measurement of FGM 

levels and HCCs can be used as a helpful diagnostic and prognostic tool to evaluate 

mid- to long-term stress in polar bears. When applying the presented LC–MS/MS 

method, the assessment of the HPA axis can further be complemented with the 

examination of the HPG axis by measuring other steroids.  
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Practical feasibility of both methods in the zoo and in the wild—pros and cons: 

FGM and HCC analysis in zoos 

Based on the practical experiences obtained during the study, the assessment of FGM 

levels has proofed to be particularly suitable in a zoo environment: non-invasive faeces 

collection could be realised at short notice in most of the participating zoos, since no 

training of the bears was necessary. Keepers’ overall compliance was good and zoo 

managements generally had no objections. Sample collection could easily be 

performed by keepers during cleaning routines (i.e. without disturbing the bears), 

distinction of faeces from different individuals was either possible by observation of the 

bears and recording defecation sites and times in a simple enclosure map (feasible 

also by untrained people, like e.g. trainees) or the addition of food colorants (article 

number 2110 red, article number 2112 green, Brauns-Heitmann, Warburg, Germany), 

as suggested to the zoos upon request. However, referring to the storage of faecal 

samples, a limited capacity in freezers temporarily inhibited a continuous sampling in 

some institutions. Another issue was the shipping of faecal samples which had to be 

still frozen upon arrival in the laboratory—wrong or missing declaration of the package 

lead to loss of the whole parcel in two instances. Furthermore, in several cases 

substantially more material per sample than given in the sampling instructions (hen 

egg size) was sent, resulting in increased shipping costs.  

In the course of the current study, the regular collection of hair samples via shave-and-

reshave in zoo polar bears was mainly depending on two factors: a) compliance of the 

zoo managements, which often had concerns regarding staff safety during shaving 

procedure (in some instances due to structural conditions/deficits) or regarding 

acceptance of visitors (due to visible hair sampling points); and b) training status of the 

polar bears, which was linked to keepers´ compliance to train the animals, personnel 

structures, time budget and to the individual bears´ cooperation. Thus, compared to 

faecal sampling it generally took longer (several months) until the collection of hair via 

shave-and-reshave from non-trained bears could be practically implemented. Though, 

once the training was established, hair could be shaved regularly in most of the 

participating zoos. In polar bears which were already trained for medical, management 
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or enrichment purposes, successful hair shavings could be performed after a few 

training sessions already. Since animal training becomes more and more common in 

modern zoos (authors´ personnel communication with participating zoos; and see 

GRANDIN 2000; WEISS and WILSON 2003; ROBERT J YOUNG and CIPRESTE 

2004; POMERANTZ and TERKEL 2009), application of the presented method of HCC 

measurement from shaved hair samples appears to be well suited in zoo-housed 

bears.  

Similarly to faecal sampling, hair can also be obtained relatively easily in a contactless 

way from zoo polar bears. Shed hair can be collected from enclosures, particularly 

from indoor areas or from previously installed scratching/rubbing devices (e.g. 

scrubbing brushes or cow brushes as already employed in some of the participating 

zoos for methodological pre-trials, see Fig. 2a-c). By using the latter option, a rough 

temporal estimation of measured hormone levels can be achieved, provided that 

brushes are cleaned from hair regularly (see also section on HCC analysis in the wild), 

while establishing a time-related reference of scattered hair is difficult (e.g. if randomly 

collected from the ground). However, due to the lack of a precise time-related 

reference the informational value of shed hair is depending on study design and 

research objectives. Also, care should be taken to remove the follicles prior to analysis 

whenever shed hair is used to avoid the addition of potential hormone sources 

(SERGIEL et al. 2020).  
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Figures 2a–c) Different 

scrubbing brushes used for 

contactless hair sampling in 

zoo housed polar bears.  

a) 

b) 

c) 
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FGM and HCC analysis in the wild 

Regarding the practical application of measuring FGM levels or HCCs of free-ranging 

polar bears, distinction must be made between non-invasive (and contactless) 

sampling and (opportunistic) sample collection during capture events (for other 

scientific purposes).  

The latter is possible in the context of immobilisations, which are commonly performed 

by remote drug delivery from helicopter. This procedure holds the advantage that 

individual data like age, sex, reproductive status (solitary male/ female, lactating/non-

lactating female with cubs of the year/yearlings), BCS and/or size and weight can be 

assessed and taken into account when evaluating FGM levels or HCCs. Another 

advantage is that hair can be shaved from specific and standardized body regions, 

whereas FGM analysis depends on the presence of sufficient faecal material in the 

rectum (see JORES et al. 2008; WATSON et al. 2019). However, opportunistic 

sampling during capture events is also limited by some factors: regular and 

systematical re-capture of previously sampled bears is hardly possible due to 

temporarily and location-dependent low abundance of polar bears combined with 

enormously large and dynamic individual home ranges. As a consequence, shaving of 

re-grown hair (with known growth phase) is rather unlikely and also faeces may only 

sporadically be collected from the same bears. Especially the latter is restricting the 

informative value of the obtained hormone levels, since only short time spans can be 

monitored. Furthermore, aerial mark-recapture is cost-intensive (DOWSLEY 2009), 

regularly performed it may function as a stressor itself (potentially biasing measured 

GC levels) and entail negative consequences as reduced body condition (CATTET et 

al. 2003; CATTET et al. 2006; CATTET et al. 2014) or increased aggression against 

humans (TYRRELL 2006; CLARK et al. 2008) in the long term. Also, food safety 

concerns (relating to previously drugged polar bears) are raised by Arctic indigenous 

people like e.g. Inuit (CLARK et al. 2008) who legally hunt polar bears as part of their 

subsistence (food and clothing) and long-held cultural traditions. Nanuk, as the polar 

bear is called in Inuit languge, is greatly respected by Inuit hunters and is spiritually 

and culturally very important (SECRETARIAT and ARMITAGE 2015). Thus, Inuit 

communities increasingly reject invasive research methods (PEACOCK et al. 2011), 
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yet, they play an important role in the co-management of polar bears (e.g. in the 

Inuvialuit-Inupiat Polar Bear Management Agreement in the Southern Beaufort Sea). 

Since a strong need exists to develop not only systematic and standardized methods 

of monitoring polar bear health that allow cross-study comparisons but also to focus 

research efforts and enable cooperation between different stakeholders, disciplines 

and circumpolar regions (PATYK et al. 2015), non-invasive, feasible and cost-effective 

data collection becomes more and more important.  

Non-invasive collection of polar bear faeces from the ground is simple. Since 

temperatures in most Arctic regions are generally lower than in Europe, freshness of 

faecal material is almost year-round less critical than in a zoo environment and frozen 

material can be used for analysis. In conjunction with helicopter flights, which can only 

be operated in good weather conditions (and are expensive), spotting faeces is quite 

easy in the snow. But also during ice-free periods and in easily accessible areas, 

faeces can be collected in the context of ground-based studies, for example in regions 

where polar bears are known to rest during summer and fall (e.g. Wrangel Island, 

Russia; Western Hudson Bay, Canada). These regions and nearly all other regions 

with polar bear occurrence are also suitable to collect hair samples, which can be 

obtained via hair traps as already used for mainly genetic studies (DE GROOT et al. 

2013; HERREMAN and PEACOCK 2013; VON DUYKE et al. 2017). Usually, hair traps 

consist of a box-like device or a small, fenced area (big enough for the bear to step 

in/crawl underneath) which contains a lure (mostly scent and/or visual attractants, 

sometimes meat) and is equipped with barb wire or wire-brushes (see Fig. 3a-c)). 

When a bear puts in its head or enters the fenced area, hairs will get caught in the 

wire. Regions of high polar bear density are most appropriate for the collection of polar 

bear faeces and hair (VON DUYKE et al. 2017), e.g. near carcasses and feeding sites 

(near bowhead whale bone piles, see HERREMAN and PEACOCK 2013; WATSON 

et al. 2019) denning or mating areas, hunting areas near open leads or areas near 

human settlements/garbage dumps. In regions where human-bear encounters are 

common (e.g. Churchill, Manitoba, Canada), faecal samples can even be collected by 

non-scientists in the context of citizen science projects.  
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Figures 3a-c) 

Examples of different types of hair traps used for the collection of polar bear hair in the 

field (derived from descriptions by (DE GROOT et al. 2013; HERREMAN and 

PEACOCK 2013; VON DUYKE et al. 2017): a) wooden frame wrapped with barbed 

wire and lure placed inside or on top of the construction, b) Box, equipped with stiff 

wire brushes at the opening and lure inside. Top view, c) side view. The lure is 

illustrated in pink, the polar bear shows the size ratio. (Polar bear outline adapted from 

the Wikimedia commons ` Ice-bear-161992.svg) 

 

Regardless of the faecal sampling method, potentially confounding factors as varying 

food intake and diet can be taken into account by differentiation between samples 

collected during summer/fall or winter/spring season, representing phases of onshore 

fasting or rather terrestrial diet (GORMEZANO and ROCKWELL 2013), or 

hyperphagia, respectively. Type and composition of diet can further be determined by 

careful inspection of consumed food items and/or e.g. by DNA analysis (see reviews 

b) 

a) 

c) 
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by KOHN and WAYNE 1997; SYMONDSON 2002) and can give useful information 

about the bears´ life history (WATSON et al. 2019).  

Analogous to contactless hair sampling in zoos, shed hair doesn´t provide a precise 

temporal relation of measurable hormones. However, by using intact hair only, 

identifiably by the presence of a follicle (mainly collectable with wire brushes—in 

contrast to broken hair strands without follicles primarily collectable with barb wire, as 

reported by VON DUYKE et al. 2017) one can assume that hair was collected during 

anagen phase when the hair shaft is firmly attached to the hair follicle (while in the 

subsequent hair growth phases follicular structures undergo regression/demarcation 

(catagen) and resting (telogen) periods, disconnected from the hair shaft; KRAUSE 

and FOITZIK 2006). Thus, measured hormone levels should represent the time span 

prior to sampling, given that hair snags are cleaned regularly (depending on polar bear 

encounters, preferably daily). Combined with the knowledge of polar bear hair growth 

occurring mainly in spring (AMSTRUP and DEMASTER 2003; DEROCHER 2012; 

MACBETH et al. 2012), which could further be underlined by the findings of the current 

study, a sufficiently accurate temporal assignment of measured hair hormone levels 

can be achieved with comparatively little effort. Again, follicles should be removed and 

hair hormone levels measured from the remaining hair shaft only (SERGIEL et al. 

2020), making HCC measurement a suitable complement to genetic studies, where 

mainly follicles are being used (DE GROOT et al. 2013; VON DUYKE et al. 2017). 

Based on the results of the current study and comprehensive literature review, Table 

1 provides a comparative summary of main characteristics and requirements of 

measuring cortisol levels in hair and faeces of polar bears.
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Table 1) Comparative overview of different characteristics and requirements of measuring cortisol or its metabolites in hair and faeces 

of polar bears. Given data are based on the findings of the presented study or marked with a superscript if derived from other (polar) 

bear studies or reviews (printed in italics). 

 

Hair (H) 

Remarks, References 

Faeces (F) 

Measured form of 

cortisol 

H: Unbound cortisol  

F: GC metabolitesa, reflecting the 

unbound fraction of total GC 

adepending on the antibodies of the assay kit (see review by PALME 

2019) 

Assessed period of 

stress 

H: Long-term stress  

(weeks to months) 
 

F: Mid- to long-term stress (hours)  

Sampling 

requirements 

H: Shaved hair: as close to the 

skin as possible,  

only regrown hair from predefined 

body regions; Shed hair: follicles 

absent 
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F: Fresh faecal material  

(< 12 h), thorough mixing prior to 

collection 

 

Recommended 

sampling intervals 

H: Every two to six weeks (regrown 

hair should be at least 1 cm long) 
 

F: Once daily  

Storage 

requirements 

H: In paper envelopes at a dry and 

dark place,  

room temperature 

 

F: Freezing at -20 °C  

Amount of material 

per sample 

H: 50 mg cut hair (≤ 4 mm)  

F: 0.5 g wet faeces  

Shipping 

requirements 

H: Standard postal shipping, 

certificate of originb enclosed 

(CITES (Convention on 

International Trade in Endangered 

Species of Wild Fauna and Flora) 

permit only necessary for shipping 

outside of the EU) 

binformal document with data regarding species, ID/name, sex, age, 

zoo/origin 
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F: Refrigerated transport, three-

fold packing according to the 

Packaging Regulation P650 of the 

ADR (European Convention about 

the International Transport of 

Dangerous Goods on Roads),  

correct declarationc 

cin consultation with the shipping company: exempt animal specimen or 

biological substance, category B (UN3373) 

 

Other possibly 

measurable 

substances or data 

H: DNA, 

 

 

 

 

 

reproductive hormones, 

other hormones, 

contaminants, 

 stable isotope ratios 

DNA analysis is mostly used to identify sex and individual (enables 

spatial analysis, relative abundance, population size), phylogenetic 

relationships, detect pathogens (e.g. via viral, bacterial sequences) or 

food items (see review by KOHN and WAYNE 1997); DE GROOT et al. 

(2013); VON DUYKE et al. (2017), WASSER et al. (1997); HERREMAN 

& PEACOCK (2013); 

CATTET et al. (2017); CATTET et al. (2018); 

WEISSER et al. (2016); 

BECHSHOFT et al. (2012b); BECHSHOFT et al. (2015); 

HEATHER M. BRYAN et al. (2013); LAFFERTY et al. (2015); SERGIEL 

et al. (2017) 

F: DNA,  

diet type,  

 

KOHN & WAYNE (1997); IVERSEN et al. (2013); 

DEROCHER et al. (1993); KOHN & WAYNE (1997); GORMEZANO & 

ROCKWELL (2013); IVERSEN et al. (2013); 
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reproductive hormones,  

 

bacterial flora,  

 

 

parasit infestation/contaminant 

load 

F. SCHWARZENBERGER et al. (2004), KOHN & WAYNE (1997); 

CURRY et al. (2012a); CURRY et al. (2012b); STOOPS et al. (2012); 

JORES et al. (2008), WATSON et al. (2019), KOHN & WAYNE (1997); 

GLAD et al. (2010); SCHWAB & GÄNZLE (2011); FAGRE et al. (2015); 

WEESE et al. (2019); 

KOHN & WAYNE (1997); DZIDO et al. (2009); DE AMBROGI et al. 

(2011); FAGRE et al. (2015); BORKA-VITÁLIS et al. (2017) 

Factors possibly 

influencing 

measured GC 

levels 

H: Sex,  

 

age,  

reproductive status,  

season/year,  

 

food availability/quality, 

habitat conditions/anthropogenic 

disturbance/social environment  

body condition, 

contaminants, 

sampled body region/hair type, 

 

BECHSHOFT et al. (2011); MACBETH et al. (2012); BOURBONNAIS 

et al. (2013); CATTET et al. (2014); LAFFERTY et al. (2015); 

MISLAN et al. (2016); CATTET et al. (2018); 

MACBETH et al. (2012); MISLAN et al. (2016); CATTET et al. (2017); 

MACBETH et al. (2012); CATTET et al. (2014), MALCOLM et al. 

(2013); BECHSHOFT et al. (2015); 

BOURBONNAIS et al. (2013); HEATHER M. BRYAN et al. (2013); 

LAFFERTY et al. (2015); 

 

MACBETH et al. (2012); CATTET et al. (2014); 

BECHSHOFT et al. (2012b); BECHSHOFT et al. (2015); 

MACBETH et al. (2010); MISLAN et al. (2016); 
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sampling method 

 

 

analytical technique 

i.e. invasive vs. non-invasive and/or shaved/plucked/shed hair: 

CATTET et al. (2014), MACBETH et al. (2010); SHERIFF et al. (2011); 

CATTET et al. (2017); SERGIEL et al. (2020); 

SHERIFF et al. (2011); KROSHKO et al. (2017) 

 

F: Sex, age, reproductive status, 

season, 

food availability/type, 

 

habitat or housing 

conditions/anthropogenic 

disturbance, 

sample age/condition, analytical 

technique/assay selection 

MILLSPAUGH & WASHBURN (2004); VON DER OHE et al. (2004); 

MALCOLM et al. (2013); PALME (2019); 

KOHN & WAYNE (1997); MILLSPAUGH & WASHBURN (2004); VON 

DER OHE et al. (2004); KEAY et al. (2006); PALME (2019); 

MILLSPAUGH & WASHBURN (2004); VON DER OHE et al. (2004); 

MALCOLM et al. (2013); SHEPHERDSON et al. (2013); 

 

MILLSPAUGH & WASHBURN (2004); K. M. YOUNG et al. (2004); 

SHERIFF et al. (2011); PALME (2019) 

Practical feasibility 

H: Zoo: moderate/good (shaving of 

trained animals) to very good 

(collection of shed hair from 

enclosures or hair traps), field: 

good (shed hair from hair traps; 

opportunistic shaving of remotely 

darted bears) 
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F: Zoo: very good (collection from 

enclosures); field: good (collection 

from selected areas; opportunistic 

rectal sampling of remotely darted 

bears) 
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Finally, it can be said that described sampling and hormone measuring techniques in 

polar bear hair and faeces can be practically applied both, in captive and in free-

ranging polar bears. Even if several new questions arose in the course of the study, 

presented methods augment the wide range of established investigations in polar bear 

hair and faeces (see Table 1) by information about stress load, sex and reproductive 

state. Results of the current study add another piece to the puzzle of a holistic concept 

of monitoring polar bear health and pave the way for further research towards polar 

bear conservation management. 
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VI Summary 

Anna Hein (2021) 

Measuring glucocorticoids and their metabolites in hair and faeces of polar bears 

(Ursus maritimus) 

The presented study is focused on the non-invasive measurement of the glucocorticoid 

cortisol and its metabolites in hair and faecal samples of zoo polar bears. 

In the first part of the study a group-specific enzyme immunoassay (EIA) was 

analytically and biologically validated for the analysis of faecal glucocorticoid 

metabolites (FGMs). The assay was then applied to determine polar bear FGM levels 

of both sexes over a one-year period for the first time, also taking into account different 

factors possibly influencing FGMs. Results of this longitudinal FGM analysis showed 

that especially social conflicts, environmental changes and transports lead to an 

increase of FGM levels, while breeding season and sex did not influence FGM 

concentrations of the five monitored bears. 

In this context, big inter- and intra-individual differences in the measured FGM levels 

could be detected, making the establishment of general reference values for polar 

bears rather useless. Further, statistical analysis of the obtained data revealed a 

significant influence of sample age on the measured values.  

In the second part of the study two different immunoassays and liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) were used for comparative 

analysis of cortisol in polar bear hair samples. Measured hair cortisol concentrations 

(HCCs) showed clear differences depending on the applied analytical technique, 

whereas a different degree of sample processing (cut vs. powdered hair) had no 

significant effect on HCCs by either method.  

HCC measurement in polar bears was for the first time analytically and biologically 

validated for one immunoassay and LC-MS/MS. The validated LC-MS/MS was 

subsequently used to determine cortisol, cortisone, testosterone and progesterone 

levels from hair samples collected over 9 months from six captive polar bears. No 

seasonal steroid variation was observed except in male progesterone levels. For all 
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steroids except cortisone, a strong effect of the sampled body region (neck or paw) 

was observed. 

It can be concluded that both, measuring FGMs as well as HCCs in polar bears is 

possible by the use of the presented validated analytical techniques and obtained data 

are biologically relevant, i.e. reflecting individual mid- to long-term stress load. 

Furthermore, when applying LC-MS/MS for analysing hair samples, the assessment 

of the hypothalamic-pituitary-adrenal (HPA) axis can be complemented by evaluation 

of the hypothalamic-pituitary-gonadal (HPG) axis or the measurement of other 

hormones in hair. A clear method dependence of the measured values impedes a 

direct comparison of results from different studies. The findings of the presented work 

provide basic endocrinological data and useful criteria to guide future studies aimed at 

the non-invasive measurement of glucocorticoids in polar bears.  
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VII Zusammenfassung 

Anna Hein (2021) 

Die Messung von Glukokortikoiden und deren Metaboliten in Haaren und Kot von 

Eisbären (Ursus maritimus) 

Gegenstand der vorliegenden Arbeit ist die non-invasive Messung des Glukokortikoids 

Cortisol, beziehungsweise dessen Metaboliten, in Haar- und Kotproben von Zoo-

Eisbären. Dabei wurde im ersten Teil der Studie ein gruppenspezifischer 

Enzymimmunoassay (EIA) für die Messung von fäkalen Glukokortikoidmetaboliten 

(FGMs) analytisch und biologisch validiert.  Anschließend wurden unter Anwendung 

des Assays erstmalig FGM-Konzentrationen von Eisbären beider Geschlechter und 

unter Einbeziehung verschiedener möglicher Einflussfaktoren über eine 

Einjahresperiode erhoben. Die Ergebnisse der Langzeitmessung von FGMs zeigten, 

dass vor allem soziale Konflikte, Umweltveränderungen und Transporte einen Anstieg 

von FGMs bewirkten, wohingegen Paarungszeit und Geschlecht keinen Einfluss auf 

FGM-Konzentrationen der fünf untersuchten Bären hatten. Besonders hervorzuheben 

sind außerdem die großen inter- und intra-individuellen Unterschiede in den 

gemessenen FGM-Konzentrationen, die ein Erheben von allgemeinen 

Referenzwerten wenig sinnvoll machen. Außerdem zeigte die statistische 

Aufarbeitung der gemessenen FGMs einen deutlichen Einfluss des Probenalters auf 

das Messergebnis. 

Im zweiten Teil der Arbeit wurden zunächst zwei unterschiedliche Immunoassays und 

Flüssigkeitschromatographie gekoppelt mit Tandem-Massenspektrometrie (LC-

MS/MS) zur Messung von Cortisol in Eisbärhaaren vergleichend herangezogen. Die 

gemessenen Haarcortisolkonzentrationen (HCCs) zeigten deutliche Unterschiede in 

Abhängigkeit von der angewandten Analysetechnik, ein unterschiedlicher Grad der 

Probenzerkleinerung (geschnittenes vs. gemahlenes Haar) jedoch hatte in keiner der 

drei Analysetechniken einen signifikanten Einfluss auf die HCCs. Anschließend 

wurden erstmalig ein Immunoassay und die LC-MS/MS für die Analyse von Eisbär-

HCCs analytisch und biologisch validiert. Durch die Verwendung der validierten LC-
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MS/MS-Methode konnten nachfolgend über einen 9-Monats-Zeitraum gesammelte 

Haarproben von sechs Zooeisbären nicht nur auf Cortisol, sondern auch auf Cortison, 

Progesteron und Testosteron untersucht werden. Eine saisonale Variation wurde 

dabei nur bei den Progesteronkonzentrationen der männlichen Eisbären beobachtet, 

wohingegen ein starker Effekt der Haarentnahmestelle (Hals oder Pfote) für alle 

untersuchten Steroide außer Cortison festgestellt werden konnte. 

Abschließend kann gesagt werden, dass sowohl die Messung von FGMs, als auch von 

HCCs bei Eisbären anhand der vorgestellten validierten Analysetechniken möglich ist 

und die dabei gewonnenen Daten von biologischer Relevanz sind- sie geben eine 

individuelle mittel- bis langfristige Stressbelastung wieder. Zudem kann bei 

Verwendung der LC-MS/MS für die Untersuchung von Haarproben die Beurteilung der 

Hypothalamus-Hypophysen-Nebennierenrinden-Achse (HPA-Achse, Stressachse) 

noch durch die Bewertung der Hypothalamus-Hypophysen-Gonaden-Achse (HPG-

Achse) oder die Messung weiterer Hormone im Haar ergänzt werden. Eine deutliche 

Methodenabhängigkeit der gemessenen Werte macht einen direkten 

Ergebnisvergleich verschiedener Studien schwierig. Die Ergebnisse der vorliegenden 

Arbeit liefern neben grundlegenden endokrinologischen Daten wichtige Anhaltspunkte 

und praktische Handlungsanweisungen für zukünftige Forschungsarbeiten im 

Zusammenhang mit der non-invasiven Messung von Glukokortikoiden bei Eisbären. 
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