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Abstract

The measurement of hair cortisol is increasingly used to understand the effect of natural and

anthropogenic stressors on wild animals, but it is potentially confounded by individual, sea-

sonal and sex-dependant variations in baseline cortisol secretion. This study validated an

enzyme-linked immunoassay for hair cortisol measurement and characterized its baseline

variation in a wild population of Egyptian mongoose. The analysis encompassed individuals

of both sexes and all ages, across a range of geographic, environmental and seasonal con-

ditions that the species experiences in Portugal allowing us to account for spatial, temporal

and biological factors that contribute to hair cortisol variation. Our results showed that age,

sex and storage time had an effect on hair cortisol, but season did not. Hair cortisol was

higher in early stage juveniles compared to other age cohorts, in males when compared to

females, and decreased with longer storage time. By identifying the factors that influence

baseline hair cortisol in this wild population, we establish the basis for its application as an

indicator of the effect of natural and anthropogenic stressors.

Introduction

In the Anthropocene, wild animal populations are faced with a broad range of environmental

stressors from a mix of both anthropogenic and natural sources. Although consequences such

as species declines and ecosystem imbalances are often measurable, causal mechanisms under-

lying conservation problems are more difficult to establish and require an understanding of

the physiological responses of animals to environmental change [1]. This has led to the emer-

gence of the field of conservation physiology and to a growing interest in understanding how

environmental change affects the physiology of wild animal populations, with important

implications for wildlife management and conservation. One way to study the effects of envi-

ronmental stressors is through the measurement of substances that mediate the physiological

stress response. In mammals, cortisol is a key mediator of the hypothalamic-pituitary-adrenal

stress response. While acute changes in its circulating levels are necessary to maintain homeo-

stasis in face of a dynamic environment, chronic elevations may impact immunity, behaviour

and reproduction [2–4]. In controlled settings, cortisol is often measured in blood plasma and
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serum, but this only provides a snapshot of current cortisol levels, which can be influenced by

the stress of the sampling procedure [4,5]. In addition strong ultradian rhythms with periods

around 120 min or less may result in extreme fluctuations within individuals over time [6,7].

Consequently, non-invasive approaches have been developed using alternative sample matri-

ces such as urine, faeces or saliva to measure glucocorticoid metabolites that mirror adreno-

cortical (stress) status of the preceding hours or days [4,5]. More recently, the measurement of

cortisol in hair has been used to provide an integrated value of circulating cortisol over a

period of several weeks [8–14]. The exact sources of cortisol in found hair are not fully under-

stood and include both incorporation of circulating cortisol from blood vessels and tissues sur-

rounding follicular cells in growing hair [15] and production by a local HPA-axis analogue

[16–18]. Nevertheless, evidence that hair cortisol reflects changes in circulating levels in cases

of hypoadrenocorticism [19], hyperadrenocorticism [20], consecutive ACTH injections

[11,14] and major life stressors [10,21] indicates that circulating cortisol levels are reflected in

hair. Finally, this approach offers great potential as an indicator of chronic stress because it is

unaffected by sampling procedures, ultradian rhythms or globulin-bound cortisol [22].

Before hair cortisol can be broadly used as an indicator of stress, it is first necessary to inves-

tigate how much of observed hair cortisol variations can be attributed to stress and disturbance

in relation to baseline and individual variation. Each individual’s baseline adrenocortical activ-

ity and HPA-axis reactivity is influenced by genetic inheritance [23,24], maternal and epige-

netic effects [25–27], biotic environmental factors like infection or predation risk [28,29] and

abiotic factors like weather and climate [30,31]. Additionally, glucocorticoid levels may vary

with sex [32], developmental stage [33,34] and age [11,35]. Although often not evident in stud-

ies using captive animals, seasonal variations in glucocorticoids levels have been demonstrated

in wild species [36,37]. Highest levels of glucocorticoids are mostly related with the breeding

season in birds and reptiles but in mammals this trend is less clear, with some species showing

higher glucocorticoid levels during breeding season and others showing post-breeding

increases [37,38]. In addition, several methodological issues need to be considered, since stor-

age time, storage conditions, anatomical location [9,12,14] and type [12] and colour of the hair

sample [11] have been shown to influence the amount of cortisol retrieved. Failure to account

for these sources of variation in glucocorticoid levels may confound their interpretation and

lead to a misestimation of the effects of disturbance.

The Egyptian mongoose (Herpestes ichneumon) is a medium-sized carnivore that colonized

the Iberian Peninsula in the Pleistocene [39] and has experienced a recent expansion in its dis-

tribution due to several biotic and abiotic factors [40–42]. The species has a polygynic mating

system, with different levels of investment by males and females in reproduction [43,44], lead-

ing to physiological and behavioural differences between sexes that might also be reflected in

hair cortisol levels, especially during the breeding season. The widespread distribution and

ongoing expansion of H. ichneumon, covering almost all types of habitat in Portugal [42], cou-

pled with the availability of captured specimens [45,46], makes it a useful model for the study

of hair cortisol as an indicator of stress.

In this study we determined hair cortisol in samples from wild caught Egyptian mongoose

specimens with known sex, age, location and date of capture. We hypothesize that age, sex,

and season will have an effect on hair cortisol variation, with effects of age and season likely to

vary between sexes. We also considered how female reproductive state (non-breeding, lactat-

ing, pregnant) might affect hair cortisol measurements, with higher hair cortisol levels

expected in breeding individuals. Through this work we aim to describe baseline variation in

hair cortisol levels, which will contribute to a better understanding of the potential for hair cor-

tisol to be used as an indicator of stress in wild animal populations. In addition HPLC analyses

was carried out to investigate the profile of glucocorticoids that cross-react with our cortisol
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antibody as data from Keckeis et al. [47] demonstrated large amounts of immunoreactivity not

coinciding with cortisol suggesting a local production of glucocorticoids in hair follicles.

Methods

Sample collection

We obtained hair samples from carcasses of wild Egyptian mongoose that were obtained from

hunting activities in seven provinces of mainland Portugal between January 2008 and Decem-

ber 2014, in compliance with legal requirements and with permits from the competent author-

ities in Portugal, the ICNF–Instituto da Conservação da Natureza e das Florestas [45].

Following death, specimens had remained frozen at -20˚C until the date of sample collection.

After thawing, hair was clipped with scissors as close to the skin as possible from a standard

area between the shoulders to account for variation in cortisol levels due to anatomical loca-

tion. Samples were stored in paper envelopes in a dark dry location until the date of extraction.

Storage time was defined as the total number of days between the date of capture of the mon-

goose and the date of cortisol extraction from hair.

Age was obtained based on dental development, with each mongoose classified as an adult

(over one year of age), sub-adult (between nine and twelve months), type II juvenile (between

five-and-a-half and nine months) and type I juvenile (between two-and-a-half and five-and-a-

half months of age), following methods of Bandeira et al. [45].

Each specimen was assigned as male or female based on the presence of testicles or ovaries,

and the reproductive state of females was noted as pregnant (foetuses identified in the uterus),

lactating (milk present in mammary glands) or non-breeding.

Sample season was assigned based on the date of capture. In confirmation with other ongo-

ing studies, animals captured from October to December were included in the autumn class,

from January to March in the winter class, from April to June in the spring class and from July

to September in the summer class.

A total of 294 Egyptian mongoose hair samples were collected for this study. Age cohort

could not be determined for 50 specimens, which were excluded from the statistical analysis.

Of the 244 mongooses with known age class, 114 were males and 130 were females (12 of

which were pregnant and 7 lactating). In terms of age cohorts, 147 were adults, 27 were sub

adults, 40 were type II juveniles, and 30 were type I juveniles. The number of specimens in

each of the 7 provinces varied between 2 (Estremadura) and 134 (Baixo Alentejo) and sample

storage time varied from 863 to 2,266 days.

Sample preparation

All chemical reagents were purchased from Sigma–Aldrich (Taufkirchen, Germany) unless

stated otherwise and were of the highest purity available.

Approximately 20 mg of full-length guard hairs were manually separated from undercoat

hairs and placed in Eppendorf tubes. Guard hairs and undercoat are clearly distinguishable in

Egyptian mongoose hair samples. In order to avoid variation due to the incorporation of dif-

ferent proportions of each hair type, we decided to use only one type of hair. Guard hairs were

chosen because they are more likely to be retrieved from hair traps in future applications than

undercoat, and allow comparison with similar studies in other species [e.g. 12].

To remove surface contamination, 2 mL of 90% methanol was added to the hair sample

and vortexed for 5–10 seconds. Following settling, methanol was discarded and the wash step

was repeated. After the two washes, samples were dried for one hour at 70˚C. Next, 10 mg

(8.29–12.12 mg) of washed hair were removed, ceramic beads (six 2.8 mm beads and 600 ± 10

mg of 1.4 mm beads) were added, and hairs were ground to a fine powder in a Precellys24
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tissue homogenizer (Bertin Technologies, France). For cortisol extraction, 400 μL of 90%

methanol were added to 10 mg of hair powder in separate tubes and shaken at room tempera-

ture for 30 minutes using a universal shaker (SM-30, Edmund Buhler GmbH, Hechingen, Ger-

many). Samples were centrifuged (3 min, 1000G), the supernatant was collected and

transferred to a new tube, diluted 1:2 with water and frozen until the day of cortisol

measurement.

High-performance liquid chromatography (HPLC)

To confirm cortisol as the major hair glucocorticoid in the Mongoose, hairs extracts were used

for HPLC analysis. To obtain an appropriate cortisol concentration for HPLC analysis 150 μL

of 294 hair extracts (in 40% methanol) corresponding to 550 mg hair were pooled and purified

on a C18 column (ecf, Chromabond, Macherey–Nagel, Düren, Germany). For this purpose

the pooled extract was diluted to 10% methanol with water. The C18 column was equilibrated

with 2 mL 100% methanol followed by 2 mL of 20 mM Tris buffer (pH 8.5) containing 10%

methanol. After applying the pooled hair extract on the C18 column it was washed twice with

2 mL of 20 mM Tris buffer (pH 8.5) containing 10% methanol. The purified sample was eluted

with 3 mL of 100% methanol, evaporated in a sample concentrator (Dri Block DB3, Techne,

Staffordshire, UK) under a constant nitrogen flow and finally resuspended in 120 μL of 100%

methanol and 180 μL of water resulting in 300 μL purified extract in 40% methanol.

HPLC analysis was performed as described before [48]. In brief, 150 μL of the purified

extract were separated on a reversed-phase Ultrasep ES ⁄RP– 18 ⁄ 6 μm HPLC column (4x250

mm; Sepserv, Berlin, Germany). Glucocorticoids were separated using a methanol + water

mixture with the following gradient: 60% methanol over 5 min, 60–90% methanol over 10

min, 90% methanol for another 10 min. The flow rate was 1 mL/min. Fractions of 0.33 mL

were collected at 20 sec intervals over a period of 25 min and diluted with one volume of

water. All fractions were lyophilized and resuspended in 200μL 40% methanol. The elution

positions of authentic cortisol, hydrocortisone, corticosterone, cortisone, testosterone, dihy-

drotestosterone, 11β-hydroxyetiocholanolone and progesterone had been previously deter-

mined in separate HPLC runs.

Cortisol measurement

Cortisol was quantified by an enzyme immunoassay (EIA) using a polyclonal antibody (rabbit)

against cortisol-3-CMO-BSA and cortisol-3-CMO-peroxidase as label. The antibody cross-

reactivities to different steroids were as follows: 4-pregnen-11α,17,21-triol-3,20-dione (corti-

sol), 100%; 5α-pregnan-3β,11β,17,21-tetrol-20-one (3β,5α-tetrahydrocortisol), 8.4%; 4-preg-

nen-11β,21-diol-3,20-dione (corticosterone), 6.3%; 5α-pregnan-11β,17,21-triol-3,20-dione

(5α-dihydrocortisol), 3.2%; and <0.1% for 4-pregnen-21-ol-3,20-dione (desoxycorticoster-

one), 5β-pregnan-11β,17,21-triol-3,20-dione (5β-dihydrocortisol), 5α-pregnan-

3α,11β,17,21-tetrol-20-one (5α-tetrahydrocortisol), 5β-pregnan-3α,11β,17,21-tetrol-20-one

(5β-tetrahydrocortisol), 4-pregnen-3,20-dione (progesterone), 5α-pregnan-3,20-dione, 5α-

pregnan-3β-ol-20-one, dexamethasone, estradiol, and testosterone [49]. Duplicates of 10 μl

hair extract or cortisol standards prepared in 40% methanol ranging from 0.2 to 100 pg/20 μl

were then simultaneously pipetted into respective wells along with 100 μl cortisol-HRP conju-

gate in assay buffer (50 mM Na2HPO4/Na2HPO4, 0.15 M NaCl, 0.1% BSA, pH 7.4) with the

aid of a diluter dispenser. Then, 100 μl of cortisol-specific antibody in a final dilution of

1:400.000 were added. After overnight incubation at 4˚C, the assay was terminated following

our standard protocol, described in Finkenwirth et al. [50]. Assay validation was performed by

demonstrating parallelism of serially diluted hair extracts to the cortisol standard curve.
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Statistical methods

Effects of age, sex, season, and storage time. Statistical analyses were conducted in R

(v3.5.1) using linear mixed effects models with a Gaussian error distribution from the package

lme4 [51]. We considered the effect of mongoose age and sex, the season in which samples

were collected and the storage time (days) on hair cortisol concentration (pg/mg). We also

considered the possibility for interactions between sex and both season and age. Our model

included a random intercept term for the province in which samples were collected (7 levels),

and both the year and month in which samples were collected (12 months within each of 5

years) to account for potential spatial and temporal variation in hair cortisol concentration.

Intercepts of random effects were assumed to follow a Gaussian distribution.

Variance inflation factors were used to test for multi-collinearity between variables. No evi-

dence of multi-collinearity was detected using a variance inflation factor cut-off of 3. We iden-

tified two outlier values that were more than four times larger than median hair cortisol and

almost twice as high as the next highest measurement (Cook’s distance of 0.38 and 0.63). Four-

fold increases in hair cortisol have previously been observed in response to repeated ACTH-

challenge in dairy cattle and eastern chipmunks (11,13), and so these values may be biologi-

cally plausible in situations of chronic and severe stress. We conducted all analyses with and

without these outliers included. Results with outliers removed are presented in the main text

while results with and without outliers included are provided in tables.

Effect of female reproductive state. Female reproductive state (non-breeding, pregnant,

lactating) may also be an important factor affecting hair cortisol concentration. Therefore, we

also fitted a general linear mixed effects model using female data only (N = 130). We consid-

ered the effect of female age and reproductive state, the season in which samples were collected

and the storage time of samples (days) on hair cortisol concentration (pg/mg). The random

effects structure of the model was the same as above.

Significance testing. Variable significance (α = 0.05) was determined using parametric

bootstrapped likelihood ratio tests with 5,000 iterations using the package pbkrtest [52]. The

parametric bootstrapping approach conducts multiple simulations of a likelihood ratio test

and returns the fraction of simulated likelihood ratio test values that are larger or equal to the

observed likelihood ratio test statistic taken from the true data (i.e. a significant result is one

where the observed likelihood ratio test value is lower than 5% of simulated likelihood ratio

test values). A model with each fixed effect parameter removed was compared to the global

model containing all variables. Models were fitted using maximum likelihood during model

comparison.

For each model we also calculated the repeatability of our random intercept terms (i.e. the

amount of variance in hair cortisol concentration not explained by model fixed effects that can

be attributed to consistent differences between provinces/years/months) with confidence

intervals determined using parametric bootstrapping in the package rptR [53] with 5,000 itera-

tions. We determined both the marginal R2 (variance explained by fixed effects) and condi-

tional R2 (variance explained by fixed and random effects) following the procedure of

Nakagawa and Schielzeth [54].

Results

HPLC analyses of hair glucocorticoids

Analysis of HPLC fractions from the hair extract pooled from 294 individuals confirms

cortisol as the major glucocorticoid in hairs from the mongoose (Fig 1) eluting in fractions 13

and 14. That coincides with the position of authentic cortisol corresponding to 40% of total
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immunoreactivity. Furthermore, three minor immunoreactive glucocorticoid metabolites

peaks became visible in fractions 3–5, 11, and 20. From those, the immunoreactive compound

in fraction 11 coincides with the position of authentic cortisone whereas the two remaining

components co-elute with none of the steroid standards applied on column in previous runs.

The most polar compound eluting in fractions 3–5 might indicate a cross-reacting glucocorti-

coid conjugate.

EIA of hair cortisol

The mean cortisol concentration detected in Egyptian mongoose guard hair was 19.99 ± 8.52

pg/mg (ranging from 8.07 pg/mg to 114.18 pg/mg). The inter-assay coefficients of variation

were 10.78% for extracts containing low and 15.95% for extracts containing high concentra-

tions of cortisol. The intra-assay coefficients were 6.72% (n = 16) for extracts containing low

and 5.37% (n = 16) for extracts containing high concentrations of cortisol. The sensitivity of

the assay was 0.40 pg/well. Hair cortisol concentrations of two animals which were obtained

from different provinces and years were statistically compatible with outliers, but within

Fig 1. High performance liquid chromatography (reversed phase) separations of immunoreactive cortisol metabolites

in pooled hair samples from Egyptian mongoose. The obtained fractions were analysed with a cortisol-3-CMO EIA. The

elution positions of reference standards are indicated by arrows: 11: C (cortisone); 13/14: HC (cortisol); 23: CC

(corticosterone); 26: 11-OH (11-hydroxyetiocholanolone); 36/37: T (testosterone); 41: epi-A (epi-androsterone); 42: DHT

(dihydrotestosterone); 45: P4 (progesterone).

https://doi.org/10.1371/journal.pone.0221124.g001
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biologically plausible ranges according to ACTH stimulation tests done in other species. One

was a sub-adult male collected in spring and the other was a non-breeding adult female col-

lected in winter. There was no aspect of their data that allowed us to relate them and to explain

the high level of cortisol.

Effects of age, sex, season, and storage time

There was no evidence for an interaction between sex and either season or age (Table 1), there-

fore all further results consider a model without interaction terms included. Hair cortisol con-

centration varied significantly with mongoose age, with early stage juveniles showing higher

hair cortisol concentration than all other age cohorts (Fig 2a; Table 1). Hair cortisol concentra-

tion also differed significantly between sexes, with males showing higher hair cortisol concen-

tration than females (Fig 2b; Table 1). There was also a significant change in hair cortisol with

storage time, with lower hair cortisol concentration the longer the sample was stored (Fig 2c;

Table 1). Hair cortisol concentration did not vary significantly between seasons, although

mean hair cortisol concentration from summer samples tended to be lower than those in other

seasons (Fig 3; Table 1). Parameter estimates were qualitatively similar between models fitted

both with and without the two major outliers (Table 2).

The full model, with outliers removed, gave a marginal R2 value of 0.19 (variance explained

by fixed effects) and a conditional R2 value of 0.39 (variance explained by fixed and random

effects). Repeatability of all three random effects was low and could not be distinguished from

zero in any case after parametric bootstrapping (Repeatability ± standard error: Province

0.09 ± 0.07; Year 0.09 ± 0.12; Month (within year) 0.06 ± 0.05).

Effect of female reproduction state

There was no evidence of an effect of reproductive state on hair cortisol in female mongoose

(Table 1; Fig 4; Table 3). Effects of age, season and storage time were consistent with analysis

conducted with both sexes (Table 3).

Discussion

This study validated an EIA for hair cortisol measurement and characterized its baseline varia-

tion in a wild population of Egyptian mongoose. Our analysis encompassed individuals of

Table 1. Significance of model terms calculated using parametric bootstrapped likelihood ratio tests.

Variable Likelihood ratio test value p-value

Interaction� 6.40 0.428

Storage 9.51 0.020

Sex 5.05 0.028

Season 5.71 0.187

Age 19.38 0.001

Reproductive state�� 2.22 0.362

Likelihood ratio test value is the value of the likelihood ratio test value generated from the true data, which was then

compared to likelihood ratio test values simulated with parametric bootstrapping.

�Note that the significance of interactions was determined by comparing a model with two interactions (sex and age,

sex and season) to one with no interactions included.

��Significance of all terms except reproductive state are calculated using a model with data from both male and

female mongoose. Significance of reproductive state was calculated using a model with data from females only (see

section 2.5.2). Significant terms (α = 0.05) are in bold

https://doi.org/10.1371/journal.pone.0221124.t001
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both sexes and all ages, across a range of geographic, environmental and seasonal conditions

that the species experiences in Portugal allowing us to account for spatial, temporal and biolog-

ical factors that may contribute to hair cortisol variation. Our results showed that age, sex and

storage time had an effect on hair cortisol, but season did not. By identifying which factors

influence baseline hair cortisol in this wild population, we have established the basis for the

application of hair cortisol measurement to understand the effect of natural and anthropogenic

stressors.

Following methanol extraction, glucocorticoid metabolites (GCM) in a pooled hair sample

were characterized by high-performance liquid chromatography (HPLC) and enzyme immu-

noassay (EIA). One major peak co-eluting with the cortisol standard was present. Besides cor-

tisone, two unknown immunoreactivities were detected at positions not coinciding with one

of our available steroid standards. This agrees with data in guinea pigs from Keckeis et al. [47],

Fig 2. Variation in hair cortisol (pg/mg) in the Egyptian mongoose with a) age, b) sex, and c) storage time of hair samples (days). Hair

cortisol concentration was higher in first stage juveniles than other age groups. Hair samples from males had higher cortisol concentration

than females. Cortisol concentration was lower in hair samples stored for more days.

https://doi.org/10.1371/journal.pone.0221124.g002
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Fig 3. Variation in hair cortisol (pg/mg) in Egyptian mongoose collected in different seasons. Hair cortisol concentration was lower in

samples taken in summer than other seasons, although this effect was not significant.

https://doi.org/10.1371/journal.pone.0221124.g003

Table 2. Effects of age, sex, season and storage time on hair cortisol concentration of Egyptian mongoose in two models fitted with and without two major outliers.

Variable Parameter estimate (outliers removed) [95% confidence interval] Parameter estimate (outliers included) [95% confidence interval]

Intercept 33.96 [23.35/44.73] 32.05 [18.12/46.08]

Juvenile (I) 4.31 [2.22/6.41] 4.51 [0.73/8.22]

Juvenile (II) -0.50 [-2.46/1.46] -0.60 [-4.11/2.85]

Sub-adult -0.42 [-2.46/1.55] 1.29 [-2.29/4.9]

Autumn 1.63 [-0.83/4.1] 1.56 [-2.93/6.02]

Winter 2.29 [-0.63/5.19] 4.87 [-0.2/9.85]

Spring 2.61 [0.26/4.99] 3.01 [-1.41/7.41]

Male 1.36 [0.1/2.61] 1.35 [-0.86/3.55]

Storage time -0.01 [-0.02/-3e-3] -0.01 [-0.02/-7e-4]

The table shows parameter estimates of a general linear mixed effects model with 95% confidence intervals (estimated with parametric bootstrapping with 5,000

iterations). All parameter estimates where 95% confidence interval does not include 0 are in bold. Adult females in summer are used as the reference level.

https://doi.org/10.1371/journal.pone.0221124.t002
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who found cortisol, cortisone and corticosterone as well as unknown immunoreactivities,

when applying EIAs for cortisol and cortisone. Particularly, our polar immunoreativities in

fractions 3–5 were also found by these authors. Unknown cortisol-like immunoreactivities

were also found in sheep by the same group [55], with different amounts depending on the

selected EIA. Altogether our results revealed our cortisol assay is a suitable diagnostic tool for

quantifying cortisol in hairs from the mongoose.

Age significantly influenced hair cortisol concentration in Egyptian mongoose, with early

stage juveniles, between two-and-a-half and five-and-a-half months, exhibiting higher levels of

hair cortisol than other age cohorts (Fig 2a). This age cohort includes the recently weaned

mongoose pups [56] and is consistent with the post-weaning cortisol increase found in the

southern elephant seal [33]. Elevated glucocorticoid secretion during infancy has been

described using faecal glucocorticoid metabolite analysis in baboons [57] and hair cortisol in

non-human primates [58] and humans [59]. However, our present findings are inconsistent

with hair cortisol data from other wild carnivores, such as grizzly bears [12], polar bears [60]

and the Canada lynx [14], where no effect of age was detected. This difference could be related

Fig 4. Variation in hair cortisol concentration in female Egyptian mongoose in different reproductive states. Hair cortisol

concentrations were similar between reproductive states.

https://doi.org/10.1371/journal.pone.0221124.g004
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to differences in hair growth and moult patterns between species during their juvenile develop-

ment. While diffusing into the hair during active growth, the amount of cortisol incorporated

could be influenced by different types of juvenile coats and rapid growth and moult rates, and

this effect could be even more pronounced in the presence of increased circulating cortisol lev-

els. Unfortunately, we know very little about hair growth and moult patterns of wild species,

including the Egyptian mongoose. An alternative explanation could be that age classification

using dental growth allowed a finer scale of age classification in our study by separating age

cohorts that are otherwise morphologically similar. On the other hand, bears and lynxes, as

apex predators, are unlikely to be subject to predation or aggressive interspecific interactions.

In comparison, the Egyptian mongoose, a meso-predator, experiences aggression and killing

by sympatric carnivores like the Iberian lynx, wild domestic dogs [56,61,62] or large raptors

[63], which could result in elevated cortisol levels. The characterization of hair growth and

moult patterns and comparison of developmental patterns of hair cortisol in sympatric apex-

and meso-predators would help clarify these questions. Analysis of hair cortisol in Iberian

lynx, Egyptian mongoose, and other species of small carnivores in Portugal would provide an

ideal system for such work.

Our data also support an effect of sex on hair cortisol concentration, with males showing

higher cortisol concentration than females. This effect was not observed in previous studies in

reindeer [9], grizzly bears [12] or Canada lynxes [14]. Investment in reproduction differs sub-

stantially between sexes in Egyptian mongoose and annual peaks in body condition and spleen

weight are different between sexes and coincide with moments of investment in reproduction

[45,46]. Egyptian mongoose males need to maintain and defend large territories [43] with fre-

quent aggressive encounters with conspecifics [64] which might explain the observed sex dif-

ferences in hair cortisol. On the other hand, the effect of sex could also be explained by the

attenuation in HPA-axis reactivity in breeding females in order to avoid diverting resources

from reproduction, as described in other species [65]. Either way, we would expect these effects

to be seasonal, and therefore visible in the interaction of sex with season of our model; how-

ever, this was not the case. Indeed, there was no significant effect of season or the interaction

of season with sex, which questions these explanations. It is possible that the effect is simply

due to differences in hypothalamic-pituitary-adrenal axis function between sexes [32,66–68] in

this species.

Table 3. Effects of age, season, storage time and reproductive state on hair cortisol concentration of female Egyp-

tian mongoose.

Variable Parameter estimate (outliers removed) [95% confidence interval]

Intercept 31.49 [24.14/38.77]

Lactating -1.81 [-5.11/1.51]

Pregnant -1.32 [-3.79/1.27]

Juvenile (I) 2.5763 [0.15/5.01]

Juvenile (II) -0.6448 [-3.16/1.83]

Sub-adult -2.1557 [-4.52/0.19]

Autumn -0.2291 [-2.56/2.05]

Winter 1.6513 [-0.81/4.06]

Spring 2.2434 [0.14/4.30]

Storage time -0.01 [-0.01/-4.6e-3]

Table shows parameter estimates of a general linear mixed effects model with 95% confidence intervals (estimated

with parametric bootstrapping with 5,000 iterations). All parameter estimates where 95% confidence interval does

not include 0 are in bold. Lactating adults in summer are used as the reference level.

https://doi.org/10.1371/journal.pone.0221124.t003
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Season had no effect on hair cortisol levels in our study. However, a knowledge gap on hair

cycles in wild mammals limits our ability to determine to which periods our hair cortisol val-

ues refer to. Wild terrestrial mammals in arctic and temperate climates usually undergo two

yearly moults, one in spring and one in autumn, that do not overlap with periods of reproduc-

tive activity [69,70]. The retention of the previous pelage throughout reproduction could be

the reason no changes in hair cortisol levels were found in our data during the reproductive

period of the Egyptian mongoose. Hair cycles have been described previously in humans,

domestic and laboratory species, pinnipeds and mustelids, but the variability in hair cycles

even between closely related species [69] impedes extrapolation to the case of the Egyptian

mongoose. Early observations do not support the existence of seasonal differences in coat

length in this species in Israel [56]. Assuming this species moults at least once a year, we would

expect to find an effect on hair cortisol due to changes in incorporation rate in the seasons

when moults occurred, but we did not. This raises important questions regarding the interpre-

tation of hair cortisol levels in wild mammals in general, and prompts research focusing on the

effect of hair cycles in order to allow us to fully interpret our results on a temporal scale. While

a confounder at this point, this information is a potential strength in the application of hair

cortisol as a marker of stress once the effect of hair cycles is understood, because the signal of

elevated cortisol levels during major life events might remain detectable for several months.

Storage time had a negative effect on the amount of cortisol retrieved from hair. Previous

studies in animals have seen no influence of storage time on hair cortisol when intact hair is

stored at room temperature for over one year [11,12], and based on a study in Peruvian mum-

mies [71] it is presumed to remain detectable for longer periods. However, an effect of storage

on grizzly bear hair stored in ground form was observed over a period as short as nine months

[12], suggesting that hair integrity plays an important role. The longer duration of storage and

the effect of freezing on hair integrity are possible explanations for the presence of this effect in

our study. Our samples were stored between 863 to 2,266 days before processing, which four-

fold exceeds the storage time assessed in grizzly bears [12] and dairy cattle [11]. Since the

decrease in hair cortisol over time should occur very slowly, this small effect is more likely to

be detected in studies focusing on longer periods and where a broad range of factors with

potentially larger effects such as sex, age, geographic and temporal variation, are accounted

for. Finally, part of the storage time of our samples was spent in the form of frozen cadavers

before thawing and collection of hair samples, which could also have caused loss in hair integ-

rity. The other possibility is the existence of a true variation in hair cortisol concentration of

these animals due to changes in biotic or abiotc factors (e.g. predator-prey cycles) over the

four years of the sampling period. This explanation was controlled for by the inclusion of

month and year as random factors in model construction.

We expected lactating and pregnant females to exhibit higher baseline adrenocortical activ-

ity, and consequently more cortisol in hair. However, reproductive state was not significant in

our female-only model. This could be explained by the small number of reproductively active

females in our sample, to the difficulty in accurately detecting lactation or early pregnancies

during dissection of previously frozen specimens, or simply by the fact that some females may

have similarly high levels of hair cortisol due to factors we have not accounted for in our

model. Despite non-significant, looking at the raw data (Fig 3), lactating and pregnant females

tend to have lower hair cortisol concentration when compared to non-breeding females.

According to studies in different mammal species, baseline HPA-axis activity is decreased dur-

ing the initial period of pregnancy but steadily increases during the second and last thirds of

pregnancy, peaking at parturition [65,72]. Meanwhile, HPA-axis reactivity to stress is

supressed throughout the entire pregnancy [73]. A similar trend is seen during lactation,

where an increase in baseline activity is accompanied by attenuated HPA-axis reactivity
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[65,74]. Because hair incorporates blood cortisol from baseline levels and stress-induced

responses altogether, our results suggest that, in breeding females, the net effect of the increase

in baseline and supressed reactivity resulted in total cortisol levels similar to those of non-

breeding females.

Conclusion

We investigated the variation of hair cortisol in a wild population of Egyptian mongoose in

Portugal. Our results describe the baseline variation in hair cortisol in this population and

highlight the importance of accounting for influences of age, sex and storage time when using

hair cortisol. With this information, future studies should be able to apply hair cortisol mea-

surements as a non-invasive technique to study effects of natural and anthropogenic stressors

in wild mammals.
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47. Keckeis K, Lepschy M, Schöpper H, Moser L, Troxler J, Palme R. Hair cortisol: a parameter of chronic

stress? Insights from a radiometabolism study in guinea pigs. J Comp Physiol B. 2012 Oct 1; 182

(7):985–96. https://doi.org/10.1007/s00360-012-0674-7 PMID: 22592890

48. Dehnhard M, Fanson K, Frank A, Naidenko SV, Vargas A, Jewgenow K. Comparative metabolism of

gestagens and estrogens in the four lynx species, the Eurasian (Lynx lynx), the Iberian (L. pardinus),

the Canada lynx (L. canadensis) and the bobcat (L. rufus). Gen Comp Endocrinol. 2010; 167(2):287–

96. https://doi.org/10.1016/j.ygcen.2010.03.023 PMID: 20346945

49. Ludwig C, Wachter B, Silinski-Mehr S, Ganswindt A, Bertschinger H, Hofer H, et al. Characterisation

and validation of an enzyme-immunoassay for the non-invasive assessment of faecal glucocorticoid

metabolites in cheetahs (Acinonyx jubatus). Gen Comp Endocrinol. 2013 Jan; 180:15–23. https://doi.

org/10.1016/j.ygcen.2012.10.005 PMID: 23108105

50. Finkenwirth C, Jewgenow K, Meyer HHD, Vargas A, Dehnhard M. PGFM (13,14-dihydro-15-keto-

PGF2α) in pregnant and pseudo-pregnant Iberian lynx: A new noninvasive pregnancy marker for felid

species. Theriogenology. 2010 Mar 1; 73(4):530–40. https://doi.org/10.1016/j.theriogenology.2009.10.

008 PMID: 20022361
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57. Gesquiere LR, Altmann J, Khan MZ, Couret J, Yu JC, Endres CS, et al. Coming of age: steroid hor-

mones of wild immature baboons (Papio cynocephalus). Am J Primatol. 2005 Sep; 67(1):83–100.

https://doi.org/10.1002/ajp.20171 PMID: 16163714

58. Fourie NH, Bernstein RM. Hair cortisol levels track phylogenetic and age related differences in hypotha-

lamic–pituitary–adrenal (HPA) axis activity in non-human primates. Gen Comp Endocrinol. 2011; 174

(2):150–5. https://doi.org/10.1016/j.ygcen.2011.08.013 PMID: 21893059

59. Dettenborn L, Tietze A, Kirschbaum C, Stalder T. The assessment of cortisol in human hair: Associa-

tions with sociodemographic variables and potential confounders. Stress. 2012 Nov; 15(6):578–88.

https://doi.org/10.3109/10253890.2012.654479 PMID: 22356099

60. Bechshøft TØ, Rigét FF, Sonne C, Letcher RJ, Muir DCG, Novak MA, et al. Measuring environmental

stress in East Greenland polar bears, 1892–1927 and 1988–2009: what does hair cortisol tell us? Envi-

ron Int. 2012; 45:15–21. https://doi.org/10.1016/j.envint.2012.04.005 PMID: 22572112

61. Palomares F, Delibes M. Some physical and population characteristics of Egyptian mongooses (Her-

pestes ichneumon L., 1758) in southwestern Spain. Z Saugetierkunde. 1992; 57:251–2.

62. Palomares F, Caro TM. Interspecific Killing among Mammalian Carnivores. Am Nat. 1999; 153:492–

508. https://doi.org/10.1086/303189 PMID: 29578790

63. Palomares F, Delibes M. Key Habitats for Egyptian Mongooses in Donana National Park, South-West-

ern Spain. J Appl Ecol. 1993; 30(4):752.

64. Palomares F. Vocalizations emitted by the Egyptian mongoose, Herpestes ichneumon, living in the

wild. 1991 [cited 2019 Jan 8]; https://digital.csic.es/handle/10261/129355

65. Brunton PJ, Russell JA, Douglas AJ. Adaptive Responses of the Maternal Hypothalamic-Pituitary-Adre-

nal Axis during Pregnancy and Lactation. J Neuroendocrinol. 2008; 20(6):764–76. https://doi.org/10.

1111/j.1365-2826.2008.01735.x PMID: 18601699

Age, sex and storage time influence hair cortisol

PLOS ONE | https://doi.org/10.1371/journal.pone.0221124 August 9, 2019 16 / 17

https://doi.org/10.1093/cz/zoy031
https://doi.org/10.1093/cz/zoy031
http://www.ncbi.nlm.nih.gov/pubmed/30697234
https://doi.org/10.1007/s00360-012-0674-7
http://www.ncbi.nlm.nih.gov/pubmed/22592890
https://doi.org/10.1016/j.ygcen.2010.03.023
http://www.ncbi.nlm.nih.gov/pubmed/20346945
https://doi.org/10.1016/j.ygcen.2012.10.005
https://doi.org/10.1016/j.ygcen.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23108105
https://doi.org/10.1016/j.theriogenology.2009.10.008
https://doi.org/10.1016/j.theriogenology.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/20022361
https://ideas.repec.org/a/jss/jstsof/v067i01.html
https://ideas.repec.org/a/jss/jstsof/v067i01.html
https://ideas.repec.org/a/jss/jstsof/v059i09.html
https://doi.org/10.1016/j.ygcen.2016.05.005
https://doi.org/10.1016/j.ygcen.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27167500
https://doi.org/10.1002/ajp.20171
http://www.ncbi.nlm.nih.gov/pubmed/16163714
https://doi.org/10.1016/j.ygcen.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21893059
https://doi.org/10.3109/10253890.2012.654479
http://www.ncbi.nlm.nih.gov/pubmed/22356099
https://doi.org/10.1016/j.envint.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22572112
https://doi.org/10.1086/303189
http://www.ncbi.nlm.nih.gov/pubmed/29578790
https://digital.csic.es/handle/10261/129355
https://doi.org/10.1111/j.1365-2826.2008.01735.x
https://doi.org/10.1111/j.1365-2826.2008.01735.x
http://www.ncbi.nlm.nih.gov/pubmed/18601699
https://doi.org/10.1371/journal.pone.0221124


66. Rhodes ME, Rubin RT. Functional sex differences (‘sexual diergism’) of central nervous system cholin-

ergic systems, vasopressin, and hypothalamic–pituitary–adrenal axis activity in mammals: a selective

review. Brain Res Rev. 1999 Aug; 30(2):135–52. PMID: 10525171

67. Turner AI, Canny BJ, Hobbs RJ, Bond JD, Clarke IJ, Tilbrook AJ. Influence of sex and gonadal status of

sheep on cortisol secretion in response to ACTH and on cortisol and LH secretion in response to stress:

importance of different stressors. J Endocrinol. 2002 Apr; 173(1):113–22. https://doi.org/10.1677/joe.0.

1730113 PMID: 11927390
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