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Abstract
Background  Stressful situations that trigger an acute stress response help animals to survive in the wild. In contrast, 
a prolonged stressful situation can have a negative effect on the animal’s health. The organism activates the HPA 
axis, which stimulates the adrenal cortex through an intricate network of responses. In response to the stimulation, 
the adrenal cortex releases glucocorticoids. Hormones and their metabolites are a good indicator of stress levels in 
wild animals and can be measured in many matrices such as blood, feces, urine, saliva and hair. Many studies have 
investigated the effects of various stressors such as anthropogenic influences, environmental and biological factors 
and predation on glucocorticoid levels in these non-invasive matrices. We provide an overview of the literature on 
this topic in wild Cervidae and Bovidae, focusing only on Europe and North America.

Results  We reviewed the scientific literature published between 1979 and 2024 and found 77 papers studying the 
correlations between different stressors and glucocorticoid levels in wild ungulates. Most researchers used feces 
as the matrix of choice for analyzing glucocorticoid levels as well as enzymatic immunoassay (EIA) as the analytical 
method. In 41 of the 77 studies, the researchers validated the analytical method themselves (19 studies) or used the 
analytical method that had been previously validated by others on the studied species (22 studies).

Conclusions  The increasing number of studies looking at stressful events in wild ungulates shows that researchers 
are interested in wildlife welfare and are making more effort to understand the biology of stress in wildlife.
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Background
In 1936, the young physician Hans Selye conducted an 
experiment with rats, exposing them to various factors 
such as changes in ambient temperature, loud noises, 
pathogens and poisons. The animals showed consistent 
physiological changes such as atrophy of the immune sys-
tem, enlargement of the adrenal glands and peptic ulcers. 
Hans concluded that the rats were under stress [1]. Every 
organism is exposed to daily environmental changes. In 
addition to environmental changes, wild animals are also 
exposed to predation, disease and, more recently, human 
disturbance [2]. A natural stimulus or stressor, a preda-
tor or a storm, triggers the acute stress response system, 
which consists of a series of behavioural and physiologi-
cal changes involving joint activity of the endocrine and 
nervous systems that help animals survive in the wild 
[3–5]. When repeated and continuous exposure causes 
the stressor to become chronic, the allostasis system may 
overstimulate the response to the persistent threat, lead-
ing to an increased risk of stress-related disease [6, 7].

As mentioned above, the immune system’s response 
to stress is a well-organized system of intercommunica-
tion between a variety of cell types [8]. When animals 
find themselves in a stressful situation, the hypotha-
lamic-pituitary-adrenal (HPA) axis is activated. Cor-
ticotrophin-releasing hormone (CRH) is released by 
the hypothalamus and stimulates the pituitary gland, 
which in turn releases the hormone adrenocorticotropin 
(ACTH). ACTH acts on the adrenal cortex stimulating 
the secretion of glucocorticoid hormones within minutes 
of the stressor acting on the organism [9]. Which gluco-
corticoid is produced depends mainly on the respective 
animal species. This should be taken into account when 
selecting a suitable assay [10]. The most important glu-
cocorticoid hormone in most mammalian species is 
cortisol [9]. Cortisol plays a major role in the mobiliza-
tion of energy during acute stress events and has a posi-
tive impact on the immune system [11]. Apart from 
the immune system, cortisol is involved in many other 
actions that keep the organism in homeostasis, such as 
the metabolism of proteins and carbohydrates, the regu-
lation of blood pressure and anti-inflammatory actions 
[12]. Nevertheless, animals that are exposed to chronic 
stress often have a weakened immune system, lower 
physical fitness and their ability to reproduce is reduced. 
This is a result of cortisol mobilizing energy away from 
the systems responsible for these functions [11]. As a 
result of prolonged cortisol production, oxidative stress 
can lead to cell damage, DNA damage and damage to lip-
ids in cell membranes, potentially affecting animal fitness 
and population demographics [5, 13].

Hormone assays are an important tool for understand-
ing the basic physiological functions of an organism, 
such as metabolic activity, health and well-being, and 

reproduction. It is possible to measure hormone levels 
in various biological matrices, which can be divided into 
invasive and non-invasive, depending on the type of sam-
pling, with blood belonging to the invasive matrices and 
feces, hair, saliva and urine to the non-invasive ones [14, 
15]. Glucocorticoid hormones are used as indicators of 
stress levels in a variety of animal species. Glucocorticoid 
levels, including the levels of their metabolites, can also 
be measured in various body fluids and excretions (e.g. 
blood, feces, urine and saliva) as well as in hair [16].

Blood is commonly used to determine the concentra-
tion of glucocorticoids in mammals, because of its infor-
mative value, as the concentration of hormones in blood 
is higher than in other matrices and because of the pos-
sibility of using multiple plasma samples to assess the 
reaction time, frequency and amplitude of the stress 
response of the HPA axis. Additionally, glucocorticoids 
can be determined directly without the extraction and 
recovery process, making blood testing faster and more 
immediate [14, 17, 18]. It must be drawn via venipunc-
ture, which makes this method invasive. Capturing, 
handling, restraining the animals and venipuncture are 
stressful procedures, especially in wild animals, which 
can activate the HPA axis and lead to possible differences 
in glucocorticoid concentrations [14, 17, 19]. In addition 
to sampling from live animals, blood samples can also be 
taken from culled animals, but in this case it is difficult 
to compare the glucocorticoid concentrations of live and 
dead animals [20, 21]. The type of trauma suffered by 
the dead animals has a strong influence on blood gluco-
corticoid levels and should be taken into account when 
interpreting the results. Animals culled immediately have 
lower cortisol levels than animals culled after trauma 
[22]. Blood is used for monitoring acute stress levels that 
are influenced by short-term hormonal changes [23]. 
Repeated collection of blood samples from non-domes-
ticated and wild animals is very difficult, and in many 
cases even impossible [21]. When taking blood samples, 
researchers must consider several things, such as the wel-
fare of the animals, the need for anesthesia, and the safety 
of the researcher. These are all reasons why non-invasive 
matrices are gaining popularity in the monitoring of 
stress in wildlife [24].

The hormone cortisol can be found in the blood in 
two ways: bound to proteins and unbound or free corti-
sol. Around 90–95% of the total amount of the hormone 
is bound to corticosteroid-binding globulin (CBG), a 
very large protein that is mainly produced by the liver. 
Unbound cortisol can easily penetrate membranes so 
that it is available for diffusion into tissues and has the 
biological activity required to regulate metabolic and 
immunological processes, whereas bound cortisol is too 
large to penetrate cell membranes, and therefore can-
not reach intracellular receptors [19, 25]. The unbound 
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cortisol is absorbed into the tissues (hair) and extracel-
lular fluids such as saliva and is available for metabolism 
and processing by the liver whereupon it is excreted into 
the intestine via bile, with the glucocorticoid metabolites 
becoming measurable in the feces and urine, reflecting 
the biologically active portion of the hormones [25, 26].

The measurement of glucocorticoid metabolites in the 
feces of wild and domestic animals is increasingly used in 
endocrinology studies, as it offers many advantages dur-
ing sampling [24, 27]. Samples can be easily obtained in 
the field without disturbing and capturing the animals, 
thus avoiding the risk of harming them. Since fecal sam-
ples are one of the non-invasive sampling methods, anal-
ysis of the samples can provide an accurate assessment of 
stress levels without the acute increase in glucocorticoid 
levels caused by handling the animals. In addition, the 
ability to repeat sampling at specific intervals allows for 
more detailed and accurate results than invasive methods 
[28]. The glucocorticoid metabolites in feces represent 
an average level of circulating hormones over a longer 
period of time rather than just a point sample and thus 
provide a more accurate measure of chronic stress levels 
[29]. A potential disadvantage is that the fecal samples 
should be collected fresh. Donini et al. [30] conducted a 
study in which they examined the temporal stability of 
fecal glucocorticoid metabolites in red deer Cervus ela-
phus and northern chamois Rupicapra rupicapra over 
a 7-day period. Fecal samples were exposed to natural 
weather conditions on top of Monte Sole. The results 
showed that glucocorticoid levels rapidly decreased from 
the first day, up to the 4th day of the experiment and 
remained stable thereafter. The glucocorticoid metabolite 
levels degrade in the feces, which may be crucial when 
drawing conclusions.

Urine can be used as a matrix for analyzing the content 
of glucocorticoid metabolites, as the kidneys filter the 
glucocorticoids metabolized by the liver. Urine collection 
is also considered a non-invasive method with minimal 
human interaction with the animals and it is less under 
the influence of short-term stressors, suggesting that 
it can be used to monitor chronic stress levels [19, 31]. 
Urine as a matrix is less commonly used by researchers 
because it is difficult to collect in the field [23, 24]. How-
ever, according to Palme et al. [26], it is an excellent tool 
for monitoring glucocorticoids as a large proportion is 
excreted via urine. White et al. [31] collected urine from 
wild elks Cervus canadensis from the snow. Danish et al. 
[32] tested three urine collection devices. The best per-
forming device was the Salivette synthetic device, which 
is best suited for collecting urine from the ground.

Sampling saliva is considered less invasive than the col-
lection of blood samples because it requires less human 
handling [33]. The correlation between salivary and blood 
glucocorticoid levels is considered high as it reflects the 

concentration of glucocorticoids in the blood [24, 34]. 
According to Sheriff et al. [24], the method should first 
be validated for use in each species, as the glucocorti-
coids in saliva vary between 10 and 60% of those in blood 
plasma, depending on the species in question. The use of 
saliva as a matrix in wild animals can be difficult as there 
may be hurdles that limit researchers in saliva collection, 
whereas captive and domestic animals can be success-
fully trained for saliva collection [35].

Recently, hair has become increasingly popular as a 
matrix for the study of stress hormones in wild animals. 
Free cortisol is indeed incorporated in hair follicles via 
the bloodstream [36]. Hair can be easily collected using 
hair traps, which are considered minimally invasive tech-
niques [37]. No special method is required to store the 
samples as glucocorticoid concentrations are stable for 
months and even years, making them a very convenient 
matrix. During hair growth, hormone levels accumu-
late in the hair and are therefore considered an indica-
tor of long-term physiological processes [23, 38]. One 
disadvantage is the need to determine hair growth to 
determine the time period during which glucocorticoid 
metabolites have accumulated [23]. As previously men-
tioned, hair can be easily collected from living animals, 
but it can also be collected from dead animals and used 
for analysis [39].

In endocrinology, immunoassays such as the Enzyme 
immunoassay (EIA) (of which one specific application 
is the enzyme-linked immunosorbent assay (ELISA)) 
and the radioimmunoassay (RIA) are still the methods 
of choice for many researchers due to their high sensi-
tivity. Both assays can be used for the determination of 
glucocorticoid levels in different matrices [40]. The main 
differences between EIA and RIA are that EIA assays 
are safer, faster, more economical and more environ-
mentally friendly than RIA assays [41, 42]. On the other 
hand, the RIA assay is more sensitive and generally has 
a lower detection limit than the EIA [43]. When using 
both methods to analyze hormone levels, it is impor-
tant to perform analytical and biological validation of the 
method used for the matrix in question. Validation of the 
method is of great importance as it confirms the reliabil-
ity of the results [44, 45].

In this review, we discuss the variety of matrices in 
which glucocorticoids, particularly cortisol, can be mea-
sured and the different environmental and non-environ-
mental influences on their concentrations. In particular, 
we aim to i) provide an overview of all matrices in which 
cortisol has been measured in wild Cervidae and Bovidae 
to date, ii) provide an overview of all influences on cor-
tisol levels that have been studied in wild Cervidae and 
Bovidae to date, iii) review which analytical methods 
(EIA or RIA) have been used to determine cortisol levels 
in different matrices and whether or not they have been 
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validated, and iv) perform a trend analysis of publications 
to gain insight into the increase or decrease in publica-
tion numbers over time.

Methods
In order to find the relevant literature, a systematic 
search was carried out in the data sources Web of Sci-
ence, Google Scholar and Scopus, whereby the period 
of publication of the articles was not specified. The fol-
lowing keywords were used in the literature search: 
‘ungulates’, ‘wild ungulates’, ‘Cervidae’, ‘Bovidae’ ‘stress’, 
‘cortisol’, ‘cortisol levels’, ‘glucocorticoids’. The databases 
provided 124 studies on glucocorticoid levels, but many 
of the studies did not meet our requirements and were 
excluded from the search [Additional file 1]. Only peer-
reviewed scientific papers in which the species studied 
were located in Europe and North America were con-
sidered, as Cervidae and Bovidae from these two conti-
nents have significantly similar ecological and biological 
characteristics. All papers were written in English. In the 
literature search, we found 77 peer review papers from 
1979 to 2024 that provided data on various impacts on 
cortisol levels in different matrices from different taxa 
[see Additional file 2]. Depending on the matrix used to 
determine hormone levels in different taxa, the studies 
examined were divided into five categories: blood, feces, 
urine, saliva and hair. The papers found in the database 
search were also categorized according to the validation 
of the methods used (RIA or EIA) for the quantification 
of glucocorticoid levels. If no method validation infor-
mation was provided in the paper, the method used was 
considered unvalidated. The information on the stress-
ors that had an impact on glucocorticoid levels and their 
metabolites was categorized into four groups according 
to the type of impact: anthropological, environmental, 
biological and uncategorized.

The publication years of all scientific papers were used 
for trend analysis. For each year, the number of published 
papers was appended, and the level 3 polynomial autore-
gressive Poisson model was used to create a visual repre-
sentation of the publication trend over the years.

Results
Out of the total 77 peer review scientific papers exam-
ined, 51 relate to the European continent and 26 to the 
North American continent. The study areas included 14 
countries on the European continent and 16 states on the 
North American continent. We have recorded the num-
ber of published scientific papers per country/state and 
used this information to create a map representing the 
number of published scientific papers by geographical 
distribution (Fig. 1).

These studies were performed in a total of 17 taxa 
[see Additional file 2] from the groups of Cervidae and 

Bovidae (Fig.  2). Of the species belonging to the Cervi-
dae family, we calculated the percentage of each species 
in the same family whose cortisol levels were analyzed. 
The species belonging to the Cervidae family are red deer 
(30.2%), roe deer Capreolus capreolus (15.9%), elk (9.5%), 
mule deer Odocoileus hemionus (3.2%), fallow deer Dama 
dama (6.3%), axis deer Axis axis (1.6%), white-tailed 
deer Odocoileus virginianus (11.1%), black-tailed deer O. 
hemionus columbianus (3.2%), moose Alces alces (7.9%) 
and finally reindeer Rangifer tarandus (11.1%). The per-
centages of studies carried out on ungulate species from 
the Bovidae family were also calculated for each species, 
more specifically for the chamois (55%), the bighorn 
sheep Ovis canadensis (5%), the Alpine ibex Capra ibex 
(10%), the Iberian ibex Capra pyrenaica (5%), the moun-
tain goats Oreamnos americanus (10%), the American 
bison Bison bison (10%) and the European bison Bison 
bonasus (5%). Nineteen studies were conducted on the 
red deer, making it the most studied species of all 17 taxa 
considered in this review. When searching the databases, 
we found only one study for each of the following species: 
Axis deer, Iberian ibex and European bison [46–48].

On the European continent, there are eleven species 
belonging to the Cervidae family, and glucocorticoid lev-
els have been studied in five of them. In addition, there 
are nine species from the Bovidae family on the European 
continent, of which only four have been tested for gluco-
corticoid levels. On the North American continent, out 
of eight Cervidae and seven Bovidae species, respectively 
six and three of them were used to assess the concentra-
tions of glucocorticoids and their metabolites.

Matrices results
Of the 77 papers we found in the database search, 16 
used only blood as the matrix for glucocorticoid analy-
sis and three used blood and other matrices to determine 
glucocorticoid levels in various ungulate species, in par-
ticular red deer, roe deer, fallow deer, axis deer, reindeer, 
white-tailed deer, moose and Alpine ibex. In one study, 
the cortisol levels in the blood of five ungulate species 
were compared, with the cortisol levels of roe deer dif-
fering significantly from each other and from the group 
of red deer, fallow deer and moose. The glucocorticoid 
levels of red deer, fallow deer and moose did not differ 
significantly from each other [22]. Of the 16 studies men-
tioned above, 11 studied free ranging wild animals and 
five studies were conducted on captive and farmed ani-
mals. In addition, blood samples from live animals were 
used in 10 of the included studies and blood samples 
from hunted animals were used in six of the studies. The 
blood samples were centrifuged and frozen until further 
analysis. The percentage of studies in which the time of 
blood sampling was reported was 79%. In the remaining 
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Fig. 1  Geographic representation of published scientific paper per country/state on the stressful impacts on cortisol levels: (a) Europe and (b) North 
America
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21% of the studies, the time of sampling was not speci-
fied. The time of sample collection is described in Table 1.

To measure glucocorticoid levels in the blood, in 16 
studies the blood samples were only centrifuged, and 
the serum or plasma was used to quantify the hormone 
concentration indicating that the total level of the gluco-
corticoid was measured. Blood extraction was performed 
in three studies. In one study, 10-fold volume of tert-
butyl methyl ether was used for extraction. The samples 
were then frozen at − 60 °C, the extracts were decanted, 
evaporated and reconstituted [49]. In another study, five 
mL of diethyl ether was added to the centrifuged plasma 
and the samples were shaken and centrifuged again, after 
which they were frozen. After freezing, the remaining liq-
uid component was separated and dried at 40 °C under a 
stream of nitrogen. The procedure was carried out twice 
to increase the yield of the extraction process [50]. In the 
third study, 0.2 mL was mixed with five mL of petroleum 
ether or diethyl ether. After centrifugation, the superna-
tant was completely evaporated under a suction hood 
with air flow at 37  °C [51]. These extraction procedures 
performed in the three studies indicate that free gluco-
corticoid levels in the blood were quantified. However, 
none of the studies specified if the target of their analysis 
was free, bound or total glucocorticoid concentration.

Forty-one of the 77 studies used feces as the matrix for 
examining cortisol levels, and six studies included feces 
and other matrices in their research. Fecal samples were 
taken from red deer, roe deer, fallow deer, white-tailed 
deer, black-tailed deer, mule deer, elk, moose, and rein-
deer from the cervid family and from chamois, Alpine 
ibex, Iberian ibex, bighorn sheep, mountain goats, and 
American and European bison from the bovid family. In 
almost all studies, fresh fecal samples were collected for 
glucocorticoid metabolite analysis, with the exception of 
one study in which the condition of the fecal samples was 
not specified. The exact time of collection of the samples 
after defecation was reported in only 36% of the studies. 
The other 64% of the studies did not specify the time after 
defecation, but determined the freshness of the samples 
based on their condition (Table 1).

Of the studies that used feces as a matrix, six studies 
used homogenized subsamples for glucocorticoid quan-
tification, 16 studies only mentioned that homogenized 
samples were used for further analysis, while three stud-
ies mentioned that samples were divided into subsamples 
without homogenization procedures. The rest of the 
studies (i.e. 22) did not specify whether the samples were 
divided into subsamples or homogenized.

Fig. 2  Representation of studies that have investigated species of wild ungulates divided into two families. The total is 104.7% as some of the studies 
used matrices to detect glucocorticoid levels in species from both families
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The number of studies that used urine as a matrix to 
measure glucocorticoid levels was four of the 77 studies 
found. The ungulate species from which urine samples 
were collected to analyze glucocorticoid levels were elk, 
black-tailed deer, white-tailed deer, and mule deer, and all 
animals from which urine was collected were alive.

In captivity, urine was collected from animals in cages, 
and they remained in the cage until they urinated, or they 
were kept in enclosures with steel gate floors where the 
urine flowed through a stainless steel pipe system and 
was then collected [52, 53]. Parker et al. [54] collected 
urine samples from captive black-tailed deer, but did not 
describe how this was done. Animals living in the wild 
were fitted with radio signals and tracked down in winter 
for urine sampling. The researchers observed the animals 
from a distance of five to 30  m and collected the most 
concentrated part of the urine-soaked snow [31]. Collect-
ing urine when there is no snow can pose a problem for 
researchers because the ground absorbs the liquid. In the 
laboratory, the snow-soaked urine was thawed at 22  °C, 
mixed thoroughly and frozen in plastic tubes [31, 55]. No 
detailed information was given on the preparation of the 
urine samples. Only White et al. [31] mentioned extrac-
tion with triethylammonium formates prior to RIA. No 
detailed information was provided on the preparation of 
urine samples and the timing of urine sample collection 
after urination. In all four studies, the creatinine con-
centration was quantified before the results of the assays 
were evaluated.

Only two studies on glucocorticoid levels in the saliva 
of wild ungulates were found in the database. Both stud-
ies were conducted not only with salivary cortisol, but 
also included other matrices from which hormone levels 
can be extracted. In one study feces and saliva were used, 
in the other study all matrices mentioned above were 
used. Saliva was collected from Alpine ibex and moose 
kept alive in enclosures. Alpine ibex saliva was collected 
only once with swabs (Salivette®, Sarstedt AG & Co, 
Nümbrecht, Germany) and moose saliva was collected 
with synthetic swabs (SalivaBio Chil dren’s Swab, Sali-
metrics LLC, Carlsbad, CA, USA) every morning from 
May 31 to August 20. The moose approached with 500 g 
of food to elicit the salivary response. The samples were 
frozen at -20 °C. No detailed information on the prepara-
tion of the saliva samples was provided.

In 15 studies, hair was used as the matrix for the 
quantification of glucocorticoids, with nine of the stud-
ies focusing only on hair and the other six studies using 
other matrices in addition to hair. The hair for the analy-
sis of cortisol levels was plucked from red deer, roe deer, 
reindeer, white-tailed deer, moose, Alpine ibex, mountain 
goat and American bison. In 10 studies, researchers used 
hair samples from dead animals (culled, killed by preda-
tors or run over) and in four studies hair samples were M
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taken from live animals. In 12 studies the animals lived 
in the wild and in three studies the animals were kept in 
enclosures (Table 1). In none of the studies was the time 
of hair sampling specified, with the exception of one 
study conducted on the Alpine ibex, which stated that 
the hair samples were taken immediately after the ani-
mals were restrained. In this study, all matrices described 
in this review were used [17].

In nine studies, the researchers acknowledged that hair 
growth rate should be taken into account when interpret-
ing glucocorticoid levels determined from hair samples. 
Of these nine studies, only one knew the exact timing of 
the growth rate, as the researchers shaved a section of 
hair before the experiment and shaved it again after the 
experiment and redetermined the exact number of days 
of hair growth rate [56]. The other seven studies only 
estimated the active hair growth period, as the research-
ers claimed that the glucocorticoids passively diffuse dur-
ing the active growth phase and stay incorporated in the 
hair during the rest phase [57].

Variables influencing hormone levels
The variables tested for their influence on glucocorti-
coid levels in the different matrices were categorized into 
three groups: anthropological, environmental and biolog-
ical. Anthropological variables included all human-medi-
ated stressors acting directly on the animals (handling/
restrain in captured animals, hunting and wounding in 
harvested animals, etc…) or on their habitat (presence of 
livestock, urbanization, infrastructures, etc…). Environ-
mental variables were mainly based on season, climatic 
conditions and circadian rhythm. Biological variables 
included sex, age, social ranking of the animals, physi-
ological status and predation (Table 1).

The variables that influenced the levels of glucocorti-
coid metabolites in the feces examined in all studies were 
diverse and some studies considered all three types of 
variables. Anthropological variables included hunting, 
chemical immobilization and the presence of livestock, 
urbanization such as roads and road noise, and wind 
turbines [58–60]. Fecal samples collected in national 
park regions were used to compare cortisol levels with 
tourism influences such as visitor numbers, hikers, and 
snowmobile activity [61–63]. Environmental variables 
were mainly based on season, temperature, precipita-
tion, water level, snow depth, winter patterns and circa-
dian rhythm. Biological factors examined in the studies 
reviewed included animal sex and age, social rank, group 
and harem size, reproductive status, rutting season, tes-
tosterone levels, antler size, food quality and availability, 
parasites and predation [27, 63–66]. Some studies even 
investigated competition with other wild ungulates [67].

The researchers used urine to investigate whether the 
season, the course of winter, snow depth and population 

density had an influence on glucocorticoid levels. They 
also investigated whether dietary stress was present and 
whether supplementary feeding of captive animals and 
tannins in the diet had an impact on stress levels. Three 
of the four studies used urine from captive animals and 
one study used urine from free-ranging animals. In one 
study, the cortisol levels of captive and free-ranging 
ungulates were compared and no significant difference 
was found between the two groups studied (Table 1) [54].

Saliva was used for testing if environmental and biolog-
ical variables such as: season, ambient temperature, sex 
and age of the animals influenced salivary cortisol levels 
[17, 68].

The variables tested that influence glucocorticoid levels 
in hair were anthropological, environmental, biological 
and non-categorical variables. Anthropological variables 
tested for their impact on cortisol levels included human 
disturbance and hunting [69]. Among the environmental 
variables we included the season and ambient tempera-
tures, and among the biological variables we included sex 
and age of the animals in question, pregnancy of females, 
parasite infestation, population density, competition with 
other ungulates, predation, and density of large carni-
vores [56, 57, 70]. One study investigated whether hair 
body position had an effect on glucocorticoid levels, and 
one study investigated whether minerals (19 minerals) 
also had an effect on cortisol levels [71, 72]. We did not 
categorize these two variables.

The anthropological influences on the HPA axis of 
ungulate species belonging to the families Cervidae and 
Bovidae were investigated in a total of 21 studies, most 
of which were conducted on cervids, more precisely 
on red deer and roe deer. A large number of studies 
also compared anthropological influences on chamois. 
Anthropological variables consistently influenced blood 
glucocorticoid levels in wild Cervidae and Bovidae, and 
73% of the reviewed studies confirmed this positive cor-
relation with their fecal metabolites. Only one study 
linked anthropological variables to glucocorticoid levels 
in hair and showed no correlation.

Season was the most commonly studied environmen-
tal variable in Cervidae and Bovidae and its influence on 
glucocorticoid levels was confirmed in 50% of the stud-
ies that used blood as a matrix and in 80% of those that 
measured their metabolites in the feces. It is noteworthy 
that feces were the most commonly used matrix to deter-
mine seasonal influences on target species. In most stud-
ies examining the seasonal trends of glucocorticoids, the 
researchers found that the increased concentrations of 
the hormones and their metabolites occurred in the cold 
seasons, but in some cases the increased concentrations 
were found in the summer and warmer seasons. This 
was the case for alpine ibex, elk, bighorn sheep, reindeer 
and roe deer [17, 73–76]. Chamois and white-tailed deer 
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mostly showed elevated cortisol levels in the cold season, 
but in the study by Delgiudice et al. [77] and Hadinger et 
al. [78] the seasonal trend was reversed, with the higher 
levels occurring in the warmer seasons.

In three studies on three different animal species 
(chamois, elk, red deer), snow depth was positively cor-
related with fecal glucocorticoid metabolites [62, 79, 80]. 
Other environmental factors tested for their influence on 
fecal hormone metabolites were temperature, solar radia-
tion and precipitation. Precipitation had no effect on 
hormone metabolites, but the effect of temperature var-
ied among chamois. In one study, fecal metabolites were 
shown to increase with increasing temperature, while in 
another study no effect of temperature was found [27, 
80].

The influence of individual variables, as age and sex, 
was also frequently studied. In almost all studies, sex 
had no effect on glucocorticoid levels, but 29% of stud-
ies using blood and 22% of studies using hair showed 
otherwise. The age of the animals tested in the reviewed 
studies showed an effect on glucocorticoid levels in 
blood (67%) and on its metabolites in feces (64%), while 
glucocorticoids in hair could not be linked to age as an 
influencing factor, as 71% of the studies showed that age 
did not affect hormone levels. A common pattern was 
observed with higher values in older animals than in 
younger animals. No study linked age and sex with the 
hormone concentrations in the urine.

Not surprisingly, almost all studies (four out of five 
in total and in different matrices: blood, feces and hair) 
confirmed that presence of predators was positively 
correlated with the level of glucocorticoids and of their 
metabolites, with only one study using elk feces not con-
firming these findings. Four studies compared parasite 
infestation with glucocorticoid metabolites in feces and 
one study compared it with glucocorticoid levels in hair. 
50% of the studies that used feces and one study that used 
hair proved that parasites had an impact on the animals’ 
glucocorticoid concentrations.

Influences on reproduction variables such as the rut-
ting season, testosterone levels, social rank, harem size, 
gestation and lactation were also tested for a stressful 
effect on the organism of the different animals. In four 
out of five studies, the rutting season was shown to have 
an effect on the HPA axis. Testosterone levels had an 
effect on fecal glucocorticoid levels and were positively 
correlated in both studies in which this variable was 
tested [66, 81]. Fecal metabolites in pregnant red deer 
were elevated in the late stages of gestation, while gluco-
corticoid levels in hair did not increase with pregnancy in 
red deer and white-tailed deer [51, 64, 72]. In two stud-
ies, the researchers used red deer feces and mountain 
goat hair to investigate whether lactation has an effect. 
They found that glucocorticoid concentrations in feces 

varied according to lactation status at the time of sam-
pling, while glucocorticoid concentrations in hair did not 
vary [65, 82]. Harem size was tested in one study on red 
deer feces only, and the deer with larger harem sizes had 
higher concentrations of glucocorticoid fecal metabolites 
[64]. Social rank was also tested in one study in white-
tailed deer, and fecal glucocorticoid concentrations were 
not affected by the social rank of the animals [83].

In a study using elk feces to measure hormone metabo-
lites, elks from larger groups were found to have lower 
fecal glucocorticoid levels [84]. In contrast, other study 
that used hair samples of red deer found that higher pop-
ulation density was linked to higher glucocorticoid levels 
[85].

Diet quality and nutrition were used as variables in 
three studies, with two studies using feces and one study 
using urine as a matrix to determine the results. One 
study that used feces as a matrix compared fecal samples 
from roe deer living in pine and oak forests and showed 
that stress levels were higher in roe deer living in pine 
forests [86].

Table  1. Variables affecting glucocorticoid concen-
trations in all matrices and timing of sample collection 
(Please insert Table 1 here).

EIA or RIA
Of the total proportion of studies that used EIA as the 
method of choice, 26.6% used feces as the matrix, 26.0% 
used combined matrices, 20.2% used hair, 18.2% used 
blood, and 9.1% used urine to determine glucocorticoid 
concentrations. Of the total proportion of studies that 
used RIA as the method of choice, 12.1% used feces as the 
matrix, 7.9% combined matrices, 24.6% hair, 13.8% blood, 
and 41.5% urine. Of the studies that used both EIA and 
RIA, 69.6% used more than one matrix to analyze cortisol 
levels and the other 30.4% used blood. In the studies that 
used analyzes other than EIA or RIA, 20.6% used feces 
and 79.4% used blood for cortisol determination (Fig. 3).

The most commonly used analysis to quantify cortisol 
in almost all matrices was the EIA method, except for 
urine, where the most commonly used analysis to quan-
tify cortisol concentration was the RIA method. Three 
of the 4 papers that used urine as a matrix performed 
RIA analyses and one performed EIA. Four papers that 
we found and included in our review did not use RIA 
or EIA to quantify cortisol, but used NIRS, LC-MS/MS, 
HPLC-MS/MS, and Kodak Amerlite. One study analysed 
blood samples from reindeer, mentioning only that com-
mercially available kits were used and which companies 
produced them, without specifying the analytical method 
used [73].

More than half of the studies (30 studies) in which EIA 
was used as an analytical method validated the method 
itself for the species in question or used it because it had 
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previously been validated for use in the species in ques-
tion [80, 82, 84, 86–98]. In 19 studies, the EIA method 
was not validated [75, 76, 78, 99–105]. Twenty-one stud-
ies used RIA as the analytical method of choice. Eleven 
of them did not validate the method, while 6 of them 
validated the method and 4 of them mentioned that it 
had been previously validated for the target species [77, 
106, 107]. Two papers used both of the above analytical 
methods and both were not validated. Of the papers that 
used analyses other than EIA and RIA, the methods were 
not validated [47, 108, 109]. One exception was the study 
that used NIRS analysis for cortisol levels, in which the 
researchers validated the NIRS analysis method [110]. 
Finally, the study in which the assay used was not speci-
fied did not provide information on validation of the 
method [73].

Of the 40 studies that validated the methods, 18 per-
formed the validation procedure themselves. Validation 
of the RIA methods on urine samples was performed 
using parallelism, quantitative recovery and intra-assay 
coefficients of variation for cortisol [52, 56]. Valida-
tion of the RIA method for quantification of glucocorti-
coid metabolites in fecal samples was performed using 
the ACTH challenge test, parallelism, recovery of the 
exogenous analyte, intra- and inter-assay precision, and 
finally assay sensitivity. The EIA method for quantita-
tive measurement of glucocorticoid metabolites in feces 
was validated with high performance liquid chromatog-
raphy (HPLC), ACTH challenge, parallelism, linearity 

recovery, intra- and inter-assay precision test, repeatabil-
ity test and assay sensitivity. The method was also vali-
dated in two studies using EIA for the quantification of 
glucocorticoids in hair. The researchers used ACTH chal-
lenge, HPLC analysis, parallelism, and intra- and inter-
assay coefficients of variability. All studies in which the 
researchers validated the method themselves confirmed 
that the assays are suitable for use in quantitative mea-
surements of glucocorticoids and their metabolites.

Trend analysis
The number of peer-reviewed scientific publications 
on stress in wild ungulates increased by 100% between 
1979 and 2024. From the year 2000, which was taken as 
the median year, and up to 2024, the number of publica-
tions on cortisol levels in wild Cervidae and Bovidae on 
the targeted geographical regions increased by 500%. 
The number of publications was relatively stable until 
the year 2007, when the increase in published papers 
began. Since then, the number of publications has been 
increasing, with the most papers published in 2020, when 
the number of published papers on this particular topic 
amounted to 10 (Fig. 3).

Discussion
After reviewing the available scientific papers on the 
quantification of glucocorticoids and their metabolites 
in different biological matrices in the family Cervidae 
and Bovidae, we showed that research efforts covered 

Fig. 3  Bar charts representing percentages of analyses for every matrix (combined meaning more than one matrix used in one study). Bar “Other” include 
analyses other than EIA and RIA, specifically Kodak Amerlite, HPLC-MS/MS, LC-MS/MS and NIRS. RIA/EIA chart are studies that did both RIA and EIA analyses
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approximately 42–45% of the species present in the Euro-
pean and North America continents, with an even higher 
coverage for Cervidae species in North America (75% of 
the species).

On the North American and European continents, 
there are numerous species of wild animals that live in the 
wild or are kept in captivity, farms, etc. Some are native 
and others have spread by natural means or directly and 
indirectly by anthropogenic dispersal [111]. Neverthe-
less, there is a wide range of animals living in the wild on 
both continents, as well as species belonging to the Cer-
vidae and Bovidae families [112]. As the literature search 
yielded scientific papers on 17 taxa for both continents, it 
is evident that there is much more potential for research 
on other animal species belonging to the targeted fami-
lies, giving us more insight into the coping mechanisms 
for stressful situations that the wild provides for animals. 
In addition, only one or a few studies on glucocorticoid 

levels were conducted in some species studied, which 
gives us little insight into the animals stress responses 
and opens up further research opportunities. We would 
not attribute the difference in the number of papers on 
certain species to the accessibility of the terrain in which 
they naturally live, as there are many papers on chamois 
living in terrain that are harsh and difficult for research-
ers to sample. Among the most studied species in our 
work are red deer and chamois. The red deer is one of the 
most abundant and widespread deer species in Europe 
and is of great economic, cultural and ecological impor-
tance [113]. The chamois is the most common mountain 
ungulate in Europe [96]. The difference in the number 
of studies on the individual species could be due to the 
abundance and distribution of each species.

In the reviewed articles blood samples were taken from 
animals culled during the hunting season, shortly after 
shooting. Blood collection was described as quick and 

Fig. 4  Number of peer-reviewed scientific papers on cortisol levels in Cervidae and Bovidae, between 1979 and 2024. The fitted line shows the expected 
response of a 3rd level polynomial autoregressive Poisson model; the shaded area indicates the 95% confidence level; the dashed line separates the first 
two decades from the last two decades (midyear 2000 was used as a midpoint)
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easy. The only problem encountered in obtaining blood 
samples from culled animals was contamination of the 
blood with rumen, stomach or intestinal contents. The 
contaminated blood was discarded and not used for the 
studies [22, 113]. When collecting blood samples from 
culled animals, researchers should examine the animal 
and carefully collect the blood samples and ensure that 
they are not contaminated with intestinal or other con-
tents to obtain accurate results. Bubenik et al. [114] col-
lected blood samples from live animals via cannulas 
inserted into anesthetized bucks. Bartoš et al. [49] used 
a crush to collect blood from red deer. Trondrud et al. 
[109] captured wild reindeer with snowmobiles and 
slowly steered the animal in the desired direction, and 
when the animal was close enough, they captured it with 
nets. This shows that blood sampling from live animals is 
more labor intensive and expensive. When planning on 
using blood as a matrix for cortisol analysis, it is neces-
sary to consider that the capture of the animals and the 
trauma of shooting and wounding trigger an acute stress 
response and activate the HPA axis, thus affecting the 
final results of glucocorticoid levels in the blood [45, 109]. 
When using blood as a matrix for the quantification of 
glucocorticoids in live or culled animals outside the hunt-
ing season, special ethical approvals must be obtained 
from the relevant institutions, which can be time-con-
suming. Researchers should take this into account when 
planning to use similar experimental designs.

Understanding the dynamics of the circulation of 
bound and unbound glucocorticoids is essential to accu-
rately interpret the differences in concentrations in the 
different matrices. When measuring glucocorticoid lev-
els in the blood, researchers should indicate whether the 
target of their analysis is the total, bound or unbound 
hormone. Glucocorticoids must interact with a recep-
tor in order to exert a physiological effect. If hormone 
concentration is increased due to chronic stress events, 
the number of hormone receptors decreases, and larger 
amounts of unbound hormones remain in the blood [25]. 
As can be seen from the results, most studies using blood 
did not include an extraction procedure prior to quanti-
fication of glucocorticoids, i.e. they measured the bound 
and unbound hormone. Only unbound glucocorticoids 
are biologically active and should therefore be the target 
of analysis. Researchers should consider extracting the 
free part of the hormone before performing the quanti-
fication analysis. Extracting the free part of the hormone 
before the analysis requires a few more steps and takes 
a little more time, but the results are more specific and 
accurately reflect the effects of the stressful events to 
which the animals are exposed [115].

Kastelic et al. [17] used blood, feces, hair and saliva as 
matrices and found that the highest mean value of the 
hormone cortisol was found in blood and the lowest in 

saliva. This information can help researchers decide 
which matrix to use for their research. To minimize the 
invasiveness of blood sampling, there are other ways to 
collect blood samples from animals by kissing bugs and 
leaches. A comparison of the concentration of glucocor-
ticoids in samples obtained by venipuncture, kissing bugs 
and leeches showed that the concentrations of hormones 
were highest in serum samples obtained by venipuncture 
and lowest in samples obtained by kissing bugs. No sta-
tistically significant differences were found between the 
serum concentrations obtained by venipuncture and with 
leeches. Blood collection from kissing bugs is a delicate 
procedure in which needles are used to collect small 
amounts of blood. If the operator is careless, the con-
tents of the bug’s gastrointestinal tract can contaminate 
the sample and falsify the results [17]. These methods 
still need further research, but they have the potential 
to be used as alternative methods to venipuncture blood 
sampling.

Feces were used to determine glucocorticoid metabo-
lites in almost half of the papers examined, making feces 
the most commonly used matrix for analyzing glucocor-
ticoid levels in wild ungulates. One reason for the fre-
quent use of this matrix could be that the collection of 
feces is not associated with stress for the animals and that 
it provides information on long-term hormone levels [24, 
28, 50]. For the collection of feces from wild animals, it 
is necessary to collect fresh feces, as the glucocorticoid 
metabolites are unstable and decrease over time [30]. In 
many papers we reviewed, only fresh fecal samples were 
collected in plastic bags and stored in a portable refrig-
erator until the field work was done, usually a few hours, 
and after the field work the samples were stored in a 
freezer at -20 °C [61, 79, 116, 117]. Sometimes it was also 
possible to freeze the fresh samples immediately in the 
field [118]. Creel et al. [62, 119] stored the fecal samples 
at -80 °C. Researchers interested in studying stress varia-
tion in wildlife are advised to collect fresh fecal samples 
and store them in the freezer as soon as possible to avoid 
misleading interferences [30]. Aside from a pair of gloves, 
plastic bags, a portable refrigerator, and a good physi-
cal condition to walk in the field, there is not much to 
prepare for field fecal sampling. Prior to the analysis of 
fecal glucocorticoid metabolites, the fecal samples were 
thawed and homogenized. Some used phosphate-buff-
ered saline, others methanol or ethanol for the extrac-
tion of cortisol metabolites from feces [48, 81, 120, 121]. 
The simplest preparation of samples for the extraction of 
cortisol metabolites from feces was described by Palme 
et al. [122]. The amount of 0.5  g of well homogenized 
fecal sample is extracted with 5 ml of 80% methanol and 
further diluted with assay buffer and then analyzed with 
the EIA kit [27, 122]. When planning sample preparation 
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for analysis, it is best to investigate the most appropriate 
sample preparation for the analysis to be performed.

The distribution of glucocorticoid metabolites in feces 
is uneven, and they are not randomly distributed across 
the samples. Hormone metabolites can be localized in 
the sample creating “hot spots” that can alter the results 
of the analysis. This can be a greater problem with large 
fecal masses than with smaller fecal samples. This prob-
lem can be solved by homogenization of the samples 
[25, 74]. However, in a large number of studies on the 
quantification of glucocorticoid metabolites in feces, 
homogenization of the samples prior to analysis was 
not performed. If possible, the entire pile of the sample 
should be collected and mixed well before any analytical 
procedures are performed to avoid localization of gluco-
corticoid metabolites.

Fecal glucocorticoid metabolites, unlike blood levels, 
are less influenced by the episodic fluctuations of hor-
mones or by the pulsatility of hormone secretion. For this 
reason, some researchers argue that fecal glucocorticoid 
metabolite levels more accurately represent an animal’s 
endocrine profile than blood samples [10, 121].

As far as urine sampling is concerned, it is easier to col-
lect urine from captive animals than from wild animals. 
The few papers in which urine was used as a matrix for 
the quantification of glucocorticoids can be attributed to 
the difficulty of collecting urine in the wild. There is an 
opportunity to explore alternative methods of collecting 
urine samples from wildlife that can be used in further 
research. As our results show, the only method of collect-
ing urine from Cervidae and Bovidae to date is the col-
lection of snow-soaked urine, which limits research to 
the winter months and therefore does not provide good 
insight into stressful times of the year [31].

When performing analyses on urine it is necessary 
to measure creatinine levels, as creatinine is used as an 
index of urine production per unit of time. Its excretion 
over a 24-hour period is relatively constant, which is why 
it is used to calculate differences in urine concentration 
and to standardize values in urinary glucocorticoid level 
analyses [52].

The excretion patterns of glucocorticoids in the urine 
of wild animal species still need to be investigated in 
more detail. For example, in a study with golden snub-
nosed monkeys Rhinopithecus roxellana, urine and feces 
were collected before and after stressful events. The peak 
level of glucocorticoids in urine was detected within 5 h 
after the stressful event [123]. To effectively monitor 
glucocorticoid concentrations in the urine of wild ungu-
lates, more studies need to be conducted on this topic. In 
addition, samples should be taken at regular intervals to 
determine the species-specific patterns of cortisol excre-
tion, as the concentration of hormones in urine reflects 
glucocorticoids in the blood [123].

Salivary cortisol represents the parameter of cor-
tisol that is unbound in the blood and can cross mem-
branes, making salivary cortisol a tool for monitoring 
acute stress. Obtaining saliva samples from wild animals 
is a challenge for researchers. In the studies reviewed, 
samples were collected from animals kept in enclosures, 
so sampling was relatively easy [17, 31]. Good and cost-
effective collection methods need to be developed and 
validated for the collection of saliva from wild animals, 
not only for glucocorticoid research but also for other 
types of research involving saliva. In a small pilot experi-
ment in Bulgaria, different types of swab baits were used 
in supplemental feeding of wild ungulates and good 
results were obtained, although the techniques still need 
further development [124].

The hair of hunted animals, road-killed animals and of 
animals killed by predators can be easily collected in the 
field. The hair can be cut, plucked or shaved, or a piece of 
skin with hair can be obtained from dead animals [51, 70, 
72, 125]. For animals kept in enclosures, it is also easy to 
collect hair by cutting a tuft of hair right next to the skin 
[17]. Davenport et al. [126] recommended washing the 
hair strand in 5  ml isopropanol to minimize the risk of 
extracting cortisol from the hair. Washing the hair with 
isopropanol also ensures the removal of sweat and sebum 
steroids. After washing the hair samples with isopropanol 
or methanol, the hair was usually ground to a fine pow-
der, centrifuged and incubated overnight with metha-
nol for cortisol extraction. The methanol was allowed to 
evaporate before analysis [50, 69, 72, 127]. The glucocor-
ticoid concentrations in the hair reflect the cumulative or 
chronic stress to which the animals were exposed over 
weeks to months [128].

The analysis glucocorticoid concentrations in hair is 
a relatively new method for determining stress levels 
in wild ungulates, as the 2 oldest papers we found date 
back to 2016 [56, 85]. As mentioned above, since 2016, 
15 papers have used hair as a matrix for determining 
stress levels in wild ungulates. The increase in the num-
ber of papers can be attributed to the relative ease of col-
lecting, storing and preparing hair samples for analysis. 
As the method is relatively new, more detailed studies 
should be carried out to test its accuracy. Theoretically, 
hair samples should represent the activity of the HPA 
axis throughout hair growth, thus making the level of 
glucocorticoids in hair reflect an individual’s HPA activ-
ity during the hair growth phase [57, 71]. According to 
this theory, the hair growth rate should be accurately cal-
culated for each individual. Most studies do not measure 
hair growth rates, as this can be very difficult in wild ani-
mals. In addition, recent studies question the reliability 
of glucocorticoids in hair as a marker of past stress [129]. 
Colding-Jørgensen et al. [129] investigated the accumula-
tion of glucocorticoids in the hair of rats over time. They 
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treated rats with 50 mg/ml corticosterone emulsion over 
a period of 7 days. The glucocorticoid concentration in 
the hair increased with the treatment, but after the end 
of treatment, the glucocorticoid concentration in the 
rats’ hair samples decreased [129]. This result may sug-
gest that glucocorticoids in hair do not provide an accu-
rate pattern of glucocorticoid secretion over time and 
are thus a marker of past stress, but primarily reflect the 
concentrations present at the time of collection. Indeed, 
the method needs to be studied more thoroughly in other 
animals and researchers should be cautious in interpret-
ing the results.

Furthermore, Romero and Beattie [130] argue that the 
levels of glucocorticoids in other matrices are not always 
representative of levels in blood. They argue that the time 
lag in the uptake of glucocorticoids and their metabolites 
into other matrices play an important role in the correla-
tion with blood. They also propose that there is a species-
specific time delay in the uptake of glucocorticoids. To 
further develop this theory in wild ungulates, it is essen-
tial to investigate the correlation between the concen-
trations of glucocorticoids in blood and other matrices 
[130].

It should be noted that there were significant differ-
ences in a study in which both guard hair and undercoat 
were used to quantify glucocorticoid levels in the hair. 
The glucocorticoid concentration in the hair was much 
higher in the guard hair than in the undercoat [82]. This 
was also shown in the results of the study by Macbeth et 
al. on brown bears (Ursus arctos) [131]. The difference 
could be due to variation in hormone incorporation in 
the hair, as this can vary according to the chemical and 
physical properties of the hair types. Therefore, research-
ers considering using hair as a matrix for hormone detec-
tion should be aware of the differences in hormone levels 
in different hair types and stick to one hair type when 
analysing hormone levels, as the different levels of gluco-
corticoids could affect the predictive power of the corre-
lation and thus provide inaccurate results [82]. From the 
literature search there were found only two studies on 
reindeer that tested if the hair from different parts of the 
body had different glucocorticoid levels and in both stud-
ies the hair obtained from different parts of the body did 
not have significant differences in glucocorticoid concen-
trations. And according to these results, researchers need 
not worry about the positioning of the hair, as it does not 
play an important role. However, more detailed studies 
need to be carried out on different animal species to be 
sure [56, 125].

Glucocorticoids are a good indicator of whether ani-
mals have been exposed to stressful situations, which is 
why they are used in ecological and conservation stud-
ies. As the number of studies on glucocorticoid levels 
in wildlife increase, new insights into the glucocorticoid 

responses of wildlife are emerging, as high acute eleva-
tions in glucocorticoid levels do not always indicate ani-
mals in distress and, conversely, low glucocorticoid levels 
do not always mean that animals are not under stress 
[130]. When interpreting the results, researchers should 
pay attention to the season in which the sampling was 
performed, regardless of the matrix used for quantifi-
cation of the glucocorticoid levels or their metabolites. 
This is very important for the stress values, as different 
biological processes take place in the animal organisms. 
For example, mating seasons, estrus and pregnancy in 
females as well as lactation periods potentially increase 
stress hormones [10, 76, 85].

Variables influencing hormone levels
The large number of studies performed on red deer 
leaves a large gray area in the knowledge of anthro-
pological influences on other species belonging to the 
same families. There are many research opportunities to 
be explored that can help us learn more about the cop-
ing mechanisms of Cervidae and Bovidae in relation to 
human presence. It is interesting to note that fecal glu-
cocorticoid metabolites were not elevated in Alpine ibex 
after they were chemically immobilized and treated for 
the collection of biometric data and biological samples. 
Fecal samples collected before and during immobiliza-
tion were compared with samples collected twice on five 
consecutive days after immobilization, and glucocorti-
coid metabolites did not differ [59]. In contrast, snowmo-
bile trapping increased glucocorticoid levels in the blood 
of reindeer [109]. Chemical immobilization of wild ani-
mals prior to capture had no effect on the stress response 
measured in feces, while the more robust method of 
capture resulted in an acute stress response in the ani-
mals. Researchers who choose to use blood as a matrix 
to determine glucocorticoid levels in live wildlife should 
consider the method of immobilization and capture of 
the animals.

The difference in reactions to an increased number of 
tourists was observed in red deer and chamois feces. In 
other studies, fecal hormone metabolites of the same 
species were elevated at higher tourist numbers [61, 93], 
but in one study examining both species, tourist num-
bers had no effect on fecal glucocorticoid metabolites 
[80]. The difference could be due to the different habitu-
ation of the animals to the disturbance by tourists. How-
ever, more detailed studies should be carried out to find 
out why some animals react differently to the increased 
presence of tourists. In addition to anthropological dis-
turbances, hunting and trauma affected blood glucocor-
ticoid concentrations and their metabolites in feces, with 
the exception of a study conducted on elk, which found 
that fecal glucocorticoid metabolites did not increase 
with hunting pressure [84]. It is to be expected that 
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hunting is stressful for wildlife, further studies are thus 
needed to confirm this finding.

The effect of the season on the levels of glucocorticoids 
and their metabolites has been studied using all matri-
ces. The impact of the season was mostly tested on red 
deer, white tailed deer and chamois, resulting in small 
numbers and even no studies performed on other spe-
cies of the targeted families testing seasonal trends of 
glucocorticoid levels and their metabolites. This leaves 
us with very little information on the seasonal trends of 
stress hormones and their metabolites in wild ungulates 
and more research could be performed to fully under-
stand the coping mechanisms of wild ungulates during 
season changes. We observed a general pattern in which 
most animals had higher glucocorticoid metabolite lev-
els in the colder seasons than in the warmer seasons. Elk, 
bighorn sheep, alpine ibex, reindeer and roe deer were 
an exception and showed increased concentrations in 
the warmer seasons [17, 73–76]. It is possible that there 
are seasonal differences in glucocorticoid levels between 
species. Some species, such as red deer and chamois, 
are much better studied than other species, and we can-
not say with certainty that there are specific differences 
in seasonal trends between species. Further studies with 
other species are needed to compare seasonal trends 
between species.

Of all the species studied, the red deer has most often 
shown that the season has no influence on its stress lev-
els. As there are very few or no studies on other species, 
it is difficult to say with certainty whether the influence of 
season is common in other species.

The samples can be obtained either on an anonymous 
basis or in connection with the identity of the animal. 
The difference in glucocorticoid levels was not affected by 
the sex of the animals studied, but age had a major influ-
ence on the different age classes and their stress levels. 
Recent studies have drawn attention to individual het-
erogeneity while assessing the variation in glucocorticoid 
levels in wild animals. Neglecting the individual effect 
may ultimately alter conclusions and lead to misleading 
interpretations of the effects of different stressors [132]. 
This is evident in the differences in age classes and their 
glucocorticoid levels. When possible, animals and their 
samples should be identified to obtain more meaningful 
results and avoid sample replicability.

Much more research is needed to determine which ani-
mal species from the Cervidae and Bovidae families are 
more susceptible to certain biotic and abiotic factors.

As the results show, it is possible to investigate vari-
ous anthropological, environmental and biological influ-
ences on glucocorticoid levels in wild ungulates. As the 
climate changes and the world moves towards a drier 
and hotter climate, wild animals have to cope with more 

environmental stressors such as higher ambient tempera-
tures, droughts and food shortages [133].

EIA or RIA
EIA and RIA assays are frequently used in endocrinology 
because they are robust and have a high sensitivity [85]. 
RIA has long been considered the standard analytical 
method for the determination of glucocorticoid concen-
tration, although it has some disadvantages and negative 
factors, such as radiation, the production and disposal of 
radioactive waste, and the short shelf life of the reagents 
used for the analytical procedure [134, 135]. Although 
the RIA provides very accurate results, researchers have 
found the EIA to be an alternative, user-friendly and 
safe test with high sensitivity and very accurate results 
[40]. The EIA test is gaining popularity in endocrinol-
ogy because it is non-radioactive and does not produce 
hazardous waste, making it environmentally friendly. It 
is also less labor-intensive and faster than the RIA assay, 
requires less space and does not require a license. The 
RIA assay, on the other hand, requires specialized equip-
ment in a lab that is classified to work with radioactive 
material, which puts researchers’ health at risk. EIA kits 
are competitively priced and do not incur additional 
costs for the disposal of radioactive material generated 
when using the RIA assay. All this makes the EIA assay 
more economical and safer to use, making it preferable to 
the RIA assay [42, 136].

Analytical methods play an important role in quanti-
fying the chemical constituents of natural or synthetic 
materials. To prove their accuracy, applicability and 
reproducibility, the method must be validated for use in 
all matrices and on all species [10]. Our results show that 
almost half of the studies did not validate the assay used 
in the research. Considering that validation of the assay 
is very important for demonstrating the accuracy of the 
results, it is recommended that researchers performing 
glucocorticoid analyzes on wild ungulates consider using 
validated methods or validate the method itself and make 
this information visible to other researchers in their 
work [10]. Of the total number of papers included in this 
review, 18 papers performed validation of the method 
used to quantify glucocorticoid concentrations and their 
metabolites in feces, hair and urine. In other studies, the 
validation procedure was not performed or the methods 
used were validated in previous studies. To confirm that 
the assay can accurately and precisely measure hormone 
levels and their metabolites, parallelism can be used to 
ensure that the assay maintains linearity under dilution. 
Recovery of the exogenous analyte is also a validation 
procedure that verifies accurate measurement over the 
entire working range of the assay [67, 120]. Intra- and 
inter-assay coefficients of variation are used in testing 
the validity of an assay to estimate the precision of the 
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method [137]. Assay linearity can also be used to validate 
assays [61]. To test the accuracy of the assays in question, 
the spike and recovery test can be performed [97]. To 
validate the assay, researchers can also use the sensitiv-
ity test. The sensitivity test measures the lowest amount 
of the hormone standard that can be consistently distin-
guished from the zero concentration of the standard [91].

ACTH challenges are used to test the biological signifi-
cance and physiological relevance of an assay to quantify 
glucocorticoids. The ACTH challenges stimulate gluco-
corticoid levels in the blood, and by measuring whether 
the glucocorticoid levels in the matrices tested reflect 
the predicted changes in the blood, the method is vali-
dated [138]. In the five studies reviewed in this paper, the 
researchers used ACTH challenges to validate the assay 
method used [67, 79, 82, 88, 90]. The use of this method 
in free-ranging animals could have potential limitations, 
as the animals must be injected with ACTH to test the 
biological significance and physiological relevance of an 
assay [139]. Capturing animals and tracking the same 
treated animal in the wild requires a lot of time, resources 
and equipment.

In none of the studies did the researchers state that the 
methods were not suitable or appropriate for the deter-
mination of glucocorticoid quantification. All results 
obtained with both assays were used in further statistical 
analyses and provided further results on various stressors 
affecting glucocorticoid levels. This indicates that both 
assays are suitable for the quantification of glucocorticoid 
levels and the levels of their metabolites in animal species 
from the Cervidae and Bovidae families. When choosing 
the appropriate assay for the quantification of hormones 
and their metabolites, researchers should choose the 
assay that best suits their needs and budget, taking into 
account the differences mentioned above.

In addition to validation of the assay, researchers 
should also consider the protocols for collection, stor-
age and preparation of samples for glucocorticoid levels 
analysis [10]. As mentioned above, one paper indicated 
that they used commercially available kits without speci-
fying which analysis was used. The article is from 1985 
and much has changed since then [73]. As we were 
unable to find any further information about the kit used 
on the basis of the manufacturer’s information alone, we 
recommend that researchers always state which analysis 
method was used and not just the manufacturers of the 
kits used for the analysis. Companies can change their 
products overtime or even stop production altogether, 
so the paper will miss important information about the 
assays used.

All of the above points should be considered when 
deciding on an assay to quantitatively measure glucocor-
ticoid levels. Researchers should also consider the type of 

sample preparation that is appropriate for their assay of 
choice.

Conclusion
It is possible to collect and analyze different matrices for 
glucocorticoid concentrations and thus gain insight into 
how wild ungulates cope with stressors. The choice of 
matrix must be made carefully and depends on the nature 
of the study, i.e. whether the aim of the research is to 
investigate acute or chronic stressors. More than half of 
all studies (53%) included in this review chose feces as the 
matrix. Considering that collecting feces does not disturb 
the animals and is easy to do, it is reasonable to assume 
that it would be the most commonly used matrix. Col-
lecting fresh saliva from wild animals appears to be infea-
sible, which may be the reason why researchers avoided 
saliva for accessing glucocorticoid concentrations.

The analytical procedure must be demonstrably accu-
rate and reproducible, which is why the validation of ana-
lytical procedures is necessary and important. Although 
validation is important, in almost half of the studies the 
analytical method used to determine cortisol levels was 
not validated. It can be seen that it is possible to use ana-
lytical methods other than EIA and RIA for the quantifi-
cation of glucocorticoids, but it is recommended that the 
methods used are validated, as validation of the method 
confirms that it is fit for purpose. The RIA assay is con-
sidered the best method for ecophysiological studies, but 
the EIA is a very accurate, non-radioactive alternative 
assay for the same range of studies.

Research on stressors affecting glucocorticoid concen-
trations in wild ungulates is increasing. This shows that 
researchers are more interested in the welfare of wild 
animals and want to understand how wild animals cope 
with stressful events. The increasing number of scientific 
studies on cortisol levels in wildlife has made it possible 
to draw new conclusions about stressful events affecting 
wildlife, providing new insights into the biology of the 
animals concerned. New insights into the physiological 
and behavioral changes of animals as a coping mecha-
nism for a hotter and drier environment are needed to 
monitor animal welfare. With new insights into the biol-
ogy and ecology of wildlife comes new ideas for better 
wildlife management and conservation plans, as well as 
the development of new techniques for capturing and 
handling animals for research.
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