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Simple Summary: The Addax nasomaculatus is an African antelope currently considered “critically
endangered”. But to date, very little is known about the biology of this species. The objective of
this study was to determine whether cortisol levels (an indicator of stress) and hair color vary by
sex, body location, and season over an entire year in zoo-housed addax. Hair samples were taken
from the animals in autumn, winter, spring, and summer. Hair cortisol levels in addax were higher
in males than in females, with these differences being more evident during spring. Cortisol levels
in the hair varied according to the seasons, with maximum values observed in summer. Hair color
parameters also varied between seasons. The fur was blacker and yellower in winter and whiter in
summer. The males had darker and greener hair color than the females. Sex- and season-determined
variations in hair cortisol levels and hair color appear to be important elements to consider in relation
to thermal comfort and animal welfare in addax, with warmer seasons highlighted as critical.

Abstract: The Addax nasomaculatus is an African antelope currently considered “critically endan-
gered”. There is little scientific knowledge about the species, which could potentially aid in species
conservation. The objective of this study was to determine how hair cortisol concentration and
hair color vary according to sex, body site, and season across a whole year in zoo-housed addax.
The addax population was housed at Parque Lecocq Zoo, Uruguay. Hair samples were taken from
the shoulder and rump in autumn, winter, spring, and summer. Hair cortisol concentration in
addax varied according to sex, with males exhibiting a higher hair cortisol concentration than females
(1.03 ± 0.05 pg/mg vs. 0.91 ± 0.05 pg/mg, p = 0.016, respectively), with these differences being more
significant in the spring (p < 0.0001). Hair cortisol concentration varied across seasons (p < 0.0001),
with maximum values observed in summer. The color parameters (L*, a*, and b*) varied across
seasons (p < 0.0001). The coat was blacker and yellower in winter and whiter in summer. Males had
darker and greener hair color than females (p < 0.05). Sex and season-driven variation in hair cortisol
concentration and hair color seem to be important elements to consider in relation to thermal comfort
and animal welfare in addax, highlighting the warmer seasons as critical.
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1. Introduction

Addax nasomaculatus is an African antelope currently considered extinct in some coun-
tries, such as Egypt and Algeria. According to the International Union for Conservation of
Nature [1], the addax is globally regarded as “critically endangered”. Despite this designa-
tion, there are significant knowledge gaps concerning species biology. Today, the species is
predominantly found in captivity rather than in the wild (International Studbooks for Rare
Species of Wild Animals in Captivity) [2]. Understanding fundamental aspects of addax
biology could facilitate a deeper understanding of the species and enhance welfare and
conservation efforts, particularly in captive settings.

According to Broom [3], “The welfare of an individual is its state as regards its attempts
to cope with its environment”. Therefore, animals that best adapt to their environment
show better welfare conditions. Among the tools to objectively evaluate how animals
adapt to their environment, those linked to the stress response play an important role.
Stress is defined as a ‘state of homeostatic imbalance’ [4] induced by a stimuli or noxious
event, frequently defined as a “stressor” [5]. A crux aspect of the stress response includes
activation of the hypothalamic–pituitary–adrenal axis, resulting in cortisol release from
the adrenal gland into the circulatory system [6,7]. According to the duration of this phe-
nomenon, stressors can be classified as acute (single or intermittent event of short duration)
and chronic (continuous or repeated prolonged exposures over time) [8]. Chronic stress
has gained significant relevance in recent years due to its impact on animal welfare and
health. Among the known, objective indicators of chronic stress, hair cortisol concentra-
tion has been shown to be an important stress assessment tool in numerous ruminant
(bovines [9,10]; sheep [11–13]) and monogastric species (dogs [14,15]; cats [16,17]; non-
human-primates [18,19]). The advantages of using hair cortisol as an indicator of chronic
stress include (i) the feasibility of obtaining information from the last two or three months
since sample collection; (ii) the collection of a non-invasive sample; (iii) the preservation of
hair samples for long periods of time; and (iv) low coefficients of variation [14,20,21].

Among the factors that affect the concentration of cortisol in hair, differences according
to sex, body site, hair color, and season of the year have been reported (see reviews: [21–23]).
For example, in dairy cattle, the concentration of cortisol was higher in white than black hair
and higher in hair from the tail than that obtained from the shoulder [10]. In chimpanzees,
higher concentrations of cortisol were also reported in white hair than in black hair [24].
However, other studies report no association between hair cortisol concentration and hair
color [23,25]. Regarding sex, in certain species like the coyote [26] and the black bear [27],
males have exhibited higher hair cortisol concentrations than females. Conversely, in brown
bears [28], polar bears [29], and non-human primates [18,30], females showed greater hair
cortisol concentrations compared to males. Therefore, the effect of sex on hair cortisol
concentrations varies across species. Furthermore, reports on how seasons of the year
impact hair cortisol concentration are scarce. In chipmunks, hair cortisol concentrations
were found to be higher in samples collected in summer than in spring [31]. However, in
dogs [32] and pigs [33], hair cortisol concentrations were higher during winter compared
to summer. Beyond the aforementioned individual effects on hair cortisol concentration,
interactions between sex, season, body site, and hair color must be considered. For example,
Bethge et al. [34] reported a significant increase in hair cortisol levels in males from early
wet to early dry seasons (mating season), while no seasonal differences were reported
within the reproductive cycle in females. In this sense, it is relevant to characterize how
these factors interact to impact hair cortisol concentration within a given species from an
environmental perspective. To the best of our knowledge, the use of hair cortisol as a
tool for assessing welfare in wild ruminants is limited. One of the few reports available
shows a positive association between hair cortisol concentration and aggressive behaviors
in Dorcas gazelles [35]. However, hair cortisol concentration remains unmeasured in the
addax antelope, especially in the context of hair color, sex, body site, and season.

Parque Lecocq Zoo, Montevideo, Uruguay, has an addax population of approximately
36 individuals in captive conditions, and we recently reported that male behavior varies
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with seasons in this addax population [36]. In summer, males are more frequently seen ly-
ing and consuming water and less frequently engaged in ruminating than in other seasons.
Based on this observation, we suggested that these differences might reflect behavioral
strategies linked to thermal stress. As such, our hypothesis is that hair cortisol concentra-
tions in addax vary seasonally, with peak concentrations occurring in summer. Furthermore,
building from data on other species, we hypothesize that hair cortisol concentrations and
hair color vary according to sex and body site. Therefore, the objective of this study was
to determine how hair cortisol concentration and hair color vary with sex, body site, and
seasons of the year in Addax nasomaculatus antelopes maintained in captivity.

2. Materials and Methods

Animal care and procedures were approved by the Comisión Honoraria de Experi-
mentación Animal, Universidad de la República, Uruguay (CEUAFVET-1077, 95 CHEA).

2.1. Animals, Location and Temperature and Humidity Index

The study was conducted between October 2021 and August 2022, based on the
addax antelope population housed at the Parque Lecocq Zoo (Montevideo, Uruguay;
34◦47′ S, 56◦20′ O). The average air temperature (◦C) and relative humidity (%) were
obtained from the automatic meteorological station of the Instituto Nacional de Investi-
gación Agropecuaria, sede Las Brujas, Uruguay. Daytime temperatures during data col-
lection were (minimum–maximum) as follows: winter (7.5–12.3 ◦C), spring (12.8–20.5 ◦C),
summer (19.4–27.2 ◦C), and autumn (9.5–15.75 ◦C). The temperature humidity index
(THI) was calculated according to The National Research Council formula as follows:
THI = (1.8 × T + 32) − [(0.55 − 0.0055 × R) × (1.8 × T − 26)] [37].

At the beginning of the study, the addax population had 36 individuals, composed
of adult females, adult males, yearlings, and fawns (age < 1 year old)]. For this study,
1 adult female group (n = 15; age = 8.8 ± 3.8, mean ± SD) and 5 adult male groups
(n = 11; age = 9.2 ± 4.2, mean ± SD) were used. All groups were located in independent
paddocks of a similar size (~0.25 ha each), within an area of approximately 1.4 ha. Each
paddock had trees, feeders, and a water reservoir, and was covered by pasture. Paddocks
were also connected to a roofed shelter (25 m2, which they had free access to during the
night) with handling facilities, including a squeeze. Animals grazed on pasture and were
supplemented with a fixed amount of alfalfa hay and a ration formulated for antelopes
daily. All individuals were identified by ear tags and microchips. Animals were habituated
to the presence of humans. For each individual and each season, hair samples were taken
and hair color was determined as described below.

2.2. Hair Sampling and Cortisol Extraction and Determination

Procedures followed the methods reported by Tallo-Parra et al. [38]. Hair samples
were collected from the shoulder and rump (Figure 1). Briefly, animals were handled in a
restraint device (squeeze), to which they were accustomed since it was used for the zoo’s
own veterinary procedures. The procedure took 11.9 ± 0.3 min and was not invasive or
painful. Except for procedures for this study, animals were not handled during the rest
of the experimental period. For hair collection, an electric hair clipper (A6 slim, Oster,
USA) with a 0.2 mm trimmer size was used. Each area was approximately 10 × 10 cm. All
samples were individually stored in zip-lock plastic bags and were maintained at room
temperature and in the dark until laboratory processing.

Approximately 50 mg of hair was placed in a 15 mL conical falcon tube and washed
by adding 2.5 mL of isopropanol (2-propanol 99.5%, Sharlab), undergoing shaking at
1800 r.p.m. for 2.5 min. The supernatant was separated by decantation. This procedure was
repeated twice, completing a total of three washes. Subsequently, the hair samples were
dried for ~36 h at room temperature. Once dried, samples were cut into <2 mm length
pieces using a hair clipper, and 50 mg of hair was weighed and placed in a 2 mL Eppendorf
tube. To extract cortisol, 1.5 mL of pure methanol was added to each tube, which was
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shaken at 100 rpm for 18 h at 30 ◦C. Subsequently, the samples were centrifuged at 7000× g
for 2 min, and 0.750 mL of the supernatant was transferred to a new 2 mL Eppendorf tube,
which was kept in an oven at 38 ◦C for 24 h. Once the methanol was completely evaporated,
the dry extracts were reconstituted with 0.2 mL EIA buffer provided by the EIA test kit
(Cortisol ELISA EQUIPMENT; Neogen® Corporation, Ayr, UK) and each tube was shaken
for 30 s. Immediately after finishing the aforementioned procedure, samples were stored
at −20 ◦C until analysis. Hair cortisol concentrations were determined using cortisol EIA
detection kits (Neogen® Corporation Europe, Ayr, UK). For low (0.8 pg/mL) and high
concentration controls (4 pg/mL), intra-assay correlation coefficients were less than 10%
and the inter-assay coefficients of variation were less than 13%.
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Figure 1. Images of male (A,B) and female (C,D) Addax nasomaculatus in the summer (A,C) and
winter (B,D) seasons housed at the Parque Lecocq zoo, Montevideo, Uruguay. Red dotted circles
indicate the shoulder region and blue dotted circles indicate the rump region from which hair samples
were obtained.

2.3. Hair Color

Hair color was determined using a colorimeter (Minolta CR10, Minolta Camera Co.,
Osaka 541, Japan). According to the recommendations of the Commision Internationales
de I’Éclairage [39], the results are reported as follows: Lightness (L*): from 10 = blackness
to 100 = whiteness; yellowness (b*): from blue (negative value) to yellow (positive value);
redness (a*): from green (negative value) to red (positive value). Color was recorded in
triplicate for the rump and shoulder.

2.4. Statistical Analysis

Data were analyzed using the GLIMMIX procedure of SAS OnDemand for Academics
(v. 3.1.0, SAS Institute Inc., Cary, NC, USA). A repeated-measure analysis of variance
was performed for each variable. The type of distribution of the variable was included
in the model of the GLIMMIX procedure. Hair cortisol concentration had a lognormal
distribution, and color parameters had a normal (Gaussian) distribution. The fixed effects
for hair cortisol concentration and hair color parameters were sex, season, body site, and
their interactions. The individual was considered a random effect. Differences were
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considered significant with p values ≤ 0.05. A trend was considered when p values were
between 0.05 and 0.10. The results are expressed as the mean ± standard error of the
mean (SEM).

3. Results
3.1. Hair Cortisol Concentration

Males had a higher hair cortisol concentration than females (1.03 ± 0.05 pg/mg
vs. 0.91 ± 0.05 pg/mg, p = 0.016, respectively). There was a significant effect of season
(p < 0.0001) on hair cortisol concentration: the lowest values were recorded in autumn,
increasing with maximum concentrations in summer (Figure 2). There was a significant
interaction between sex and season (p < 0.0001). In spring, males had higher hair cortisol
concentrations than females (Figure 2). In males, hair cortisol concentration increased from
winter to spring (p < 0.0001), while concentrations did not differ between these seasons in
females. In addition, cortisol concentrations increased from spring to summer for females
(p < 0.0001), but not for males. No significant effects on hair cortisol concentrations were
observed in terms of body site (p = 0.22), interactions between body site and sex (p = 0.57),
or the combined effect of body site, sex, and season (p = 0.11).
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Figure 2. Changes in THI (temperature and humidity index) (A), maximum, average, and minimum
temperature (B), and hair cortisol concentration (mean ± sem) (C) in female and male Addax naso-
maculatus according to season of the year. Different subscript letters denote statistical differences
between seasons (p < 0.05). Asterisks represent significant differences (p < 0.0001) between sexes
within season.

3.2. Hair Color Parameters

The effects of sex, body site, and season on hair color parameters are shown in Table 1.
The parameters L* and a* were affected by sex, with females showing higher values than
males (Table 1). Sex did not affect the parameter b* of hair color.



Ruminants 2024, 4 285

Table 1. Colorimetric parameters (L*, b*, and a*) in hair according to sex, body site, and season in
Addax nasomaculatus kept in captivity in Uruguay.

Biological Effect Evaluated
Characteristics L* b* a*

Sex Female 74.72 ± 0.40 11.72 ± 0.17 −11.99 ± 0.28
Male 73.02 ± 0.46 11.94 ± 0.20 −13.53 ± 0.33

p value 0.010 0.422 0.001
Body site Shoulder 74.23 ± 0.43 11.80 ± 0.18 −12.98 ± 0.30

Rump 73.51 ± 0.42 11.86 ± 0.18 −12.54 ± 0.31
p value 0.241 0.803 0.314
Season Autumn 73.55 ± 0.56 a 11.41 ± 0.24 a −17.26 ± 0.43 a

Winter 70.37 ± 0.55 b 13.34 ± 0.24 b −15.34 ± 0.41 b
Spring 75.19 ± 0.56 ac 11.68 ± 0.25 a −4.51 ± 0.43 c

Summer 76.39 ± 0.53 c 10.92 ± 0.23 a −13.94 ± 0.41 d
p value <0.0001 <0.0001 <0.0001

Lightness (L*): from 10 = blackness to 100 = whiteness; yellowness (b*): from blue (negative value) to yellow
(positive value); redness (a*): from green (negative value) to red (positive value). Different letters indicate
differences between sexes, body sites, and seasons for the same parameter (p < 0.05).

Body site did not affect any color parameters, although all three parameters varied
across seasons (Table 1). For the L* parameter, the lowest value was found in winter and
the highest values in summer and spring, with no differences between them (Table 1).
The highest value of the b* parameter was found in winter compared with the remaining
seasons, with no differences among them (Table 1). For the a* parameter, the highest value
was recorded in spring and the lowest in autumn (Table 1).

There was a significant interaction between sex and season for the parameter L*
(p = 0.006), which was evidenced by higher values in females than in males during autumn
(76.01 ± 0.73 vs. 71.09 ± 0.85, p = 0.001), without differences between sexes in other
seasons. There was a significant interaction between sex and season for the parameter b*
(p = 0.03), which was evidenced by higher values in winter than in autumn in females
(13.68 ± 0.29 vs. 11.18 ± 0.32, p < 0.0001, respectively), but not in males.

The a* parameter varied with the interaction between sex and season (p < 0.0001). Its
value was higher in females than in males during spring (−1.54 ± 0.59 vs. −7.47 ± 0.62,
p < 0.0001, respectively), without differences between sexes in other seasons.

There was no significant effect of the interaction between sex and body site for any of
the three color parameters. For the parameters L* and a*, there was no interaction between
season and body site, or between season, sex, and body site.

For the b* parameter, there was an interaction between season and body site (p = 0.0167).
In the rump, the b* parameter decreased from winter to spring (13.62 ± 0.34 vs. 11.05 ± 0.34,
p < 0.0001, respectively), while it did not differ between these seasons in the shoulder.
This parameter presented a significant triple interaction between season, sex, and body
site (p = 0.0009). In = spring, unlike other seasons, the b* value was higher in the shoulder
than in the rump in females, but it did not differ in males (Figure 3). Furthermore, in the rump,
males had a higher b* value than females during spring, unlike the other seasons, where no
differences were found between sexes and body site (Figure 3).
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4. Discussion

This is the first study to assess hair cortisol concentration and hair color in Addax
nasomaculatus antelope. Both variables varied mainly according to sex and season of the
year, and hair color tones (parameters) varied differently between sex and season. Hair
cortisol concentration is used as a tool to assess chronic stress in animals [13,20,40]. Hence,
the observed cortisol changes, coupled with variations in hair color across seasons, sexes,
and body sites, may constitute important parameters in assessing the welfare of this species.

Hair cortisol concentrations varied between sexes, with higher values in male than
female addax. This observation coincides with previous reports on feral horses [41],
Egyptian mongoose [42], Siberian flying squirrels [43], and free-ranging black bears [27].
However, females had higher hair cortisol concentrations than males in marmots [44],
captive corral-housed baboons [45], snowshoe hares [46], common marmosets [47], Rocky
Mountain goats [48], pigs [49], and Polar bears [29]. Meanwhile, some studies did not
find differences in hair cortisol concentrations between sexes (e.g., Guinea baboons [30];
Canada lynx [50]). Thus, it appears that the relationship between hair cortisol concentration
and sex is species-specific, which highlights the importance of characterizing the effects
of sex on hair cortisol levels within a single species. Another factor to consider that
may also help explain the differences between different studies and species in the effect
of sex and hair cortisol concentrations is the reproductive status of the animals. For
example, Medill et al. [41] found that females possessing offspring had higher levels of
hair cortisol than those without. Moreover, other studies evaluated the reproductive
status of females (i.e., pregnancy or lactating condition) in relation to the reproductive
season. However, these studies found no effect of reproductive status on hair cortisol
concentrations [42,47,48]. The other studies did not evaluate the effect of reproductive
status on hair cortisol concentrations [27,29,30,43–46,49,50]. Although females were not
pregnant in our study, when compared to males, we excluded the possible effect of females
cycling on hair cortisol concentrations. Furthermore, within the same sexual group, social
factors such as hierarchy could influence hair variables. At the same time, these results
constitute a foundation for the further exploration of sex-based differences in cortisol
production and stress responses in addax.

Trajectories for hair cortisol concentration across seasons differed for each sex, with
spring emerging as a key season for these differences. As shown in Figure 2, cortisol in
males increased markedly between winter and spring and remained stable between spring
and summer. Meanwhile, in females, cortisol increased later than in males, reaching a
peak in the summer. The higher levels of hair cortisol in males observed in spring could
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be associated with seasonal variations in behavior. Hair cortisol concentration reflects
conditions experienced two or three months before sampling [14,21]. Therefore, the hair
cortisol concentrations of hair collected in spring would reflect the conditions experienced in
winter and early spring. According to Villagrán et al. [36], a higher frequency of aggressive
and marking behaviors occurs in winter in addax males in the same population. Therefore,
the increase in cortisol observed in spring in males (but not in females) could be associated
with increased intrasexual competition that occurred in the previous season.

Overall (for both sexes), hair cortisol concentrations peaked in summer, which may be
associated with environmental conditions and behavioral patterns. As shown in Figure 2,
in summer, both temperature and THI increased and reached maximum values. In the
spring and summer, male addax are seen lying and consuming water more frequently and
standing and ruminating less frequently than in other seasons [36]. At the same latitudes,
dairy cattle [37,51,52], show similar locomotor and feeding patterns in response to thermal
stress taking place in summer. It seems that, despite the multiple differences between
addax and dairy cattle (e.g., native habitat, human selection pressure), both bovidae species
share basic behavioral strategies to cope with heat stress. Therefore, seasonal patterns
of hair cortisol concentrations, together with the behavioral traits specifically described
in males [36], suggest that summer is a critical season concerning animal welfare. This
is an interesting observation considering that addax belongs to desertic African areas
characterized by high temperatures and that the species has been raised in Uruguay for
more than 30 years. In addition, it is known that dipterans such as Musca domestica and
Stomoxys calcitrans generate an important stress response in ruminants [53–55]. At Parque
Lecocq Zoo, Pérez-Sarasqueta [56] described the highest abundance of both diptera between
spring and late summer, which coincides with the highest hair cortisol concentrations.
Therefore, heat stress and external parasites, including diptera, would represent major
environmental factors explaining the seasonal pattern of stress response reported herein.
Thus, this study highlights hair cortisol concentrations as a valuable indicator of chronic
stress in addax, which allowed us to further explain the seasonal variation and identify
differences between sexes.

In relation to hair color, the most consistent effects were season and sex, and they
both impacted color parameters in different ways. Regardless of sex and body site, the
three color parameters varied with season. The coat was generally blacker and yellower in
winter and whiter in summer, i.e., L* and b* parameters -, while extreme intensities of green
and red (i.e., the a* parameter) were recorded in autumn and spring. These changes in coat
color pattern objectively measured as a function of season in addax coincide with previous
descriptive observations. It has been reported that during summer, the fur of the addax
is white, while in winter, it has a grayer cover and longer hair [57]. It has been suggested
that a whiter coating helps addax reflect the radiant heat and light sun during summer [57].
Similar patterns of seasonal color changes were associated with thermoregulation in other
species [58,59]. To the best of our knowledge, the way seasonal variations in coat color are
associated with thermoregulation is still unknown in ruminants.

Regardless of season and body site, female hair was whiter (higher L* values) and more
reddish (higher a* values) than that of males. Meanwhile, when considering the season,
female hair was whiter (L*) in autumn and more reddish (a*) in spring. Furthermore, unlike
males, female hair was more yellow (b*) in winter than in autumn. In summary, males
were darker (mainly in autumn) and less reddish (mainly in spring) than females.

As far as we know, differences in hair color between sexes have not been previously
evaluated in ruminant species. Caro and Mallarino [60] mention in their review that in
mammals, hair color is mainly influenced by social factors (such as position within the social
hierarchy) and hormonal levels. Because, in our experimental setting, addax were housed
in same-sex groups, the influence of hierarchy in explaining hair color differences between
genders may not be relevant. However, these differences could be associated with different
endocrine status between males and females [60]. Female (progesterone and estrogen) and
male (testosterone) sexual steroids play a differential role in the activity of melanocytes [61],
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which may determine differences in hair color. Coincidentally, in several deer species,
coat darkening may occur [62] and an increase in growth and activity of the apocrine
and sebaceous glands can be associated with an increase in testosterone concentrations
around the reproductive season [63]. Duncan and Goldman [64] reported that castration
in both female and male hamsters affected hair color, while chronic administration of
testosterone in castrated males attenuated hair color changes induced by photoperiod.
Additionally, estrogen increased hair pigmentation in female mice [65]. In 40-year-old
(or younger) humans, men have lower L* values (darker hair) than women of the same
age [66]. Therefore, given the information gathered from ruminants and other species,
it is possible to speculate that differences in hair color between sexes in addax could be
associated with differences in hormonal production, melanocyte activity, and/or skin
secretion. Furthermore, it is important to consider the potential role of sun-bleaching on
coat color during the different seasons, particularly the increase in white following summer
and spring. Although the experimental design of this study does not allow inferences
in this regard, it is important to take into account the possible role of sun exposure on
hair color.

5. Conclusions

In conclusion, hair cortisol concentration and hair color in addax varied mainly accord-
ing to sex and season of the year. Males had higher hair cortisol concentrations than females
in spring and high cortisol concentrations were evident in both sexes during summer. Males
had darker and greener hair color than females. Coats were blacker and yellower in winter
and whiter in summer and ranged from a greener shade in autumn to a redder tone in
spring. The changes in hair cortisol concentration and hair color according to sex and
season reported in this study are important factors to consider as markers of animal welfare
for this species, highlighting the warmer seasons as critical periods in the year.
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