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Abstract (Appleby & Hughes, 1997). Various methodolo-
gies exist to assess animal welfare status, includ-

The objective assessment of animal welfare is ing the monitoring of behavior and measurement of 
important for building consensus among people physiological parameters related to health and emo-
concerned with animals and for advancing our tional states (Fraser, 2008). Among these, a major 
understanding of animals in our care. The analysis approach is the analysis of physiological stress 
of physiological stress response using glucocor- response using glucocorticoids, the levels of which 
ticoids is one of the major approaches for animal often increase when animals face a stressor and 
welfare assessment. Recently, cortisol accumulated which are known to affect animal health in several 
in hair or other keratinous materials of animals has ways (Sapolsky, 2005; Squires, 2010). However, 
been considered as an indicator of the long-term from a welfare viewpoint, interpreting acute and 
activation of the hypothalamus-pituitary-adrenal mild stress varies among situations and research-
(HPA) axis. Particularly, there is evidence that hair ers. Acute stress arising from procedures inflicting 
cortisol (HC) can be used as a measure of the long- physical pain, separation from conspecifics, and 
term activation of the HPA axis in various mam- deprivation of food or essential environmental fac-
mals. This review discusses the utility and limita- tors for the species concerned are considered nega-
tions of HC analysis for welfare assessment, mainly tive for animal welfare. Nevertheless, mild stress, 
based on findings from captive chimpanzees living which is often observed when animals face appro-
in a sanctuary in Japan. First, the methodological priate and solvable challenges in their own environ-
and physiological perspectives of how to to obtain ment, is considered important in improving animal 
reliable results from HC analysis will be discussed; welfare (Meehan & Mench, 2007; Clark, 2017). 
and second, the potential of using HC analysis for There is greater consensus on how to interpret long-
welfare assessment will be reviewed. A series of term chronic stress, something that is commonly 
studies on captive chimpanzees show that HC is considered negative for animal welfare (Broom & 
useful for monitoring the effects of social manage- Johnson, 1993). Not only is it challenging for ani-
ment on the long-term stress levels in captive chim- mals to experience distress over a long period, but 
panzees. Although further studies are needed to also the long-term activation of the HPA axis can 
clarify the extent to which HC monitoring can help result in health deterioration such as neuronal cell 
us understand and improve animal welfare, applica- death, insulin resistance, muscle and bone atrophy, 
tion of HC analysis might be useful in investigating poor wound healing, hypertension, and even col-
similar issues in marine mammals. lapse of the immune system to the point of death 

(Reeder & Kramer, 2005). Therefore, understand-
Key Words: chimpanzee, Pan troglodytes, hair ing factors related to long-term stress is important 
cortisol, animal welfare, welfare assessment, for animal welfare, and the challenge is efficient 
social management assessment of long-term stress to achieve this goal.

Recently, cortisol levels accumulated in kerati-
Introduction nous materials have been considered an indicator 

of the long-term activation of the HPA axis (Russell 
Modern society requires ethical consideration for et al., 2012). Studies have analyzed cortisol level 
animals in our care. The objective assessment of in the hair of mammals (e.g., Macbeth et al., 2010; 
animal welfare is important for building consen- Fourie et al., 2015; Carlitz et al., 2016; Hamel 
sus among people concerned with animals and for et al., 2016; Mesarcova et al., 2017), feathers of 
advancing our understanding of animals in our care birds (Bortolotti et al., 2008), shed skins of snakes 
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(Berkvens et al., 2013), nails of humans (Izawa in male chimpanzees (Pan troglodytes) was 1.33 ± 
et al., 2015), skin of porpoises (Bechshoft et al., 0.06 cm/mo (N = 5). Another study in chimpanzees 
2015), and baleen of whales (Hunt et al., 2014). (Yamanashi et al., 2013) reported hair length of 
Among these studies, several provide direct and 5.86 ± 1.83 cm (mean ± SD). Therefore, for chim-
indirect evidence that cortisol that is accumulated panzees, the accumulation of cortisol over several 
in the hair of mammals represents the accumula- months can be detected using HC as a measure, 
tion of cortisol over a certain period of time. For although individual variations may exist.
example, Davenport et al. (2006) found that hair Some studies have reported the possibility of 
cortisol (HC) levels in rhesus macaques (Macaca local production of cortisol in hair follicles. Ito 
mulatta) are positively correlated with salivary et al. (2005) suggested that hair follicles include a 
cortisol levels, and HC showed an increase after functional equivalent of the HPA axis and can syn-
relocation. The induction of adrenocorticotropin thesize cortisol by stimulation of the corticotrophin- 
releasing hormone (ACTH) challenge resulted releasing hormone. Further, a later study found that 
in increased HC in chipmunks (Tamias striatus; keratinocyte can synthesize and activate cortisol 
Mastromonaco et al., 2014), Canadian lynx (Lynx in humans (Cirillo & Prime, 2011). Keckeis et al. 
canadensis; Terwissen et al., 2013), and dairy (2012) also suggested the possibility of local pro-
cattle (del Rosario et al., 2011). HC levels in dogs duction of cortisol in hair follicles of guinea pigs 
and cats were correlated with fecal glucocorticoid (Cavia porcellus) because only a small amount of 
metabolites (Accorsi et al., 2008). These studies systematically administered radioactive glucocor-
indicate that HC can indeed reflect the activation ticoids in blood were detected in guinea pig hair. 
of the HPA axis over certain periods of time. An Sharpley et al. (2009) showed a rapid increase 
additional benefit of using HC as a measure of the of HC in arm hairs in three men who underwent 
activation of HPA is that HC reflects free cortisol a 1-min cold stress test. Salaberger et al. (2016) 
levels in blood without being affected by changes showed that extensive brushing or dexamethasone 
in cortisol binding globulin (Russell et al., 2012). fluid administration on the skin surface resulted in 
However, some technical and theoretical issues to the increase of cortisol in sheep hairs.
the use of HC measurement for welfare assess- Some studies also suggested the possibilities of 
ment remain. This review discusses the utility and contamination from external sources. For example, 
limitations of HC analysis for welfare assessment Russell et al. (2014) analyzed cortisol concentra-
based mainly on findings from captive chimpan- tion in human sweat and found levels comparable 
zees (Yamanashi et al., 2013, 2016a, 2016b, in to those in saliva. They also found that conven-
press). Advances in HC measurement in terrestrial tional washing methodology may not be effective 
mammals may have implications for hormone in decreasing the levels. However, more recently, 
measurement in hair and skin of marine mam- Grass et al. (2015), studying the effects of sweat 
mals, and it may also play a role in their welfare on HC levels in humans, found that sweat-induc-
assessment. ing challenges did not increase cortisol levels in 

human hair. Non-human mammals have fewer 
Methodological and Physiological Issues eccrine sweat glands in comparison to humans, 

but some species have the gland (Whitford, 1976; 
Hair Incorporation Folk & Semken, 1991); thus, sweat might have 
Most previous studies have indicated that HC accu- some influences on HC. Macbeth et al. (2010) 
mulates from blood during the growth phase in fol- found that contaminants, such as blood, urine, and 
licles (Gow et al., 2010; Russell et al., 2012)and, feces that could affect HC measurement in grizzly 
thus, can act as a retrospective marker of the activa- bears (Ursus arctos), can be removed by washing. 
tion of the HPA axis during the hair growth period. My earlier studies, in agreement with most stud-
This hypothesis is based on findings showing the ies, utilized alcohol solvent (e.g., isopropanol) for 
positive correlation between HC and cortisol mea- the removal of the external confounding substances 
sures from other sources (e.g., blood, saliva, urine, (Kroshko et al., 2017). This type of procedure is 
and feces) and on the above-mentioned experimen- imperative to get reliable results. In summary, 
tal studies testing the effects of ACTH challenge although the usefulness of HC as a measure of the 
on HC levels. In addition, several studies have also long-term activation of HPA axis is being accepted, 
reported that factors known to increase cortisol, in further studies are needed to confirm sources of 
general, also increase HC levels in various animals, cortisol in hair other than accumulation from blood.
including humans. These factors include relocation 
(Davenport et al., 2006; Dettmer et al., 2014), eco- Stability and Degradation of HC
logical disturbance (Fourie et al., 2015), and preg- I did not find any evidence of the degradation of HC 
nancy (Kirschbaum et al., 2009). In my previous according to hair shaft in a previous study because 
study (Yamanashi et al., in press), hair growth rate of the absence of any systematic decrease in cortisol 
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levels from proximal to distal parts of hair shafts the source of hair on the body, hair color, and on 
(Yamanashi et al., 2013). Furthermore, in the labora- certain procedures (Yamanashi et al., 2013, 2016b). 
tory setting, I did not find any change in the corti- Hair obtained from the side of the body contained 
sol level in hair kept at ambient temperature for 2 y. more cortisol than that obtained from the arm in 
These results are consistent with those of previous chimpanzees. HC concentration in samples obtained 
studies indicating the stability of HC in archaeologi- from similar body parts did not significantly differ. 
cal human hair (Webb et al., 2010) and polar bears Differences in HC level based on body region 
(Ursus maritimus; Bechshoft et al., 2012). The sta- have been reported in another study of chimpan-
bility of HC is one advantage in comparison to other zees (Carlitz et al., 2015) and some other species 
media for cortisol analysis. Although my previous (Macbeth et al., 2010; Terwissen et al., 2013; Fourie 
studies reported the stability of HC over a relatively et al., 2016). Nevertheless, I also found that differ-
long period, Carlitz et al. (2016) have found degra- ences of HC between proximal and distal segments 
dation effects in the hair of wild chimpanzees. HC of hair obtained from arm hair and that obtained 
level showed a systematic decrease along the hair from the side of the body were significantly corre-
shaft in the hair of wild chimpanzees, and hair found lated (Yamanashi et al., 2016b), suggesting that we 
in their old beds showed decreased cortisol levels. can obtain reliable information by sampling similar 
However, they found only negligible differences in body parts, even though absolute hair cortisol con-
the hair of zoo chimpanzees (Carlitz et al., 2015). centrations differ across different body regions. I 
This is consistent with results of my previous study also found that HC levels from white hairs were sig-
(Yamanashi et al., 2013) in which my coauthors and nificantly higher than those from black hairs. Such 
I analyzed the hair of captive chimpanzees and found differences based on hair color have also been found 
no such degradation effect over time. Precipitation in dogs (Bennett & Hayssen, 2010).
or sunlight may have caused the degradation in HC In terms of technical factors, I found that the 
in samples from wild chimpanzees. Previous studies fineness to which the hair is homogenized before 
have suggested that washing (Hamel et al., 2011) and extraction, the extraction time, and the size of hair 
light radiation (Grass et al., 2016) affect HC levels. samples were sources of variation. In my studies, I 
In captive settings, chimpanzees can protect them- used a homogenizer to grind the hair. The finer the 
selves from strong sunlight and rain. Therefore, at hair sample, the higher the HC level obtained and 
least in captivity, HC levels appear to be stable for that longer extraction times resulted in higher HC 
a long period of time, although caution is required levels. I also found that HC levels assessed from dif-
here because environmental characteristics may vary ferent sample weights showed significant variation: 
in each situation. levels obtained from small samples (< 5 mg) were 

significantly higher than those obtained from larger 
Effects of Age and Sex samples (> 5 mg), leading us to use hair samples of 
I found no age-related effects on HC in captive at least 5 mg (preferably > 10 mg).
chimpanzees (age range 5 to 44 y; Yamanashi From the results of the studies, I recommend 
et al., 2016a), although some studies have found that hair should be collected from a consistent 
such effects in other species of primates—rhesus location on the body, that hair of a consistent color 
macaques (Dettmer et al., 2012), vervet monkeys should be selected, and that close attention should 
(Chlorocebus aethiops; Laudenslager et al., 2012), be paid to technical factors when performing HC 
and baboons (Papio anubis and P. hamadryas; analysis with enzyme immunoassays.
Fourie et al., 2015a). These studies included younger 
individuals than those in my study (Yamanashi Application to Welfare Assessment
et al., 2016a). The fact that my study did not include 
infants may explain why no age-related effects were In previous studies, my colleagues and I have used 
observed. Sex significantly influences HC levels in HC to assess the effects of relocation and of the 
captive chimpanzees, with hair from males contain- captive social environment on the long-term stress 
ing significantly more cortisol than hair from females level of chimpanzees living in the Kumamoto 
(Yamanashi et al., 2016a). Sanctuary (KS), Kyoto University, Japan. Estab-

lished in 2007, KS was the first chimpanzee sanc-
Effects of Technical Factors: Recommendation to tuary in Japan, having been previously known as 
Obtain Reliable Results Chimpanzee Sanctuary Uto in 2011 when the insti-
HC analysis involves various steps prior to immu- tution was passed to Kyoto University from the 
noassay such as sample collection, washing, grind- Sanwa Kagaku Research Institute (for more infor-
ing, and extracting and drying the hormone. Each of mation, read Morimura et al., 2010). KS accommo-
these factors may potentially contribute to variations dates ex-laboratory chimpanzees and chimpanzees 
in cortisol measurement. In my previous studies, I considered surplus in Japanese zoos. It promotes 
found that HC concentration varies depending on the social life of chimpanzees, and three types 
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of social group have been formed: (1) all males, chimpanzees are aggressive (Wilson et al., 2014); 
(2) single male with multiple females, and (3) mul- hence, keeping several adult males in a captive 
tiple males with multiple females. In addition to the environment alongside females often results in 
lifelong care of chimpanzees and bonobos at KS, escalated aggression. As a result, surplus males 
non-invasive research (e.g., cognitive, behavioral, emerge, and unnatural social compositions, such 
endocrinological, and genetic) is conducted. as all-male groups, are sometimes formed to solve 

I conducted HC analysis for the welfare assess- the problem of “surplus” animals. Furthermore, in 
ment of these sanctuary-dwelling chimpanzees. human and non-human animals, social relation-
Using scissors, caretakers or researchers who were ships can have both positive and negative con-
familiar with the subject chimpanzees cut arm hair sequences, depending on the circumstances and 
samples. Most hair samples were taken when the quality of the relationship (Hennessy et al., 2009). 
subjects were completely awake; few samples were Because social relationships are unpredictable and 
collected during a health checkup under anesthesia. can affect animal welfare over a long period of 
I could collect samples as described from all chim- time, social management plays a role in maximiz-
panzees housed at the sanctuary during the study ing the positive effects while reducing the stress 
period. derived from them. However, little is known 

regarding the effects of social relationships on 
Effects of Relocation long-term stress levels in captive chimpanzees. 
In 2012, eight chimpanzees (two males and six HC assay has enabled us to investigate this link 
females) were transferred to the KS as a result with a view to better understanding the social 
of institutional closures. Arm hair samples were management of captive chimpanzees.
collected from these eight chimpanzees twice In my first study on this subject, my colleagues 
prior to and seven times after relocation, and HC and I assessed HC levels in six male chimpanzees 
levels were measured (Yamanashi et al., 2016a). living in all-male groups to investigate any rela-
I found that HC levels in the first year after relo- tionship with aggressive interactions and found that 
cation were significantly higher than those before HC levels were positively correlated with the level 
relocation or in the second year after relocation. of aggression received (Yamanashi et al., 2013). 
Although all chimpanzees exhibited these signifi- This finding was replicated in subsequent studies—
cant changes, there were individual differences in one with a larger sample size of 58 chimpanzees 
their reactions to relocation, possibly due to social (Yamanashi et al., 2016a) and another involving a 
factors. The alpha male did not show changes in different social group that included 11 male chim-
HC levels, whereas another male, the subject of panzees (Yamanashi et al., in press). In these stud-
aggressive behavior, showed the highest increase ies, I also investigated any association between the 
in HC levels. The timing of the increase in these rate of initiating aggression and HC levels, but the 
levels in the subordinate male corresponded to results were mixed with negative correlation or no 
periods of heightened aggression. Thus, not only significant correlation. I also found sex differences 
relocation but also social factors appear to influ- in the relationship between aggression and HC. 
ence changes in HC concentration. In females, no significant association was found 

between aggression received and HC, whereas a 
Effects of Social Environment on Long-Term positive correlation was found between the rate of 
Stress Level in Captive Chimpanzees initiating aggression and HC. Males and females 
Providing an opportunity to live in a social group might differ in the reaction to aggression because 
is one of the most important aspects for captive they have different sociality both in the wild and 
care and management of chimpanzees because in captive situations. This might be one reason 
they are gregarious animals. Previous studies why HC levels are higher in males than in females. 
have reported the negative impact of isolation Other factors, such as early rearing conditions and 
on primates (Suomi, 1997; Kalcher et al., 2013; social group formation, may also influence HC 
Freeman & Ross, 2014; Kalcher-Sommersguter levels. Thus far, I have not found any evidence that 
et al., 2015). Additionally, social interactions with chimpanzees in all-male groups show higher stress 
bonded individuals have stress-reducing effects in responses than those in mixed-sex social groups, 
wild chimpanzees (Wittig et al., 2016). However, although an all-male group formation has not been 
social management is one of the most difficult observed in the wild.
aspects of captive management (Bloomsmith & Various types of social interaction, in addition 
Baker, 2001; Fritz & Howell, 2001; Morimura to aggression, exist among chimpanzees. A recent 
et al., 2010). Although the formation of complex study of wild chimpanzees in Budongo Forest, 
social groups comparable to those of wild groups Uganda, found that grooming with bonding part-
is recommended, this can sometimes result in ners can have a stress-reducing effect as observed 
undesirable consequences. For example, male in the reduction of the urinary glucocorticoids 
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level after grooming (Wittig et al., 2016). Another have focused on the local production of cortisol 
study suggested that factors such as the availabil- in hair follicles and on changes in HC levels, and 
ity of social support possibly influence the rela- further investigation is needed to clarify the actual 
tionship between social status and measures of pathways of the incorporation of cortisol into hair. 
stress physiology (Abbott et al., 2003). Therefore, My studies in captive chimpanzees support the 
understanding how affiliative relationships affect view that HC levels reflect the long-term activation 
long-term stress responses is important. I inves- of the HPA axis and, therefore, are useful to moni-
tigated the relationship between affiliative social tor stress in this species. I found that HC increased 
behaviors and HC in 11 male chimpanzees living after the relocation and the positive correlation 
in an all-male group and found a significant cor- between HC and the rate of receiving aggression in 
relation between the rate of receiving aggression male chimpanzees three times, so far. Additionally, 
and the Grooming Balance Index (GBI) calculated my studies illustrate the contribution of social fac-
by subtracting the rate at which grooming is given tors to the long-term accumulation of cortisol in 
from that at which it is received. Furthermore, captive chimpanzees. I believe that these are par-
GBI and HC showed a significant negative corre- ticularly useful for monitoring the effects of social 
lation, indicating that individuals receiving higher management. 
levels of aggression show skewed patterns of The marine mammals also possess complex 
social grooming in which they have to invest their social systems like chimpanzees. Several studies 
time in giving grooming while often not receiv- showed that their cognitive skills are comparable 
ing the same from others. Situations like these with those of great apes (Clark, 2013). Social life 
may cause long-term elevation in cortisol levels with multiple conspecifics is not only essential 
in such individuals. Although my previous study for gregarious animals behaviorally, physiologi-
found that mutual social grooming indicates an cally, and psychologically, but could also allow 
affiliative relationship (Yamanashi et al., 2018), them great opportunities to exert these cognitive 
the rate of mutual social grooming was not related skills. Dolphins are known to show similar social-
to HC levels. Neither social play nor the rate of ity as chimpanzees and often benefit from living 
giving and receiving social grooming showed a with conspecifics (Connor, 2000). For example, 
significant association with HC levels. bottlenose dolphins (Tursiops truncatus), one of 

Taking the results of the above-mentioned stud- the most prevalent marine mammals in captivity 
ies as a whole, social relationships affect long-term (Clark, 2013), live in a multi-male and multi-
stress levels in captive chimpanzees. Not only female, fission–fusion society, where the group 
aggressive interactions but also overall social situ- members often change. Chimpanzee societies 
ations might be related to an increase in stress over also share such characteristics and utilize tactics 
a long period of time. Aggression and incompatible to live in a physically and temporally complex 
combinations of individuals are often inevitable society. Therefore, the Association of Zoos and 
in captive chimpanzee groups, particularly large Aquariums (AZA) recommends that the social 
groups. Therefore, decisions on group formation groups be comprised of at least three adult males, 
should be made by considering the situation of each five adult females, and several immature indi-
chimpanzee to ensure that each individual can have viduals (AZA Ape Taxon Advisory Group, 2010). 
balanced relationships with others. In the KS, staff Further, KS recommends groups of at least five 
were aware of this and rotated the members of the chimpanzees, including multiple adult males if 
all-male group to prevent escalated aggression (par- conditions permit (Morimura et al., 2010). Still, 
ticularly directed toward immigrant individuals) providing a complex social environment and 
and subsequent excessive stress. The groups were opportunities for interacting with conspecifics is 
occasionally provided with opportunities to split one of the most challenging issues in chimpanzee 
up so that individuals could maintain an appropri- welfare science.
ate distance from each other. Despite this, social Similar to wild dolphins, captive dolphins 
situations strongly influenced stress levels, particu- require a complex social environment, and these 
larly in male chimpanzees. Future studies exploring social relationships may influence their welfare 
additional ways to ameliorate stress deriving from states. Some discussion regarding the social man-
the social environment are required. agement of captive chimpanzees may be applica-

ble to that of captive dolphins. As with chimpan-
General Discussion zees, social environment could also be a source of 

stress in marine mammals. For example, Waples 
Results of this and other relevant studies provide & Gales (2002) discussed the possible influence 
direct and indirect evidence that HC can be used as of social stress on the illness and death of bottle-
a measure of the long-term activation of the HPA nose dolphins in the aquarium setting. According 
axis in various mammals. However, some studies to them, the changes in social relationship and 
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interactions is a potential source of stress. Thus, it 
is imperative to regulate such stress to maintain the 
physical and mental health of animals. Monitoring 
stress derived from the social environment is one 
of the crucial steps in achieving this goal. 

In some captive situations, we have to consider 
the social group formation, which was not observed 
in wild habitats. With chimpanzees, all-male 
grouping is one such example, and my co-authors 
and I checked the effects of such group formation 
in the previous study. The results confirmed that 
there were no adverse effects present since HC 
levels did not increase in captive male chimpan-
zees living in all-male groups. Shepherdson et al. 
(2013) conducted a multi-institutional study for 
exploring the variables that could potentially be 
associated with the welfare of zoo-housed polar 
bears. One of the potential factors responsible 
for the reduction in the occurrence of stereotypic 
behaviors is the negative correlation between the 
number of bears housed together and the rate of 
stereotypy. Wild polar bears spend most of their 
time in solitary. However, in captivity, they may 
benefit from the company of other compatible 
individuals. The above evidence suggests the need 
for further research focusing on the importance of 
optimal social environment for marine mammals. 
Incorporating stress assessment using hormones 
in hair and skin allows researchers to explore such 
important welfare issues. 

There are strengths and limitations to the use 
of HC as a measure of long-term stress (Table 1). 
Compared with cortisol in other sample types 
(e.g., blood, urine, saliva, and feces), HC is very 
stable, at least in captive settings, which gives hair 
a great advantage as a marker of long-term stress. 
In addition, the need to sample at the time of stress 
is avoided, allowing researchers to retrospectively 

sample. Thus, we might be able to check the effects 
of husbandry changes or any other welfare-related 
factors after the event. Collecting other types of 
samples multiple times from group-living animals 
is often difficult, and because the collection of hair 
is non-invasive, the technique is less stressful to 
the animals concerned. However, limitations exist 
in estimating the exact time period of stress expo-
sure. In humans, it is often assumed that hair has 
a fairly predictable growth rate; but in my studies 
on chimpanzees, individual variations in the rate 
of hair growth were observed. Additionally, a few 
millimeters of hair lie beneath the skin surface, 
and the time lag for its emergence needs to be con-
sidered (Russell et al., 2012). These factors create 
a difficulty in estimating the exact time period 
when the animals faced stressors. Furthermore, 
the possibility of cortisol degradation due to pre-
cipitation and sunlight must be considered as sug-
gested from studies of wild populations of chim-
panzees and in vitro experiments. It would be 
particularly important to consider these factors if 
this technique was applied to estimate hormones 
in hair or skin of marine animals because these 
animals are more exposed to water and possibly 
sunlight, dependent on species and habitats. 

Although cortisol was the main target of my 
studies, it is also possible to quantify other types 
of steroid hormones from hair such as testoster-
one, estrogen, and progesterone. Furthermore, 
some studies also included stable isotope analysis 
to understand nutritional status (Bryan et al., 2013; 
Webb et al., 2014). Hair can be a useful source of 
information for understanding animal physiology. 
Some studies have used the technique to estimate 
the reproductive status of wild animals and investi-
gate the underlying mechanism of the relationship 
between long-term stress and environment (Bryan 

Table 1. Summary of the characteristic comparisons of cortisol measurement between hair and other matrices

Other  
(Blood, urine, saliva, and feces) Hair

Validity High Moderate (evidence accumulated  
but requires more studies)

Stability Low High (easy storage)

Duration of stress Short Long (several months in chimps)

Time resolution High Low

Variability Low to high High (e.g., body regions and color)

Diurnal change Yes No

Reproducibility Low to high High

External influence Low to high Possibly (e.g., precipitation and UV)

Age and sex Yes Yes
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et  al., 2013; Terwissen et al., 2014; Tennenhouse 
et  al., 2017). A recent study reported variable 
effects of sunlight on the levels of different types 
of steroid hormones (Grass et  al., 2016). Future 
studies are needed to confirm the utility of hair as a 
means to quantify other types of steroid hormones.

The above-mentioned points are important in 
answering the question, “Do HC levels indeed 
reflect the long-term accumulation of corti-
sol?” To completely answer the question, “Is 
HC useful for animal welfare assessment?,” we 
need more understanding regarding the potential 
link between HC and other indicators of welfare, 
such as fitness, in animals. Bonier et  al. (2009) 
reviewed the available research to investigate the 
link between baseline glucocorticoid levels and 
fitness in wild animals. They found that although 
several studies supported the view that high 
cortisol levels indicate the poor condition and 
decreased fitness of an individual or population 
(Cort-fitness hypothesis), other studies indicated 
the opposite or no relationship between corti-
sol and fitness. Because HC enables the estima-
tion of long-term stress, unlike previous studies, 
it might be suitable to test such a hypothesis in 
long-lived animals. Chimpanzees and marine 
mammals are long-lived, and understanding such 
fitness outcomes for these animals requires time. 
Investigations on this topic have recently begun: 
Rakotoniaina et al. (2017) found a negative cor-
relation between HC and survival probability in 
mouse lemurs (Microcebus murinus) in the wild. 
Thus far, I have a positive impression of HC as a 
measure for an efficient estimation of long-term 
stress levels in chimpanzees. However, further 
research is required to examine the effectiveness 
of HC as a means of welfare assessment.

Acknowledgments

The care of the chimpanzees and the studies described 
in this article were supported financially by grants 
from the Japan Society for the Promotion of Science 
(#13J04636, #17K17828, #25119008, #15H0579, 
#16H06301, #16H06283, JSPS-LGP-U04, and 
JSPS core-to-core CCSN). I thank my co-authors of 
my previous studies described in this article: Satoshi 
Hirata, Naruki Morimura, Migaku Teramoto, Juri 
Suzuki, Miho Inoue-Murayama, Gen’ichi Idani, 
Kodzue Kinoshita, and Misato Hayashi. I am also 
grateful to the following people and programs for 
their support of my studies: Yusuke Mori, Etsuko 
Nogami, Toshifumi Udono, Koki Fuwa, and the 
staff at the Kumamoto Sanctuary and Great Ape 
Research Institute and the Great Ape Information 
Network. Thanks are also due to Kasumi Sakakibara 
and Kimika Tsuji for invaluable discussion regard-
ing this manuscript.

Literature Cited

Abbott, D. H., Keverne, E. B., Bercovitch, F. B., Shively, 
C. A., Medoza, S. P., Saltzman, W., . . . Sapolsky, R. M. 
(2003). Are subordinates always stressed? A compara-
tive analysis of rank differences in cortisol levels among 
primates. Hormones and Behavior, 43(1), 67-82. https://
doi.org/10.1016/S0018-506X(02)00037-5

Accorsi, P. A., Carloni, E., Valsecchi, P., Viggiani, R., 
Garnberoni, M., Tarnanini, C., & Seren, E. (2008). Cortisol 
determination in hair and faeces from domestic cats and 
dogs. General and Comparative Endocrinology, 155(2), 
398-402. https://doi.org/10.1016/j.ygcen.2007.07.002

Appleby, M. C., & Hughes, B. O. (1997). Animal welfare. 
Wallingford, UK: CAB International.

Association of Zoos and Aquariums (AZA) Ape Taxon 
Advisory Group. (2010). Chimpanzee (Pan troglodytes) 
care manual. Silver Spring, MD: AZA.

Bechshoft, T. O., Riget, F. F., Sonne, C., Letcher, R. J., Muir, 
D. C., Novak, M. A., . . . Dietz, R. (2012). Measuring 
environmental stress in East Greenland polar bears, 
1892-1927 and 1988-2009: What does hair cortisol tell 
us? Environment International, 45, 15-21. https://doi.
org/10.1016/j.envint.2012.04.005

Bechshoft, T., Wright, A. J., Weisser, J. J., Teilmann, 
J., Dietz, R., Hansen, M., . . . Styrishave, B. (2015). 
Developing a new research tool for use in free-rang-
ing cetaceans: Recovering cortisol from harbour por-
poise skin. Conservation Physiology, 3(1). https://doi.
org/10.1093/conphys/cov016

Bennett, A., & Hayssen, V. (2010). Measuring cortisol in 
hair and saliva from dogs: Coat color and pigment dif-
ferences. Domestic Animal Endocrinology, 39(3), 171-
180. https://doi.org/10.1016/j.domaniend.2010.04.003

Berkvens, C. N., Hyatt, C., Gilman, C., Pearl, D. L., Barker, 
I. K., & Mastromonaco, G. F. (2013). Validation of a shed 
skin corticosterone enzyme immunoassay in the African 
house snake (Lamprophis fuliginosus) and its evaluation 
in the Eastern Massasauga rattlesnake (Sistrurus catena-
tus catenatus). General and Comparative Endocrinology, 
194, 1-9. https://doi.org/10.1016/j.ygcen.2013.08.011

Bloomsmith, M., & Baker, K. C. (2001). Social manage-
ment of captive chimpanzees. In L. Brent (Ed.), The care 
and management of captive chimpanzees (pp. 205-242). 
San Antonio, TX: American Society of Primatologists.

Bonier, F., Martin, P. R., Moore, I. T., & Wingfield, J. C. 
(2009). Do baseline glucocorticoids predict fitness? 
Trends in Ecology and Evolution, 24(11), 634-642. 
https://doi.org/10.1016/j.tree.2009.04.013

Bortolotti, G. R., Marchant, T. A., Blas, J., & German, 
T. (2008). Corticosterone in feathers is a long-term,  
integrated measure of avian stress physiology. Functional 
Ecology, 22(3), 494-500. https://doi.org/10.1111/j.1365-
2435.2008.01387.x

Broom, D. M., & Johnson, K. G. (1993). Stress and 
animal welfare. London: Chapman & Hall. https://doi.
org/10.1007/978-94-024-0980-2



208 Yamanashi

Bryan, H. M., Darimont, C. T., Paquet, P. C., Wynne-
Edwards, K. E., & Smits, J. E. G. (2013). Stress and 
reproductive hormones in grizzly bears reflect nutri-
tional benefits and social consequences of a salmon 
foraging niche. PLOS ONE, 8(11), e80537. https://doi.
org/10.1371/journal.pone.0080537

Carlitz, E. H. D., Kirschbaum, C., Miller, R., Rukundo, J., 
& van Schaik, C. P. (2015). Effects of body region and 
time on hair cortisol concentrations in chimpanzees (Pan 
troglodytes). General and Comparative Endocrinology, 
223, 9-15. https://doi.org/10.1016/j.ygcen.2015.09.022

Carlitz, E. H. D., Miller, R., Kirschbaum, C., Gao, W., 
Hänni, D. C., & van Schaik, C. P. (2016). Measuring hair 
cortisol concentrations to assess the effect of anthropo-
genic impacts on wild chimpanzees (Pan troglodytes). 
PLOS ONE, 11(4), e0151870. https://doi.org/10.1371/
journal.pone.0151870

Cirillo, N., & Prime, S. S. (2011). Keratinocytes synthesize 
and activate cortisol. Journal of Cellular Biochemistry, 
112(6), 1499-1505. https://doi.org/10.1002/jcb.23081

Clark, F. E. (2013). Marine mammal cognition and cap-
tive care: A proposal for cognitive enrichment in zoos 
and aquariums. Journal of Zoo and Aquarium Research, 
1(1), 1-6.

Clark, F. E. (2017). Cognitive enrichment and welfare: 
Current approaches and future directions. Animal Behavior 
and Cognition, 4(1), 52-71. https://doi.org/10.12966/abc. 
05.02.2017

Connor, R. C. (2000). Group living in whales and dolphins. 
In J. Mann, R. C. Connor, P. L. Tyack, & H. Whitehead 
(Eds.), Cetacean societies: Field studies of dolphins and 
whales (pp. 199-218). Chicago: University of Chicago 
Press.

Davenport, M. D., Tiefenbacher, S., Lutz, C. K., Novak, 
M. A., & Meyer, J. S. (2006). Analysis of endogenous 
cortisol concentrations in the hair of rhesus macaques. 
General and Comparative Endocrinology, 147(3), 255-
261. https://doi.org/10.1016/j.ygcen.2006.01.005

del Rosario, G. V., Valdez, R. A., Lemus-Ramirez, V., 
Vázquez-Chagoyán, J. C., Villa-Godoy, A., & Romano, 
M. C. (2011). Effects of adrenocorticotropic hormone 
challenge and age on hair cortisol concentrations in 
dairy cattle. Canadian Journal of Veterinary Research, 
75(3), 216-221.

Dettmer, A. M., Novak, M. A., Meyer, J. S., & Suomi, 
S. J. (2014). Population density-dependent hair cortisol 
concentrations in rhesus monkeys (Macaca mulatta). 
Psychoneuroendocrinology, 42, 59-67. https://doi.org/ 
10.1016/j.psyneuen.2014.01.002

Dettmer, A. M., Novak, M. A., Suomi, S. J., & Meyer, J. S. 
(2012). Physiological and behavioral adaptation to relo-
cation stress in differentially reared rhesus monkeys: Hair 
cortisol as a biomarker for anxiety-related responses. 
Psychoneuroendocrinology, 37(2), 191-199. https://doi.
org/10.1016/j.psyneuen.2011.06.003

Folk, G. E., Jr., & Semken, A., Jr. (1991). The evolution of 
sweat glands. International Journal of Biometeorology, 
35(3), 180-186. https://doi.org/10.1007/BF01049065

Fourie, N., Jolly, C., Phillips-Conroy, J., Brown, J., & 
Bernstein, R. (2015a). Variation of hair cortisol concen-
trations among wild populations of two baboon species 
(Papio anubis, P. hamadryas) and a population of their 
natural hybrids. Primates, 56(3), 259-272. https://doi.
org/10.1007/s10329-015-0469-z

Fourie, N. H., Brown, J. L., Jolly, C. J., Phillips-Conroy, 
J. E., Rogers, J., & Bernstein, R. M. (2016). Sources 
of variation in hair cortisol in wild and captive non-
human primates. Zoology, 119(2), 119-125. https://doi.
org/10.1016/j.zool.2016.01.001

Fourie, N. H., Turner, T. R., Brown, J. L., Pampush, J. D., 
Lorenz, J. G., & Bernstein, R. M. (2015b). Variation in 
vervet (Chlorocebus aethiops) hair cortisol concentrations 
reflects ecological disturbance by humans. Primates, 56(4), 
365-373. https://doi.org/10.1007/s10329-015-0486-y

Fraser, D. (2008). Understanding animal welfare: The science 
in its cultural context. Chichester, UK: Wiley Blackwell.

Freeman, H. D., & Ross, S. R. (2014). The impact of atypi-
cal early histories on pet or performer chimpanzees. 
PeerJ, 2, e579. https://doi.org/10.7717/peerj.579

Fritz, J., & Howell, S. (2001). Captive chimpanzee social 
group formation. In L. Brent (Ed.), The care and 
management of captive chimpanzees (pp. 173-204). 
San Antonio, TX: American Society of Primatologists.

Gow, R., Thomson, S., Rieder, M., Van Uum, S., & 
Koren, G. (2010). An assessment of cortisol analysis 
in hair and its clinical applications. Forensic Science 
International, 196(1-3), 32-37. https://doi.org/10.1016/j.
forsciint.2009.12.040

Grass, J., Kirschbaum, C., Miller, R., Gao, W., Steudte-
Schmiedgen, S., & Stalder, T. (2015). Sweat-inducing phys-
iological challenges do not result in acute changes in hair 
cortisol concentrations. Psychoneuroendocrinology, 53, 
108-116. https://doi.org/10.1016/j.psyneuen.2014.12.023

Grass, J., Miller, R., Carlitz, E. H. D., Patrovsky, F., Gao, 
W., Kirschbaum, C., & Stalder, T. (2016). In vitro  
influence of light radiation on hair steroid concentra-
tions. Psychoneuroendocrinology, 73, 109-116. https://
doi.org/10.1016/j.psyneuen.2016.07.221

Hamel, A. F., Meyer, J. S., Henchey, E., Dettmer, A. M., 
Suomi, S. J., & Novak, M. A. (2011). Effects of sham-
poo and water washing on hair cortisol concentrations. 
Clinica Chimica Acta, 412(3-4), 382-385. https://doi.
org/10.1016/j.cca.2010.10.019

Hamel, A. F., Lutz, C. K., Coleman, K., Worlein, J. M., 
Peterson, E. J., Rosenberg, K. L., . . . Meyer, J. S. (2016). 
Responses to the Human Intruder Test are related to hair 
cortisol phenotype and sex in rhesus macaques (Macaca 
mulatta). American Journal of Primatology, 79(1), 1-10. 
https://doi.org/10.1002/ajp.22526

Hennessy, M. B., Kaiser, S., & Sachser, N. (2009). Social 
buffering of the stress response: Diversity, mechanisms, 
and functions. Frontiers in Neuroendocrinology, 30(4), 
470-482. https://doi.org/10.1016/j.yfrne.2009.06.001

Hunt, K. E., Stimmelmayr, R., George, C., Hanns, C., 
Suydam, R., Brower, H., & Rolland, R. M. (2014). Baleen 
hormones: A novel tool for retrospective assessment of 



209Is Hair Cortisol Useful for Animal Welfare Assessment?

stress and reproduction in bowhead whales (Balaena 
mysticetus). Conservation Physiology, 2(1). https://doi.
org/10.1093/conphys/cou030

Ito, N., Ito, T., Kromminga, A., Bettermann, A., Takigawa, M., 
Kees, F., . . . Paus, R. (2005). Human hair follicles dis-
play a functional equivalent of the hypothalamic-pituitary- 
adrenal (HPA) axis and synthesize cortisol. FASEB Journal, 
19(10), 1332-1334. https://doi.org/10.1096/fj.04-1968fje  

Izawa, S., Miki, K., Tsuchiya, M., Mitani, T., Midorikawa, 
T., Fuchu, T., . . . Togo, F. (2015). Cortisol level mea-
surements in fingernails as a retrospective index of hor-
mone production. Psychoneuroendocrinology, 54, 24-30. 
https://doi.org/10.1016/j.psyneuen.2015.01.015

Kalcher, E., Franz, C., Crailsheim, K., & Preuschoft, S. 
(2013). Social competence of adult chimpanzees (Pan 
troglodytes) with severe deprivation history: A rela-
tional approach. International Journal of Comparative 
Psychology, 26, 135-157. 

Kalcher-Sommersguter, E., Preuschoft, S., Franz-Schaider, 
C., Hemelrijk, C. K., Crailsheim, K., & Massen, J. J. M. 
(2015). Early maternal loss affects social integration 
of chimpanzees throughout their lifetime. Scientific 
Reports, 5, 16439. Retrieved from www.nature.com/
articles/srep16439#supplementary-information; https://
doi.org/10.1038/srep16439

Keckeis, K., Lepschy, M., Schöpper, H., Moser, L., Troxler, J., 
& Palme, R. (2012). Hair cortisol: A parameter of chronic 
stress? Insights from a radiometabolism study in guinea 
pigs. Journal of Comparative Physiology B, 182(7), 985-
996. https://doi.org/10.1007/s00360-012-0674-7

Kirschbaum, C., Tietze, A., Skoluda, N., & Dettenborn, L. 
(2009). Hair as a retrospective calendar of cortisol produc-
tion—Increased cortisol incorporation into hair in the third 
trimester of pregnancy. Psychoneuroendocrinology, 34(1), 
32-37. https://doi.org/10.1016/j.psyneuen.2008.08.024

Kroshko, T., Kapronczai, L., Cattet, M. R. L., Macbeth, B. J., 
Stenhouse, G. B., Obbard, M. E., & Janz, D. M. (2017). 
Comparison of methanol and isopropanol as wash sol-
vents for determination of hair cortisol concentration in 
grizzly bears and polar bears. MethodsX, 4(Supp. C), 
68-75. https://doi.org/10.1016/j.mex.2017.01.004

Laudenslager, M. L., Jorgensen, M. J., & Fairbanks, 
L. A. (2012). Developmental patterns of hair corti-
sol in male and female nonhuman primates: Lower 
hair cortisol levels in vervet males emerge at puberty. 
Psychoneuroendocrinology, 37(10), 1736-1739. https://
doi.org/10.1016/j.psyneuen.2012.03.015 

Macbeth, B. J., Cattet, M. R. L., Stenhouse, G. B., Gibeau, 
M. L., & Janz, D. M. (2010). Hair cortisol concentration 
as a noninvasive measure of long-term stress in free-
ranging grizzly bears (Ursus arctos): Considerations 
with implications for other wildlife. Canadian Journal 
of Zoology (Revue Canadienne De Zoologie), 88(10), 
935-949. https://doi.org/10.1139/Z10-057

Mastromonaco, G. F., Gunn, K., McCurdy-Adams, H., 
Edwards, D. B., & Schulte-Hostedde, A. I. (2014). 
Validation and use of hair cortisol as a measure of 
chronic stress in eastern chipmunks (Tamias striatus). 

Conservation Physiology, 2(1). https://doi.org/10.1093/
conphys/cou055

Meehan, C. L., & Mench, J. A. (2007). The challenge of chal-
lenge: Can problem solving opportunities enhance animal 
welfare? Applied Animal Behaviour Science, 102(3-4), 
246-261. https://doi.org/10.1016/j.applanim.2006.05.031

Mesarcova, L., Kottferova, J., Skurkova, L., Leskova, L., 
& Kmecova, N. (2017). Analysis of cortisol in dog 
hair—A potential biomarker of chronic stress: A review. 
Veterinarni Medicina, 62(7), 363-376. https://doi.org/ 
10.17221/19/2017-VETMED

Morimura, N., Idani, G., & Matsuzawa, T. (2010). The first 
chimpanzee sanctuary in Japan: An attempt to care for 
the “surplus” of biomedical research. American Journal 
of Primatology, 73(3), 226-232. https://doi.org/10.1002/
ajp.208877

Rakotoniaina, J. H., Kappeler, P. M., Kaesler, E., 
Hämäläinen, A. M., Kirschbaum, C., & Kraus, C. (2017). 
Hair cortisol concentrations correlate negatively with 
survival in a wild primate population. BMC Ecology, 
17(1), 30. https://doi.org/10.1186/s12898-017-0140-1

Reeder, D. M., & Kramer, K. M. (2005). Stress in free-
ranging mammals: Integrating physiology, ecology, and 
natural history. Journal of Mammalogy, 86(2), 225-235. 
https://doi.org/10.1644/BHE-003.1

Russell, E., Koren, G., Rieder, M., & Van Uum, S. (2012). 
Hair cortisol as a biological marker of chronic stress: 
Current status, future directions and unanswered ques-
tions. Psychoneuroendocrinology, 37(5), 589-601. https://
doi.org/10.1016/j.psyneuen.2011.09.009 

Russell, E., Koren, G., Rieder, M., & Van Uum, S. H.  
(2014). The detection of cortisol in human sweat: 
Implications for measurement of cortisol in hair. 
Therapeutic Drug Monitoring, 36(1), 30-34. https://doi.
org/10.1097/FTD.0b013e31829daa0a

Salaberger, T., Millard, M., Makarem, S. E., Möstl, E., 
Grünberger, V., Krametter-Frötscher, R., . . . Palme, R. 
(2016). Influence of external factors on hair cortisol con-
centrations. General and Comparative Endocrinology, 
233(Supp. C), 73-78. https://doi.org/10.1016/j.ygcen. 
2016.05.005

Sapolsky, R. M. (2005). The influence of social hierarchy 
on primate health. Science, 308(5722), 648-652. https://
doi.org/10.1126/science.1106477

Sharpley, C. F., Kauter, K. G., & McFarlane, J. R. (2009). 
An initial exploration of in vivo hair cortisol responses 
to a brief pain stressor: Latency, localization and inde-
pendence effects. Physiological Research, 58(5), 757-
761.

Shepherdson, D., Lewis, K. D., Carlstead, K., Bauman, J., 
& Perrin, N. (2013). Individual and environmental fac-
tors associated with stereotypic behavior and fecal glu-
cocorticoid metabolite levels in zoo housed polar bears. 
Applied Animal Behaviour Science, 147(3-4), 268-277. 
https://doi.org/10.1016/j.applanim.2013.01.001

Squires, J. E. (2010). Applied animal endocrinology (2nd 
ed.). Oxfordshire, UK: CAB International. https://doi.
org/10.1079/9781845937553.0000



210 Yamanashi

Suomi, S. J. (1997). Early determinants of behaviour: Evidence 
from primate studies. British Medical Bulletin, 53(1), 170-
184. https://doi.org/10.1093/oxfordjournals.bmb.a011598

Tennenhouse, E. M., Putman, S., Boisseau, N. P., & Brown, 
J. L. (2017). Relationships between steroid hormones 
in hair and social behaviour in ring-tailed lemurs 
(Lemur catta). Primates, 58(1), 199-209. https://doi.
org/10.1007/s10329-016-0566-7

Terwissen, C. V., Mastromonaco, G. F., & Murray, D. L. 
(2013). Influence of adrenocorticotrophin hormone chal-
lenge and external factors (age, sex, and body region) on 
hair cortisol concentration in Canada lynx (Lynx canaden-
sis). General and Comparative Endocrinology, 194, 162-
167. https://doi.org/10.1016/j.ygcen.2013.09.010

Terwissen, C. V., Mastromonaco, G. F., & Murray, D. L. 
(2014). Enzyme immunoassays as a method for quan-
tifying hair reproductive hormones in two felid species. 
Conservation Physiology, 2(1). https://doi.org/10.1093/
conphys/cou044

Waples, K. A., & Gales, N. J. (2002). Evaluating and mini-
mising social stress in the care of captive bottlenose 
dolphins (Tursiops aduncus). Zoo Biology, 21(1), 5-26. 
https://doi.org/10.1002/zoo.10004

Webb, E. C., White, C. D., Van Uum, S., & Longstaffe, 
F.  J. (2014). Integrating cortisol and isotopic analyses 
of archeological hair: Reconstructing individual experi-
ences of health and stress. American Journal of Physical 
Anthropology, 156(4), 577-594. https://doi.org/10.1002/
ajpa.22673

Webb, E., Thomson, S., Nelson, A., White, C., Koren, G., 
Rieder, M., & Van Uum, S. (2010). Assessing individual 
systemic stress through cortisol analysis of archaeologi-
cal hair. Journal of Archaeological Science, 37(4), 807-
812. https://doi.org/10.1016/j.jas.2009.11.010

Whitford, W. G. (1976). Sweating responses in the chim-
panzee (Pan troglodytes). Comparative Biochemistry 
and Physiology Part A: Physiology, 53(4), 333-336. 
https://doi.org/10.1016/S0300-9629(76)80151-X

Wilson, M. L., Boesch, C., Fruth, B., Furuichi, T., Gilby, 
I.  C., Hashimoto, C., . . . Wrangham, R. W. (2014). 
Lethal aggression in Pan is better explained by adaptive 
strategies than human impacts. Nature, 513(7518), 414-
417. https://doi.org/10.1038/nature13727

Wittig, R. M., Crockford, C., Weltring, A., Langergraber, 
K. E., Deschner, T., & Zuberbühler, K. (2016). Social sup-
port reduces stress hormone levels in wild chimpanzees 
across stressful events and everyday affiliations. Nature 
Communications, 7, 13361. Retrieved from www.nature.
com/articles/ncomms13361#supplementary-information; 
https://doi.org/10.1038/ncomms13361

Yamanashi, Y., Morimura, N., Mori, Y., Hayashi, M., & 
Suzuki, J. (2013). Cortisol analysis of hair of cap-
tive chimpanzees (Pan troglodytes). General and 
Comparative Endocrinology, 194, 55-63. https://doi.
org/10.1016/j.ygcen.2013.08.013

Yamanashi, Y., Nogami, E., Teramoto, M., Morimura, N., 
& Hirata, S. (2018). Adult-adult social play in captive 
chimpanzees: Is it indicative of positive animal welfare? 
Applied Animal Behaviour Science, 199, 75-83. https://
doi.org/10.1016/j.applanim.2017.10.006

Yamanashi, Y., Teramoto, M., Nogami, E., Morimura, N., 
& Hirata, S. (In press). Social relationship and hair corti-
sol level in captive male chimpanzees (Pan troglodytes). 
Primates. https://doi.org/10.1007/s10329-017-0641-8 

Yamanashi, Y., Teramoto, M., Morimura, N., Hirata, S., 
Inoue-Murayama, M., & Idani, G. (2016a). Effects of 
relocation and individual and environmental factors on 
the long-term stress levels in captive chimpanzees (Pan 
troglodytes): Monitoring hair cortisol and behaviors. 
PLOS ONE, 11(7), e0160029. https://doi.org/10.1371/
journal.pone.0160029

Yamanashi, Y., Teramoto, M., Morimura, N., Hirata, S., 
Suzuki, J., Hayashi, M., . . . Idani, G. (2016b). Analysis of 
hair cortisol levels in captive chimpanzees: Effect of vari-
ous methods on cortisol stability and variability. MethodsX, 
3, 110-117. https://doi.org/10.1016/j.mex.2016.01.004


