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Abstract

Throughout the year, wild animals are exposed to a variety of challenges such as

changing environmental conditions and reproductive activity. These challenges may

affect their stress hormone levels for varying durations and in varying intensities and

impacts. Measurements of the glucocorticoid hormone cortisol in the hair of

mammals are considered a good biomarker for measuring physiological stress and

are increasingly used to evaluate stress hormone levels of wild animals. Here, we

examined the influence of season, reproductive activity, sex, as well as body

condition on hair cortisol concentrations (HCC) in Lepilemur edwardsi, a small

Malagasy primate species. L. edwardsi lives in the seasonal dry forests of western

Madagascar, which are characterized by a strongly changing resource availability

throughout the year. We hypothesized that these seasonal changes of resource

availability and additionally the reproductive cycle of this species would influence

HCC of L. edwardsi. Results revealed that hair cortisol concentration of females did

not change seasonally or with the reproductive cycle. However, we found a

significant increase of hair cortisol levels in males from the early wet season during

the early dry season (mating season). This increase is presumably due to changed

behavior during the mating season, as sportive lemurs travel more and show

aggressive behavior during this time of the year. This behavior is energy‐costly and

stressful, and presumably leads to elevated HCC. As elevated cortisol levels may

impair immune function, L. edwardsi males might also be more susceptible to

parasites and diseases, which is unfavorable in particular during a period of low

resource availability (dry season).
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1 | INTRODUCTION

Animals are exposed to various physiological challenges throughout the

year which are caused by seasonal changes in environmental conditions

(Chesson & Huntly, 1997; Ruf et al., 2006; Varpe, 2017). These challenges

can be extrinsic, such as changes in resource availability (Chapman et al.,

2015; Ruf et al., 2006) or seasonally occurring weather events (e.g.,

droughts and cyclones) (Fardi et al., 2018; Sapolsky, 1986). Additionally,

animals experience intrinsic challenges, such as changes of reproductive

activity and costs due to parental investment (Brunton et al., 2008;

Havenstein et al., 2021) as well as parasitic infections (Triki et al., 2016)

and diseases (Mormède et al., 2007). In response to these challenges,

animals release glucocorticoid (GC) hormones via the hypothalamic

−pituitary−adrenal (HPA) axis which promotes the availability and

allocation of energy when demands are high due to high activity levels,

or food scarcity (Dallman et al., 1999; Sapolsky et al., 2000). The HPA‐axis

comprises the hypothalamus, the anterior pituitary and the adrenal

cortex. When activated, neurons in the hypothalamus synthesize

corticotropin‐releasing hormone (Johnson et al., 1992; Spencer & Deak,

2017; Spiga et al., 2014). In the anterior pituitary, the corticotropin‐

releasing hormone stimulates the release of the adrenocorticotropic

hormone into the blood; which in turn, triggers the production and

release of GCs in the adrenal cortex (Spencer & Deak, 2017; Spiga et al.,

2014). GC‐levels in animals change throughout the year due to a

multitude of interacting stressors of varying impacts, durations and

intensities (Romero, 2004; Sapolsky et al., 2000; Spiga et al., 2014). Short‐

term elevation of GC‐levels are crucial for survival, as GC for example

enhances the flight response to avoid predation. Long‐term or chronic

elevation of GC‐levels, however, can impair various body functions (e.g.,

immunosuppression and accelerated aging) and can divert resources

away from other biological functions (e.g., reproduction, growth) and may

ultimately reduce fitness (Havenstein et al., 2016, 2021; Johnson et al.,

1992; Lebl et al., 2011; Moberg & Mench, 2000).

In mammals, the GC hormone cortisol (corticosterone in rodents)

normally follows diurnal and ultradian rhythms and is considered a

good hormonal biomarker to measure short‐term as well as long‐term

physiological stress (Mormède et al., 2007; Ralph & Tilbrook, 2016;

Spiga et al., 2014), as its production and release is directly triggered

by the HPA‐axis (Johnson et al., 1992). In animal conservation efforts,

measurements of GC hormones have proven useful to monitor the

impact environmental or anthropogenic stressors have on the health

of wild animals (Ralph & Tilbrook, 2016; Romero, 2004).

In this study, we investigated the seasonal cortisol levels in a wild

population of the nocturnal sportive lemur species, Lepilemur

edwardsi. This species lives in the highly seasonal dry deciduous

forests of western Madagascar which is characterized by a drastic

decrease in food availability and precipitation during the dry season

(Louis et al., 2020; Mittermeier et al., 2010). L. edwardsi mates during

the early dry season (May/June; Figure 1) and females gestate

throughout the less resourced dry season (June−September) until

they give birth in the early wet season, when food becomes abundant

(October/November). Young are weaned at the end of the wet

season (April) (Mittermeier et al., 2010; Randrianambinina et al.,

2007) (Figure 1). Males and females are assumed to be monogamous,

but live in dispersed pairs and males do not have permanent access to

their females (Randrianambinina et al., 2007; Warren & Crompton,

1997). To examine the influence of seasonal changes in environ-

mental conditions on cortisol levels in L. edwardsi, we measured hair

cortisol concentrations (HCC) during different seasons and linked

them to seasonal changes of environmental conditions (food

availability and climate) and their reproductive cycle. We hypothe-

sized that HCC in both sexes increase at the beginning of the dry

season, when food quantity and quality start to decline and females

are pregnant. This effect should especially affect individuals in poor

body condition (Havenstein et al., 2021). Second, we assumed that

females have higher HCC than males during the periods of gestation

and lactation due to their high maternal investment. Thirdly, due to

changes in behavior associated with mating (e.g., higher activity)

males should have higher HCC than females during the mating

season (Havenstein et al., 2021).

2 | MATERIALS AND METHODS

2.1 | Study species and study site

L. edwardsi, one of the bigger sportive lemurs with a body mass of

800−1000 g and a head‐body length of 26−29 cm, lives in the

F IGURE 1 Reproductive cycle of Lepilemur edwardsi throughout the
year. At the beginning of the wet season females give birth and lactate
their young throughout this season. Precipitation, ambient temperatures,
and resource availability are high. Mating occurs in the early dry season
when no rainfall occurs and resource availability decreases. During the
late dry season females are pregnant, ambient temperatures during the
day are extremely high, and resource availability is low. Source: Some of
the icons are provided by biorender.com.
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Ankarafantsika National Park in western Madagascar. During the wet

abundant season from November to April precipitation is high (annual

mean precipitation of 1467.4 mm) (Ito et al., 2013), ambient

temperature (Ta) rarely drops below 20°C and increases daily up to

30°C. In the less resourced dry season, there is almost no

precipitation for about 6 months, and daily maximum Ta increases

from May to October. Ta during the late dry season, rises to around

33°C during the day and 23°C during the night (Klein et al., 2018;

Randrianambinina et al., 2007). These climatic conditions lead to a

continuing decrease in quantity and quality of food resources over

the dry season for folivorous and frugivorous species, as plant growth

is generally reduced and many plants decrease their nutritional

content (e.g., protein) and increase their protection against herbi-

vores in the leaves with increasing Ta (Dearing, 2013; Ganzhorn &

Wright, 1994; Ganzhorn, 1995). As L. edwardsi is mainly folivorous

(Mittermeier et al., 2010), this constitutes an increasingly challenging

period in the seasonal cycle for this species. During the day, L.

edwardsi rests in tree hollows and sometimes share their resting sites

with their mating partners. Current and continuing habitat loss due to

anthropogenic impacts constitute severe threats for this species, as

well as global climate change (Craul et al., 2009; Steffens &

Lehman, 2018).

2.2 | Animal captures and sampling

We conducted the study in the Ankarafantsika National Park (S 16° 19', E

46° 48') in Jardin Botanique A, a 30.6 ha research area. We captured 34

individuals of L. edwardsi during three capture periods in 2018 and 2019.

We located the individuals in their resting sites in the mornings

(9:00−12:00h), captured them by hand and briefly anesthetized them

with 0.1ml/kg ketamine hydrochloride (Ketamidor® 100mg/ml; WDT).

We weighed the individuals to the nearest 1 g (Clatronic® International

GmbH), sexed them and measured the tarsus length (from the heel to the

end of the metatarsal bones between the third and the forth toe) with a

caliper (Horex®; Helios‐Preisser GmbH) before we individually marked

them with subcutaneously injected passive integrated transponders

(Trovan; EURO I.D. Usling GmbH). We only sampled adult individuals

with a body mass of more than 500 g. As HCC varies between sample

areas on the body (Acker et al., 2018; Lavergne et al., 2020), we always

sampled the hair in the dorsocaudal region. We took 47 hair samples of

14 individuals (9 males and 5 females) in February 2018, 15 individuals (8

males, 7 females, and 8 recaptures) in May—June 2019 and 18 individuals

(7 males, 11 females, and 7 recaptures) in August—September 2018

(Supporting Information: Table 1). Measurements of HCC in lemurs has

proven accurate in members of other lemur species of the family

Cheirogaleidae (Rakotoniaina et al., 2016, 2017). The hair was cut by

hand as closely as possible to the skin, with an industrial razorblade

(Gillette Platinum) and stored dry at Ta in little sealable plastic bags. We

were able to assess the hair growth rate of L. edwardsi through recaptures

and determined it at approximately 0.5−1 cm in 6 months. The sampled

full‐length hair had a length of about 1−2 cm, therefore depicting the

previous 6−12 months. As there is a wash‐out effect of cortisol from the

proximal to the distal hair segment (Kirschbaum et al., 2009), we assumed

that the measured HCC represents approximately 1−6 months before

sampling. Hence, reflecting the early wet season (sampling in February

2018), the late wet season (sampling in May/June 2019) and the early dry

season (sampling in August/September 2018; Table 1). Using HCC to

assess stress hormone levels has the advantage that they reflect cortisol

turnover of a comparatively long time, as the incorporation of cortisol into

the growing hair happens through passive diffusion (Russell et al., 2012).

Hence, HCC represents responses to long‐term stress exposure of

several months, which is necessary to evaluate continuing environmental

challenges.

2.3 | Lab analysis

The analysis of HCC was performed in the lab of Prof. Dr. C.

Kirschbaum at the Technical University of Dresden following the

protocol by Gao et al., 2013. Hair samples were washed in

isopropanol and dried for at least 12 h under a fume hood.

Thereafter, 7.5 mg of the total hair sample were removed and

40 µl internal standard and 2.4 ml methanol were added, followed

by an incubation for 18 h to extract the steroids. After centrifuga-

tion, the clear supernatant was separated, and the samples dried

under a constant stream of nitrogen using high temperatures of

65°C until the alcohol had completely evaporated. Finally, the

residues were resuspended with 175 µl distilled water and an

aliquot of 100 µl was used for the determination of cortisol

concentration with liquid chromatography tandem mass spectrom-

etry (LC‐MS/MS; LC‐20AD HPLC unit with SIL‐20AC autosampler

and CTA‐20AC column temperature oven; Shimadzu) coupled

to a Turbo‐ion‐spray® triple quadrupole tandem mass spectrometer

(API 5000; ABSciex) with purification by on‐line solid‐phase

extraction.

TABLE 1 Sampling period and time of
incorporation of hair cortisol
concentrations (HCC) of male and female
Lepilemur edwardsi

Incorporation of HCC Sampling period
Median HCC (pgmg−1)
Males Females

Early wet season January−February 2018 3.98 (1.49) 3.3 (0.99)

Late wet season May−June 2019 4.33 (1.57) 5.37 (1.75)

Early dry season August−September 2018 18.99 (21.92) 5.0 (1.66)

Note: Median HCC with interquartile range during the early wet season (N = 14; 9 males, 5 females),
late wet season (N = 14; 7 males, 7 females) and early dry season (N = 18; 7 males, 11 females).
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2.4 | Data analyses and statistics

We analyzed the data using Cran R (Version 4.0.3, R Core Team,

2019) and the packages “plyr” (Wickham, 2011), “dplyr” (Wickham

et al., 2021) and “ggplot2” (Wickham, 2009).

Body mass (g) data were dependent and showed normality

(Shapiro−Wilk Test: p = 0.45). We applied a generalized

linear mixed model (GLMM) with the explanatory variables

season (3 levels: wet season, early dry season, and late dry

season), sex (2 levels), tarsus length (cm), and animal ID as random

effect. We included tarsus length to correct for the body size of

individuals.

We examined and modeled the influence of season (3 levels: wet

season, early dry season, and late dry season), and sex on the HCC

(pgmg−1) of L. edwardsi. After thorough data exploration, we excluded the

extremely low HCC‐value of one individual in the early dry season from

the model, as it is beyond biologically realistic values (Supporting

Information: Table 1). Due to a high variance, we log10 transformed

the cortisol data and applied a GLMM using the package “glmmTMB”

(Brooks et al., 2017). We modeled GLMMs with animal ID as random

effect, as the HCC of some individuals were measured in multiple

seasons. After model selection using the dredge()‐function in package

“MuMIn” (Barton, 2020), we selected the “best model” based on Akaike's

information criterion (AIC) (Burnham & Anderson, 2002). HCC was best

explained by the explanatory variables season and sex (and the

interaction term) as AIC of the full model was lowest.

We did post hoc testing of the GLMMs with a Tukey's test using

the package “emmeans” (Lenth et al., 2021). Data that showed non‐

normal distribution are presented as median (interquartile range),

normally distributed data are presented as mean ± standard deviation.

3 | RESULTS

3.1 | Body mass

Body mass of males showed no significant changes among seasons

(GLMMs, Supporting Information: Table 2) and amounted to 856±94 g

(N=9) in the wet season, 887±66 g (N=8) in the early dry season, and

871±57 g (N=7) in the late dry season (Figure 2). Female body mass was

875±62 g (N=5) in the wet season, and significantly increased to

949±107 g (N=7) in the early dry season, and 897±194 g (N=10) in

F IGURE 2 Body mass in gram (a) and hair cortisol concentration (HCC) in pgmg−1 on a logarithmic scale (b) of male and female Lepilemur edwardsi
during the wet and dry season (bold line, median; box limits, first and third quartiles; whiskers, 1.5 × interquartile range; all data points are included).
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the late dry season (Supporting Information: Table 2, Figure 2).

Presumably due to pregnancy during the dry season.

3.2 | HCC

Median HCC of male L. edwardsi in the early wet season amounted to

3.98 (1.49) pgmg−1 (N = 9), to 4.33 (1.57 )pgmg−1 (N = 7) in the late

wet season and to 18.99 (21.92) pgmg−1 (N = 7) in the early dry

season (mating season; Table 1; Figure 2). Female HCC was 3.3

(0.99) pg mg−1 (N = 5) in the early wet season, 5.37 (1.75) pg mg−1

(N = 7) in the late wet season (lactation and weaning) and 5.0

(1.66) pg mg−1 (N = 11) in the early dry season (mating; Table 1;

Figure 2). The best model showed a strong influence of season

and sex on HCC, as HCC was 15% higher in the late wet season,

than in the early wet season and 60% higher in the early dry

season than in the early wet season (Table 2).

Five out of seven males showed a three to elevenfold higher median

HCC during the early dry season (mating) compared to the early and late

wet season (Supporting Information: Table 1; Figure 2). The GLMM

showed no significant increase in HCC in both sexes from the early wet

season to the late wet season (p=0.1) but a significant increase from the

wet to the early dry season (p=<0.001; Table 2). Post hoc testing showed

a strong significant increase of HCC from the early and late wet season to

the early dry season in males, but not in females (Table 3; Tukey's test,

males: p=<0.001, females: p=0.9; Figure 2).

4 | DISCUSSION

In this study, we present the first data on the HCC of wild sportive

lemurs. We show a significant seasonal increase of the HCC of male

L. edwardsi, from the well‐resourced early wet season to the less‐

resourced early dry season, which is characterized by low precipita-

tion and in which mating occurs. In contrast, season had no influence

on HCC of females, when females give birth in the early wet season

and lactate during the late wet season. Body mass did not change

among the seasons in both sexes.

Sportive lemurs inhabit almost all habitats in Madagascar and can

survive even in the driest and harshest environments on this island, such

as the extremely dry spiny forests in southern Madagascar and the

seasonal deciduous dry forests in the West. However, individuals seem

to be affected by the unfavorable conditions of the dry season, as

previous studies show that L. edwardsi increases its resting metabolism to

cope with these conditions and has a higher parasite prevalence towards

the end of the dry season (Bethge et al., 2021, 2022).

4.1 | HCC of L. edwardsi were generally low

In general, HCC of L. edwardsi was extremely low, compared to those

of other lemur species such as the diurnal ring‐tailed lemurs (Lemur

catta) where the HCC ranged from 407 to 2258 pgmg−1, depending

on weather events, age and body mass (Fardi et al., 2018). Also other

TABLE 2 Results of the generalized linear mixed effects model (GLMM) with the log‐transformed hair cortisol concentration (HCC) as
response variable: Estimate, standard error (SE), z value, p value, and the 95% confidence intervals (CI) for each explanatory variable

Explanatory variable Estimate SE z Value p Value CI 2.5% CI 97.5%

Intercept 0.57 0.07 7.93 <0.001*** 0.43 0.72

Late wet season 0.15 0.10 1.47 0.14 −0.06 0.36

Early dry season 0.60 0.09 6.37 <0.001*** 0.40 0.79

Females −0.02 0.11 −0.19 0.85 −0.27 0.22

Late wet season: females −0.00 0.15 −0.03 0.98 −0.31 0.30

Early dry season: females −0.51 0.14 −3.60 <0.001*** −0.82 −0.20

Note: The asterisk represents the respective significance levels with ***p < 0.001 for each variable.

TABLE 3 Estimated marginal means of the GLMM using the tukey method for p value adjustment: Pairwise seasonal comparison for males and
females, estimate, standard error (SE), degrees of freedom (df), t ratio, the p value, and the effect sizes (Cohen's d) for each pairwise comparison

Sex Pairwise comparison Estimate SE df t ratio p value Effect size

Males Early wet season−late wet season −0.15 0.10 38 −1.47 0.32 −0.87

Early wet season–early dry season −0.60 0.09 38 −6.37 <0.001*** −3.43

Late wet season−early dry season −0.45 0.11 38 −4.21 <0.001*** −2.56

Females Early wet season−late wet season −0.15 0.11 38 −1.28 0.42 −0.84

Early wet season−early dry season −0.08 0.11 38 −0.78 0.72 −0.48

Late wet season−early dry season 0.06 0.10 38 0.63 0.80 0.36

Note: The asterisk represents the respective significance levels with ***p < 0.001 or each variable.
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mammalian species, such as the Egyptian mongoose (Herpestes

ichneumon) showed distinctly higher HCC levels (median HCC:

18.98 ± 5.42 pgmg−1) (Azevedo et al., 2021). Low HCC in L. edwardsi

is in concordance with previous findings which show that plasma GC

decreases with decreasing mass‐specific resting metabolic rates of

mammals (Haase et al., 2016). Sportive lemurs have one of the lowest

mass‐specific resting metabolic rates measured in mammals so far

(Bethge et al., 2017, 2021; Schmid & Ganzhorn, 1996). Indeed, other

nocturnal lemur species, such as the fat‐tailed dwarf lemur

(Cheirogaleus medius) and the gray mouse lemur (Microcebus murinus),

which also have comparatively low resting metabolic rates, also

showed comparatively low HCC levels ranging from 0.15 to

24.33 pgmg−1 and 0.15 to 42.35 pgmg−1 HCC respectively

(Rakotoniaina et al., 2016).

Arboreal folivores, such as L. edwardsi, depend on low nutritional

food resources (particularly during the dry season), which seems to

select for a more sedentary lifestyle and low metabolism (Bethge

et al., 2017, 2021; Lovegrove, 2000; McNab, 2008). As an adaptation

to these energetic limitations, L. edwardsi may further have to inhibit

the release of GC by their HPA‐axis.

4.2 | HCC of males increase in the early dry season

The reproductive cycle of L. edwardsi is tightly linked to the

seasonality of its habitat. Mating occurs in the early dry season and

females give birth and nurse their offspring in the wet season, when

high quality food becomes abundant. During the mating season, 70%

of the males (five out of seven) extremely elevated their HCC levels,

presumably due to behavior associated with reproduction (e.g., high

activity levels and aggressive behavior). This, however, is quite

unusual for a monogamous species and could be an indicator for

strong intrasexual competition for receptive females and the

occurrence of extracopulations in L. edwardsi. Males of other

promiscuous primates, such as mangabeys (Lophocebus albigena),

also showed elevated fecal GC levels during the mating period. Here,

males aggressively compete for females, and dominant males show

higher fecal GC level than subordinates (Arlet et al., 2009). Group

hierarchy often seems to affect GC levels of males in primates. For

example, in the golden lion tamarins (Leontopithecus rosalia) mating

does not affect fecal cortisol levels of reproducing dominant males

and unrelated subordinate males (Bales et al., 2006). To avoid

intrasexual aggression, subordinate L. rosalia males presumably

suppress their androgen secretion and therefore reproduction to

avoid aggressions from the dominant males (Bales et al., 2006).

Females of L. edwardsi, however, showed no significant changes

in HCC among seasons, contrary to our expectations. However, this

can be explained by a suppression of the HPA‐axis, which might

avoid detrimental effects of high HHC on the mother and her

offspring (Reeder & Kramer, 2005). Furthermore, the circadian

release of GCs is downregulated, which secures a stable energy

supply to the fetus or young, as it limits the catabolic effects that are

generally a result of surges in secretion (Brunton et al., 2008).

Conversely, the HCC of female Callithrix jacchus was significantly

higher than that of males, however, independent of reproduction,

potentially due to a combination of environmental and social

stressors (Garber et al., 2020). Dominant female C. jacchus have a

high reproductive output (e.g., can produce two litters per year) and

often suppress the reproduction of subordinate females, which may

result in higher HCC of dominant females (Garber et al., 2020). Two

of our sampled L. edwardsi males did not show elevated HCC. Both

males shared resting sites with another pair (male−female) or an

already paired female during the dry season. These behavioral

observations in combination with the low HCC levels, suggests that

these two males were not reproductively active during the early dry

season and could be the offspring from a previous breeding event.

In conclusion, L. edwardsi generally seem to have low HCC which

are presumably only affected by higher activity due to reproductive

behavior in males and not by seasonal changes associated with food

availability and quality. Generally, there are a lot of inter and

intraspecific sex‐differences in HCC and the influence of sex on HCC

seems to be inconsistent between species and additionally depends

on other factors, such as age (Heimbürge et al., 2019). However, as

elevated cortisol levels may impair the immune response of animals,

this might in turn result in a higher susceptibility to parasites and

diseases (Pruett, 2003).
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