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Abstract
1. Behavioural variation at the individual level has been shown to play an important 

role in animal ecology and evolution. Whereas most studies have focused on sub-
adult or adult subjects, neonates have been relatively neglected, despite studies 
showing that neonates can exhibit consistent inter- individual differences during 
early developmental stages.

2. Steroid hormones, including glucocorticoids (e.g. cortisol) and androgens (e.g. tes-
tosterone), play a crucial role in foetal development and maturation and could 
therefore drive neonate behaviour, although this relationship is poorly understood 
in wild animal populations.

3. Our study addresses these knowledge gaps by investigating the association 
between neonate fallow deer Dama dama fawn inter- individual variability in 
behavioural response to human handling and hair cortisol and testosterone 
levels.

4. We found strong evidence that individual neonates display repeatable differ-
ences in the way they cope with a risky situation during their first days of 
life, and showed how these differences are linked to cortisol and testosterone 
levels accumulated in utero. We showed that, when both steroids are included 
in the same model, neonates with high cortisol and low testosterone levels 
coped in a more proactive way with human handling (higher heart rate dur-
ing handling and shorter latency to leave when released) compared to those 
with low cortisol and high testosterone levels (lower heart rate and longer la-
tency to leave). These results provide novel insights into the proximate mecha-
nism leading to neonate inter- individual variation in a wild population of large 
mammals.

K E Y W O R D S

animal personality, coping, cortisol, fallow deer, hair- testing, pace- of- life, temperament, 
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1  | INTRODUC TION

The study of repeatable inter- individual differences in behaviour 
(i.e. animal personality or temperament) has recently been incor-
porated into theory to explain differing life- history trajectories 
(Dammhahn et al., 2018; Réale et al., 2010). These theories argue 
that individuals vary in the way they adjust their resource budgets 
affecting maintenance, growth and reproduction (Stearns, 1989; 
Van Noordwijk & De Jong, 1986), leading to variation in life- 
history strategies. It has been suggested that most of the vari-
ation in life- history strategies within and between different 
populations or species can be explained by defining the pace- of- 
life (POL) of individuals on a fast– slow continuum (e.g. Ricklefs & 
Wikelski, 2002). Animals with a fast POL are expected to mature 
faster, die younger, invest less in immune response and produce 
lower quality offspring than animals with a slow POL. A more re-
cent extension of POL, the extended pace- of- life syndrome (POLS) 
hypothesis, argues that behaviour plays a central role in explaining 
differences in life history at the individual as opposed to species 
level (Dammhahn et al., 2018; Réale et al., 2010). Behavioural and 
physiological traits are expected to covary and co- evolve with life 
history (e.g. Biro & Stamps, 2008), but only when they improve 
resource acquisition at the cost of survival or future reproduction 
(e.g. Montiglio et al., 2018; Réale et al., 2010; Wolf et al., 2007). 
This means that the presence or absence of the POLS can be trait 
or population specific (Montiglio et al., 2018).

The bulk of studies investigating individual differences have 
focused on subadult or adult subjects (Bell et al., 2009), with be-
havioural ontogeny at the earliest stage of life, a relatively ne-
glected developmental stage (Groothuis & Maestripieri, 2013; 
Stamps & Groothuis, 2010). Stable inter- individual differences in 
behaviour of adults can be, however, the result of experience and 
interactions with factors such as the social environment (Curley & 
Branchi, 2013; Nussey et al., 2007). Laboratory studies have shown 
that isolation from conspecifics in early life reduces explorative be-
haviour in Long- Evans rats Rattus norvegicus domesticus (Champagne 
& Meaney, 2007) while isolation affects social behaviour in both 
captive and free- ranging populations of rhesus monkeys Macaca 
mulatta (Harlow, 1969; Suomi, 2005). Other external factors, such 
as predator presence, have been shown to affect the presence of a 
behavioural syndrome, that is, a correlation between multiple be-
havioural traits (Bell & Sih, 2007; Sih et al., 2004). In a population of 
sticklebacks Gasterosteus aculeatus, for instance, introduction of a 
predator led to the appearance of a behavioural syndrome between 
aggressiveness and boldness, whereas there was no evidence for 
this syndrome in conditions without predators (Bell & Sih, 2007).

Because experience appears to be a central component of be-
havioural variation, the question that arises is whether animals dis-
play consistent differences as neonates and, furthermore, whether 
any differences are linked to the behaviours displayed as adults. 
Such questions have primarily been studied in artificial settings 
across a broad range of taxa. Critically, however, there is contrast-
ing evidence regarding whether neonate traits predict adult traits 

(e.g. Fucikova et al., 2009; Hall et al., 2015), although consistent 
inter- individual differences can be present at the neonate stage (e.g. 
Amin et al., 2016; Fucikova et al., 2009; Guenther & Trillmich, 2015). 
Studying neonatal personality or temperament should therefore be 
a primary focus to gain a proximate understanding of variation at the 
individual level.

Similar to adults, differences in juvenile behaviour have been 
linked to steroid hormone levels such as cortisol and testoster-
one (e.g. Guenther et al., 2018; Pelletier et al., 2003). Higher cor-
tisol levels have been negatively associated with boldness (Raoult 
et al., 2012) and with struggling rates (Silva et al., 2010) in juvenile 
fish. Higher levels of testosterone have been associated with in-
creased juvenile play fighting and male aggressiveness in different 
species of mammals and birds (Anestis, 2006; Briganti et al., 1999; 
Pellis et al., 1992). Since both cortisol and testosterone play a major 
role in foetal maturation and shaping of offspring phenotypes (e.g. 
Liggins, 1994; Rhees et al., 1997), prenatal levels of these hormones 
might be a proximate driver of neonate behaviour. Elevated levels 
of prenatal corticosterone (the routinely measured glucocorticoid 
in birds), for instance, have been related to increased begging rate 
of European starling chicks Sturnus vulgaris (Love & Williams, 2008), 
and elevated levels of prenatal testosterone have been associated 
with bolder behaviour in Japanese quail chicks Coturnix japon-
ica (Daisley et al., 2005). There is also accumulating evidence that 
cortisol and testosterone may interact with each other. The dual- 
hormone hypothesis suggests that the effect of testosterone on 
behaviour changes with levels of cortisol (Mehta & Prasad, 2015), 
but so far, these potential interactions remain relatively unexplored 
in non- human animal taxa, with most of the studies exploring the 
effects of cortisol and testosterone separately.

In addition, most of the literature regarding prenatal steroid 
levels has focussed on avian species or laboratory rodents (Curley 
& Branchi, 2013; Groothuis et al., 2019), whereas no studies have 
analysed the relation between foetal steroid levels and neonate be-
haviour in wild large mammal populations. We therefore quantified 
the repeatability of the behavioural and physiological response of 
neonate fallow deer fawns Dama dama to human capture and inves-
tigated its link to the levels of in utero accumulated cortisol and tes-
tosterone in a free- ranging population. Fallow deer neonates have 
an increased mortality risk during the first days of life (Kjellander 
et al., 2012) and adopt a hiding anti- predator strategy during the first 
weeks of life (Chapman & Chapman, 1997). Unlike follower ungulate 
species in which neonates actively follow their mothers immediately 
after birth, young of hider species such as fallow deer lie hidden in 
dense vegetation isolated from other conspecifics (Lent, 1974; Ralls 
et al., 1986). Fallow deer fawns are therefore on their own for the 
vast majority of their first weeks of life, with mothers visiting and 
feeding them for short periods of time to avoid attracting preda-
tors (Chapman & Chapman, 1997). Thus, fallow deer represent an 
ideal study species to address the knowledge gaps outlined above 
because individual differences in neonate response are unlikely to 
be due to social influences and more likely linked to intrinsic inter- 
individual variation in anti- predator behaviour.



     |  3Functional EcologyAMIN et Al.

We extracted steroid levels from hair samples collected during 
fawn captures. Wildlife hair reflects chronic, accumulated steroid 
levels at the time of growth, and has been shown to be related to cir-
culating steroid levels in multiple species (Gormally & Romero, 2020; 
Koren et al., 2019). Hair steroids represent in utero integrated levels 
since the fallow deer foetus is fully covered with hair roughly 5 weeks 
before birth (Chapman & Chapman, 1997), during the final phase of 
the 7.5- month long gestation period (Chapman & Chapman, 1997). 
We examined the relationship between hormone concentrations 
within the hair and the coping response of fawns during capture, 
which has been described as individually different responses to a 
stressor (Koolhaas et al., 2010). For the coping response of the fawns, 
we collected both behavioural (behaviour prior to capture, docility 
and latency to leave upon release) and physiological (heart rates at 
the start and end of capture) responses. We tested three different 
aspects of the extended POLS hypothesis. Firstly, we examined 
whether (a) neonates display repeatable inter- individual differences 
in traits measured at capture, which would be one of the first at-
tempts to test this in neonates of a wild large mammal. Secondly, 
we tested whether (b) behavioural response covaries with physio-
logical response at capture, provided that these traits were found to 
be repeatable. We would expect covariation between behavioural 
and physiological response based on the extended POLS hypothesis 
(e.g. Montiglio et al., 2018; Réale et al., 2010), since capture and han-
dling closely parallels an anti- predator context. Finally, we examined 
whether (c) coping response is associated with in utero accumulated 
steroid hormone levels, which would be a key step in disentangling 
the proximate mechanism driving neonate inter- individual variation 
in a wild large mammal.

2  | MATERIAL S AND METHODS

2.1 | Study site and study population

This study was conducted on a population of European fallow deer 
resident in the Phoenix Park, a 7- km2 enclosed park located in the 
heart of Dublin, Ireland (53.3559°N, 6.3298°W). The park vegeta-
tion is predominately open grassland (~80%) with the remaining area 
composed by mixed woodland. The deer population was estimated 
to be over 600 heads over the course of this study. Fawns are born 
from late May to early July in this population. Fallow deer are a hider 
species and fawns remain hidden, usually in tall grass or understorey 
vegetation, away from the main doe herd during the first 2– 3 weeks 
of life following which they are brought into the doe herd by their 
mothers (Chapman & Chapman, 1997; Ciuti et al., 2006).

2.2 | Fawn capture protocol

Fawns have routinely been captured and ear- tagged with unique 
numbered and coloured plastic tags (Allflex medium; Mullinahone 
Co- op, Ireland) since the early 1970s as part of the monitoring 

and management of the herd (Hayden et al., 1992). We split the 
geographical areas traditionally used by does as fawning sites into 
seven sectors. These were patrolled routinely, visiting two or three 
sectors daily, with each sector visited at least once every 3 days. 
Approximately 15 trained capture team members supervised by an 
experienced wildlife biologist captured fawns using circular fishing 
nets (various manufacturers, 1– 1.5 m of diameter) manoeuvred by 
long handles (1– 1.5 m long). In total, 185 fawns were captured in two 
separate years (n = 102 in 2018 and n = 83 in 2019), corresponding 
to ~85% of the newborn population in both years. In order to as-
sess repeatability of our behavioural measures, fawns were recap-
tured opportunistically: 91 were recaptured once (n = 43 in 2018 
and n = 48 in 2019), 33 two times (n = 14 in 2018 and n = 19 in 2019) 
and nine three times or more (n = 4 in 2018 and n = 5 in 2019). We 
avoided recapturing fawns on the same day (mean interval between 
captures and recaptures was less than a week: 3.7 ± 2.9 days).

Once captured, we estimated fawn age (in days) by combining 
an assessment of the condition of the umbilical cord, the shoe and 
dew claws (Galli et al., 2008). Weight was determined by placing the 
fawn into a 100- litre bag, which was weighed using a digital scale 
(resolution: 0.01 kg— Dario Markenartikelvertrieb). We assessed the 
average visibility of the fawn bed- site (sensu Bongi et al., 2008) as 
follows: from a distance of 10 m along the four cardinal directions 
we recorded the proportion of visually unobstructed triangles on a 
cardboard shape of the size of a standing fawn (height: 45 cm, width: 
36 cm), which was placed at the location that the fawn was found. 
We observed the cardboard shape from an eye height of 70 cm, 
which approximately corresponds to the eye height of the red fox 
Vulpes vulpes, the only natural predator of fawns in the Phoenix 
Park. We then measured the air temperature (Digital temperature 
recorder; Grandbeing, China) of the bed- site location. We also col-
lected information regarding the presence of the mother during the 
captures in 2018. We stopped collecting these data since we only 
noted the presence of a doe (not necessarily the mother) during 
~15% of the captures.

Hair samples (>100 mg) were taken from the belly of the fawn using 
an electric trimmer (Wahl model 9639; Wahl Clipper Corporation). 
See below for details on hair steroid extraction. These were used to 
quantify the levels of cortisol and testosterone accumulated in utero. 
In addition, as part of a parallel study, a small subset of male fawns 
(n = 20) were fitted with a VHF radiocollar attached to a daily diary 
in 2019 (weight of the unit 120 g), and whether a fawn was wearing 
a radiocollar or not was included in all our analyses as a confounding 
factor.

2.3 | Ethical note

Captures and handling were carried out giving the highest priority to 
animal welfare. Fawns that were evidently newborn (a fully wet coat) 
were not captured and upon discovery, we abandoned searches in 
that area to avoid disturbing the fawn. Gloves were worn at all times 
during handling to prevent fawns from catching human odours and 
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mothers from rejecting their fawns (Galli et al., 2008). We operated 
in silence during animal handling and left the bed- site immediately 
after the release of the fawn. Fawns were released in a location ad-
jacent to the capture site and facing in a direction away from the 
capture team. The capture, handling, tagging and sampling of fawns 
were supervised by a certified and experienced wildlife biologist. 
Regular monitoring of the tagging regime has shown there are no 
survival implications for tagged fawns in this population (see also 
Hayden et al., 1992). The study protocol and all research procedures 
were approved by the UCD Animal Research Ethics Committee for 
the duration of 5 years (2018– 2023), under the permit AREC- E- 
18- 28. All methods were in accordance with the guidelines for the 
treatment of animals in behavioural research and teaching (Animal 
Behaviour, 2020).

2.4 | Neonate traits at capture (prior behaviour, 
docility, HRstart, HRend, latency to leave)

We quantified fawn reaction to the approaching capture team (prior 
behaviour) by recording whether the fawn was in motion (yes = 1, 
no = 0), turned its head to look around (yes = 1, no = 0), kept its 
head up or down (up = 1, down = 0), had its ears up or down (up = 1, 
down = 0), was down but got up (yes = 1, no = 0) and attempted to 
run away (yes = 1, no = 0). Note that in all cases, alert behaviour was 
scored as 1, whereas 0 was assigned to inactive behaviour. We took 
the mean of all these scores as a measure for prior behaviour (ranging 
from 0 to 1). We took the mean since it is, unlike the sum, not af-
fected by missing data in the dataset, which occurred when we were 
not positive about one of the behaviours described above.

To measure fawn docility during handling, we used a behavioural 
index similar to that used to measure reaction to capture in adult 
deer (e.g. Bonnot et al., 2018; Debeffe et al., 2015). We assigned 
the following categorical scores based on the behavioural reaction 
during handling: the fawn was calm and did not vocalize or kick 
(score: 0); it vocalized one or two times and/or gave a few little kicks 
(1); it vocalized and/or kicked more than twice with calm phases in 
between (2); the fawn cried and/or kicked frequently throughout the 
handling (3); the fawn struggled throughout (4). Ear- tagging and hair 
collection were only taken during the first capture but not during any 
subsequent recaptures. The first capture (mean ± SD: 641 ± 134 s 
handling time) therefore took on average longer than the recaptures 
(420 ± 100 s).

We measured the heart rates (HR) of the fawns as soon as we 
started handling them (HRstart) and just prior to weighing and release 
(HRend). Heart rates were quantified by counting the beats per 20 s 
using a Lightweight Dual Head Stethoscope (MDF®). The moment 
at which we recorded each heart rate was accurately quantified as 
the time (in seconds) passed since the fawn was spotted, by using a 
stopwatch.

Fawns were released after being weighed by opening the bag 
in such a way that fawns were facing away from the capture team. 
The latency to leave (in seconds) was defined as the time it took for 

the fawn to stand up after opening the bag. During the first year of 
data collection (2018), we waited for at least 10 s and, if the fawn 
was motionless, we motivated it to leave it by pushing it gently on 
the back. On average (mean ± SD), the push was given to motionless 
fawns after 17.35 ± 5.56 s, whereas fawns that were not pushed left 
the bag after 1.94 ± 3.18 s. During the second year of data collection 
(2019), we altered our procedure and extended the waiting period 
from 10 to 30 s. We observed the same pattern as the previous year, 
that is, fawns that do not move away within 10 s after bag opening 
tend to remain motionless for the entire observation period of 30 s 
(see Figure S1). To equate the data of both years, we took 10 s as 
maximum value of latency for motionless fawns. This approach is 
conservative from the analytical point of view because a higher arbi-
trary ceiling threshold (e.g. 30 s) would overestimate inter- individual 
variability and therefore repeatability estimates.

2.5 | Steroid extraction and quantification

We extracted steroids from fawn hair using a validated protocol 
for hair- testing (Fishman et al., 2018, 2019; Koren & Geffen, 2009; 
Koren et al., 2008). Briefly, hair was washed two times with isopro-
panol, and left to dry overnight. Then, it was weighed and placed in 
a glass vial. Methanol was added and the vials were sonicated for 
30 min and then incubated overnight at 50°C with gentle shaking. 
The methanol was collected and evaporated under a stream of ni-
trogen. Samples were reconstituted in 10% methanol and 90% assay 
diluent that was provided with the commercial enzyme- linked im-
munosorbent assays (ELISA).

Immunoreactive androgens and glucocorticoids (hereafter re-
ferred to as testosterone and cortisol) were quantitated in hair 
extracts using commercial testosterone and cortisol ELISA kits 
according to the manufacturer's recommendations (Salimetrics, 
item no. 1- 3002, for cortisol and item no. 1- 2402 for testoster-
one). Testosterone was validated using serial dilutions of hair pool 
(N = 13 samples) and showed linearity between 1 and 40 mg hair 
(equivalent to 15.4– 240 pg/ml testosterone). The serial dilutions 
of the pooled hair extract showed parallelism with the provided 
kit standards (univariate analysis of variance; p = 0.467). The man-
ufacturer reported antibody cross- reactivity as 36.4% with di-
hydrotestosterone, 21.02% with 19- nortestosterone, 1.9% with 
11- hydroxytestosterone, 1.157% with androstenedione and less 
than 0.489% for all other steroids. Intra- assay repeatability was de-
termined using three duplicates of the pool on the same ELISA plate. 
The calculated coefficient of variation was 3.67%. Inter- assay vari-
ability was determined by running duplicates of the pool on three 
different plates. The coefficient of variation was 15.33%. Recovery 
was calculated as 100.5% by spiking a known amount of exogenous 
testosterone.

Serial dilutions of hair pool (N = 13 samples) for cortisol val-
idation showed linearity between 5 and 60 mg hair (equivalent 
to 0.111– 3 μg/dl cortisol). Dilutions of pool were parallel to the 
kit standards (univariate analysis of variance in SPSS; p = 0.249). 
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According to the manufacturer, antibody cross- reactivity was re-
ported as 19.2% for dexamethasone, and <0.6% for all other ste-
roids. Intra- assay repeatability using three duplicates of the pool on 
the same ELISA plate was 12.1%. Inter- assay precision using dupli-
cates of the pool on three different plates was 11.38%. Recovery 
was calculated as 117.18% by spiking a known amount of exoge-
nous cortisol.

2.6 | Statistical analysis

All analyses were conducted using R 3.5.1 (R Core Team, 2018). We 
followed a step- by- step protocol (full details below) to identify the 
best model structures able to explain the variability of target traits: 
prior behaviour, docility, HRstart, HRend and latency to leave. Best model 
structures were used to compute adjusted repeatability estimates 
(Nakagawa & Schielzeth, 2010). We calculated adjusted repeatabil-
ity since animals were not sampled under identical circumstances 
(Dingemanse & Dochtermann, 2013). Although we show the re-
sults for both years combined, we also ran the analysis separately 
for 2018 and 2019. The rationale behind this was that, in the hy-
pothetical case in which one year's repeatability was overwhelming 
high, this would have driven the overall patterns hiding the weak 

repeatability of the other year. The results for the separate years are 
included as supporting material (Figure S2; Tables S1 and S2).

Firstly, we ran mixed- effect models for each response variable 
with a set of a priori predictor variables (Table 1), with individual 
fawn identity fitted as random intercept. The full model structures 
were written after removing collinear predictors (|rs| ≥ 0.7; Zuur 
et al., 2009) as follows: estimated fawn age was collinear with weight 
(rs = 0.77, N = 297 capture measurements taken for N = 185 fawns) 
and therefore we kept weight as an objective proxy for age; handling 
time and capture number (whether it was the first, second, third, 
fourth or fifth capture) were collinear (rs = −0.76, N = 308 capture 
measurements taken for N = 181 fawns) and therefore never in-
cluded in the same model structure.

The response variables were either numeric (Prior behaviour, 
HRstart, HRend and latency to leave) or ordinal (docility), which re-
quired a different analytical approach. In the case of numeric re-
sponses, we fit Linear Mixed- effect Models (LMMs; lme4 package, 
Bates et al., 2015), including the quadratic term for continuous 
predictors to allow for nonlinear effects. HRstart, HRend and latency 
to leave were log- transformed to improve residual homogeneity. 
We scaled the continuous predictors whenever needed to achieve 
convergence (Bates et al., 2015). Full models were fitted using 
Maximum Likelihood estimate in preparation for model ranking 

TA B L E  1   List of a priori predictors (first column) deployed in the full mixed- effect models ran for each response variable (middle columns, 
check marks indicate which predictors have been included in the model structure), along with the rationale behind the selection of the predictor 
variables (last column). Fawn identity was included in all models as random intercept. Predictor variables that had both linear and quadratic 
term included in the full model are highlighted with an asterisk (*)

Predictor variables 
in full model

Prior 
behaviour Docility

Heart rate, HRstart 
(log- transformed)

Heart rate, HRend 
(log- transformed)

Latency to leave 
(log- transformed)

Reason to include predictor 
variable

Year ✓ ✓ ✓ ✓ ✓ To account for differences 
between years

Sex ✓ ✓ ✓ ✓ ✓ To allow for inter- sexual 
differences

Time of capture* ✓ ✓ ✓ ✓ ✓ To account for variation in 
diurnal activity

Capture number ✓ ✓ ✓ ✓ To account for experience 
during previous capture

Weight* ✓ ✓ ✓ ✓ ✓ To account for body size 
(collinear with age) effects

Visibility* ✓ ✓ To account for the effect of 
vegetation on behaviour

Air temperature* ✓ ✓ ✓ ✓ To account for the effect 
of temperature on fawn 
reactivity

Prior behaviour* ✓ ✓ ✓ ✓ To account for the activity 
of the fawns prior to 
capture

Handling time* ✓ To account for handling 
time affecting heart rate

Individual fit with 
radiocollar

✓ ✓ To account for the effects 
of fitting a radiocollar

Individual wearing a 
radiocollar

✓ To account for the effects 
of a radiocollar
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and selection using the Akaike information criterion (Barton, 2018; 
Zuur et al. 2009). In the case of the ordinal response variable, we fit 
Cumulative Link Mixed Models (CLMMs) with the package ordinal 
(version 2019.12- 10, Christensen, 2018).

The second step was the model selection of the most parsi-
monious model. For the LMMs fitted on numeric response vari-
ables, we dredged the full model (MuMin- package, version 1.43.17, 
Barton, 2018) and selected the most parsimonious one characterized 
by the lowest AICc (Best model structures in Table 2). The assump-
tions of the best model were successfully met by visually inspect-
ing residuals and running diagnostics using the DHARMa package 
(version 0.3.0, Hartig, 2018). In the case of CLMMs for the ordinal 
response variable docility, automatic model dredging has not been 
implemented yet in R and therefore we selected the model via man-
ual stepwise AIC. We used the predicted threshold coefficients of 
the best CLMM to convert docility into numeric. Thereby, we identi-
fied the best mixed- model structures for the five response variables 
(four numeric and one ordinal converted to numeric), which were 
used to calculate repeatability. Repeatability estimates were com-
puted with a Gaussian distribution of errors using the rptR- package 
(version 0.9.22, Stoffel et al., 2017) with the number of bootstraps 
set to 1,000.

Our next aim was to study whether the behavioural response 
covaried with the physiological response of the fawns, provided that 
these would be repeatable. Based on the repeatability estimates 
(see Section 3), we selected latency to leave as our behavioural re-
sponse and HRend as our physiological response. We decided for 
this direction, that is, HRend predicting latency to leave (latency to 
leave ~ HRend), because latency to leave was recorded after HRend. 
In addition, we ran a multiple regression model instead of simple 
correlation, that is, ρ(latency to leave, HRend), in order to account for 
the effects of confounding factors. We limited this analysis to be-
haviour at first capture only to avoid possible confounding effects 
of habituation from multiple recaptures. In this specific analysis, a 
random effect term for fawnID was not needed because each fawn 
contributed with one datum. We ran a binomial GLM, with latency to 
leave (as a proportion of the maximum latency) as response variable 
ranging from 0 (no latency) to 1 (max latency of 10 s) and values in 
between for fawns showing some latency prior to leave. We used a 

set of a priori predictor variables, which were HRend (both linear and 
quadratic terms), fawn weight (both linear and quadratic terms), sex 
and the year of sampling. The numerical predictor variables were 
right- skewed and were therefore log- transformed to improve model 
fit and meet its assumptions. We detected a slight under- dispersion 
and corrected the standard errors using a quasi- GLM model— where 
the variance is given by φ × μ, where μ is the mean and φ is the dis-
persion parameter— and simplified the model using stepwise back-
ward selection rather than model dredging, which we consistently 
used in our modelling approach throughout the paper but not in this 
specific case due to the inability to estimate AIC in quasi- binomial 
models.

Finally, in order to address whether hair steroid levels were asso-
ciated with how individuals cope with being handled, we ran a linear 
model with our best repeatable trait recorded during the handling 
phase as the response variable, with each fawn contributing with 
one data row to the database. We had a set of a priori predictor 
variables in our full model, which were the hair cortisol and testos-
terone levels (including both linear and quadratic terms to allow for 
nonlinearity), fawn weight and sex. Cortisol and testosterone levels 
were correlated with each other (rs = 0.62, N = 75), but this was 
below the collinearity threshold of rs = |0.7| (Zuur et al., 2009) and 
therefore, both terms were included in the full model. The model 
was dredged to obtain the most parsimonious model structure. The 
best model was used to study the relation between steroid levels 
and coping, and these were visualized using the effects package (Fox 
& Weisberg, 2018, 2019). Hair sampling using the hair trimmer was 
introduced in the second year of the study and therefore, steroid 
analysis was done for 2019 samples only.

3  | RESULTS

3.1 | Neonate traits at capture: Variability and 
repeatability

The neonate traits recorded at capture showed considerable vari-
ability (mean ± SD: prior behaviour, 0.38 ± 0.32; docility, 1.25 ± 0.96; 
HRstart, 40.03 ± 16.70 beats/20 s; HRend, 47.41 ± 13.30 beats/20 s; 

Response variable Best model structure

Prior behaviour Weight + Year + (1|FawnID)

Docility Time of capture + Capture number + Prior 
behaviour + Weight + Collared + (1|FawnID)

Heart rate, HRstart (log- transformed) Capture number + Air temperature2 +  
Time of Capture + Prior behaviour +  
Weight + Year + (1|FawnID)

Heart rate, HRend (log- transformed) Air temperature + Time of Capture +  
Prior  behaviour +  Prior behaviour2 +  
Weight2 + Sex + (1|FawnID)

Latency to leave (log- transformed) Prior behaviour + Weight + Weight2 +  
Capture number + Year + (1|FawnID)

TA B L E  2   Best model structures used 
for computing repeatability estimates in 
fawn traits measured at capture. These 
model structures were obtained by 
dredging the a priori model structures 
described in Table 1
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latency to leave, 4.51 ± 4.40 s). Trait variability and frequency histo-
grams are summarized in Figure 1.

The best model structures used for the repeatability estimates 
are shown in Table 2 (see Table S1 for each year separate). Neither 
prior behaviour nor docility were repeatable, whereas both heart rate 
measures and latency to leave were repeatable (see Figure 2 and 
Table S2 for repeatability estimates). We found similar results over 
the different years, with traits either being consistently repeatable 
in all years or in none (Figure S2; Table S2).

3.2 | Covariation between behavioural and 
physiological response

The best model explaining latency to leave included weight, year 
and HRend. Weight had a negative effect with heavier fawns 
having a shorter latency to leave (GLM: β = −0.72 ± 0.17 SE, 
p < 0.001, N = 177). Fawns of cohort 2019 had a longer latency 
to leave than fawns of cohort 2018 (GLM, with 2018 as reference: 
β = 0.91 ± 0.31 SE, p < 0.01, N = 177). HRend had a negative ef-
fect on latency. Fawns that had higher heart rates during handling 
had shorter latencies to leave (Figure 3; GLM: β = −1.03 ± 0.19 SE, 
p < 0.001, N = 177).

F I G U R E  1   Variation in traits quantified in neonate fallow deer fawns captured, handled and released for 2 consecutive years in the 
Phoenix Park, Dublin: (a) prior behaviour (ranging from 0 to 1), (b) docility (categorical, ranging from 0 to 4) and heart rates (beats/20 s) 
measured at (c) the beginning (HRstart) of the capture, (d) prior to fawn release (HRend) and (e) latency to leave (sec). The different colours 
indicate different cohorts (year 2018 and 2019), whereas the size of the points indicates the capture weight of the fawns (in kg). Frequency 
histograms are displayed on the right y- axis for each separate plot
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3.3 | Hair steroids and neonate coping

As measure for neonate coping, we took HRend, since it explained 
latency to leave (Figure 3) and was strongly correlated with HRstart 

(rs = 0.66, N = 310 capture measurements taken for N = 185 fawns). 
The best model explaining HRend included cortisol, testosterone 
and weight as explanatory variables. Weight had a positive effect 
with heavier fawns having a higher HRend (LM, linear term only: 
β = 3.73 ± 1.41 SE, p = 0.01, N = 75). Fawns that had higher lev-
els of cortisol also had a higher HRend (Figure 4a; quadratic term 
only: β = 6.60 ± 1.32 SE, p < 0.001, N = 75), whereas testosterone 
was negatively associated with HRend (Figure 4b; linear term only: 
β = −4.39 ± 1.76 SE, p = 0.015, N = 75).

4  | DISCUSSION

In this study, we showed that: (a) neonates display repeatable inter- 
individual differences in their physiological and in one behavioural 
response when coping with an anti- predator situation; (b) the physi-
ological response is related to the behavioural response, that is, 
fawns with higher heart rates had shorter latencies to leave and (c) 
in utero accumulated steroid hormone levels are associated with 
these differences in coping; specifically, we showed that cortisol is 
positively, and testosterone negatively, related to heart rates during 
capture. Neonates develop at a rapid pace and may differ behav-
iourally to adults. For example, they may lack the psychomotor skills 
to respond in a similar way as adult; thus, physiological parameters, 
such as heart rate, could be suitable candidate traits for young sub-
jects (Fucikova et al., 2009), especially when it is impossible to meas-
ure other traits that are usually measured in adults. Juveniles have 
also been somewhat ignored within the field of individual variation 
of behaviour, with most of the studies focussing on (sub)adults (Bell 

F I G U R E  3   The relation between the heart rate prior to release 
(HRend) and latency to leave recorded for two consecutive years in 
fallow deer fawns as predicted by the most parsimonious binomial 
GLM. Since latency to leave was truncated at 10 s, it is given as a 
proportion of the maximum value. The different years are displayed 
with different colours (years 2018 and 2019). Dashed lines indicate 
the 95% conditional confidence intervals
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et al., 2009; Stamps & Groothuis, 2010). Our results provide novel 
insights into this relatively neglected topic in behavioural ecology, 
namely individual variation in neonate behaviour of large wild mam-
mals, and the potential role that in utero levels of cortisol and testos-
terone play in shaping these differences.

Fallow deer fawns adopt the hiding strategy during their first 
3 weeks of life (Chapman & Chapman, 1997). Towards the end of 
the hiding phase, as fawns age and their motor skills improve, they 
actively attempt to avoid being handled, and are more likely to run 
away from approaching humans and predators. After this 3- week 
period, as fawns grow older, they abandon their hiding strategy and 
they start to follow the mother closely (Chapman & Chapman, 1997). 
In the present study, we used weight as a proxy for age, and showed 
from fawn recaptures that body growth was indeed associated with 
both heart rate (positively) and latency to leave (negatively). In other 
words, fawns tend to respond more actively by the end of the hid-
ing phase. Remarkably, we showed that when taking weight into ac-
count, certain individuals had lower heart rates and tended to stay 
longer (i.e. a longer latency) than same- age conspecifics, and that 
this tendency was repeatable. These findings support the current 
theoretical framework, which predicts that individuals respond dif-
ferently towards stressors along a proactive– reactive continuum, 
also referred to as coping styles (Koolhaas et al., 1999, 2010; Réale 
et al., 2010). Proactive animals are expected to show more active 
behavioural responses and have a stronger physiologically re-
sponse, that is, high sympathetic system reactivity to stressful sit-
uations compared to reactive animals (Koolhaas et al., 1999; Réale 
et al., 2010). This covariation between behaviour and physiology is 
present in a wide range of taxa (e.g. Koolhaas et al., 1999; Øverli 
et al., 2007), suggesting that it is evolutionarily conserved (Øverli 
et al., 2007).

To date, prenatal levels of steroid hormones have been 
mostly studied in laboratory rodents or avian species (Curley & 
Branchi, 2013; Groothuis et al., 2019). Effects of in utero steroid lev-
els on behaviour in wild populations of large mammals are poorly 
understood and previous field studies have focussed on maternal 
steroid levels prior to (Love et al., 2005) or after (Petelle et al., 2017) 
birth. While there has been some investigation of steroid levels 
of the offspring, behavioural data were either missing (Fishman 
et al., 2018, 2019; Pavitt et al., 2014) or related to juvenile circulating 
steroid levels after birth (Sheriff et al., 2010), which in ungulate neo-
nates are highly variable in the first days of life (Bonnot et al., 2018; 
Pavitt et al., 2014). Chronic steroid levels, such as those extracted 
from hair, may therefore be more stable and a better indicator of 
developmental conditions in utero, than circulating levels.

In adult animals, circulating blood steroids are presumably incor-
porated into the growing hair via follicular capillaries (Gormally & 
Romero, 2020). The process typically ranges from weeks to months 
(Gormally & Romero, 2020), depending on the rate of hair growth. 
Hair therefore represents integrated circulating steroid levels at 
the time of growth. Previous studies have shown that in adults, hair 
steroid levels are correlated with circulating steroid concentrations, 
both within as well as between species (see Koren et al., 2019). 

Whereas the relationship between blood steroids and hair steroids 
is relatively direct in adults, this is not necessarily the case with ne-
onates. Our understanding of what is encompassed by hair steroid 
levels in neonates is remarkably poor, due to the paucity of research 
in this area. Whereas it is possible that hair steroid levels of neo-
nates encompass circulating foetal steroid blood levels, similarly to 
post- natal subjects and adult individuals, there is also evidence that 
steroids can be incorporated in hair via exogenous sources (see Greff 
et al., 2019). In the case of the foetus, this would be the amniotic 
fluid that contains steroids originating from both the mother as well 
as the foetus (Wang et al., 2019). Therefore, neonate hair steroid 
levels may represent either the foetal circulating steroid levels, the 
amniotic fluid levels or both, and thus reflect the uteral environment 
where the foetus developed (Kapoor et al., 2016). We show here, 
for the first time, that these steroid levels may play a major role in 
neonate behaviour and suggest that future work should focus on 
dissecting the pathways behind steroid hormone accumulation in 
neonate hair, as well as how in utero accumulated steroids shape 
individual behaviour.

Foetal development is strongly influenced by prenatal levels 
of cortisol and testosterone (e.g. Liggins, 1994; Rhees et al., 1997). 
Increased maternal stress during pregnancy has been shown to 
have several negative effects on offspring traits such as birth 
weight, behaviour and physiology in different taxa including hu-
mans (Henriksen et al., 2011; Hompes et al., 2012; Weinstock, 2017; 
Zijlmans et al., 2015). The presence and level of these can be depen-
dent of the timing of the stressors, with different effects observed 
during early/mid and late gestation (Henriksen et al., 2011; Hompes 
et al., 2012). On the other hand, there are also studies that report 
a positive effect of elevated glucocorticoids on offspring traits 
(Chin et al., 2009; Henriksen et al., 2011). Some of these positive 
effects are during late gestation, when cortisol accelerates develop-
ment and prepares the foetus for parturition (Kikkawa et al., 1971; 
Kitterman et al., 1981; Liggins, 1994; Henriksen et al., 2011). Cortisol 
could therefore, during these final stages, be crucial for the POL of 
an individual, mediating early developmental pace. It is during these 
late stages that fallow deer foetuses are fully covered in fur (approx-
imately 5 weeks prior to parturition; Chapman & Chapman, 1997) 
and thus, neonate hair steroid levels are representative of those 
last stages of pregnancy. We might then expect that faster develop-
ing individuals, that is, higher cortisol, would be more active (Réale 
et al., 2010). This is in line with what we would expect from fawn life 
history since fawns respond more actively to potential predators as 
they get older.

Testosterone is linked to competition (Eising et al., 2006; 
Muller, 2017; Weissman et al., 2019), aggressiveness and neo-
phobia (Pelletier et al., 2003; Raynaud & Schradin, 2014; Tobler & 
Sandell, 2007; While et al., 2010), and with reduced fear and anxiety 
(Geburt et al., 2015; Plusquellec & Bouissou, 2001; Vandenheede & 
Bouissou, 1993). In men, testosterone is generally associated with 
risk- taking behaviour, although not always (see Apicella et al., 2015; 
Mehta et al., 2015). In a context that was most comparable to this 
study, restrained cattle show higher salivary testosterone in relation 
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to lower heart rates and increased docility (Geburt et al., 2015). This 
effect seems to be proximate, since studies with experimentally in-
creased levels of testosterone have shown reduced fear and anx-
iety responses in a broad range of taxa (Aikey et al., 2002; Boissy 
& Bouissou, 1994; Raynaud & Schradin, 2014; Vandenheede & 
Bouissou, 1993). Our results provide an empirical support to these 
findings; after correcting for cortisol level, high levels of testoster-
one are indeed associated with lower heart rates and longer latency 
to leave, therefore suggesting that in utero testosterone may be as-
sociated with reduced fearfulness in neonate fawns. There is evi-
dence that prenatal testosterone levels can have long- lasting effects 
on offspring phenotype (Hsu et al., 2016; Strasser & Schwabl, 2004; 
Tobler & Sandell, 2007), but this has not been studied in free- living 
mammals. Future studies should focus on long- term consequences 
of prenatal hormones in free- living mammals and hair- testing may 
facilitate these investigations.

We also found that in utero accumulated cortisol was correlated 
with testosterone. This suggests that foetuses that have been ex-
posed to high cortisol have also been exposed to high testosterone. 
This is in line with previous studies that tested the relationship be-
tween these hormones in human foetuses (Gitau et al., 2005; Sarkar 
et al., 2007). However, we found that cortisol and testosterone were 
related to heart rate in an opposite manner, hinting that the effects 
of the two hormones may be more complex. An interplay between 
glucocorticoids and androgens is predicted under the dual- hormone 
hypothesis (see Mehta & Prasad, 2015); however, studies have pri-
marily focussed on human subjects and on single hormones, while 
our study extends the generality of the model to wildlife. Based on 
our findings, we would encourage researchers to investigate addi-
tional taxa testing cortisol and testosterone simultaneously instead 
of separately. Disregarding the levels of one steroid hormone while 
testing for the effect of another hormone on the response variable 
may otherwise lead to misleading results.

In conclusion, we have shown that individual variation in be-
haviour is present within days of being born and that it is associ-
ated with in utero accumulated levels of cortisol and testosterone. 
These findings show that the in utero environment may play a major 
role in the development of inter- individual differences in behaviour 
shortly after birth. In agreement with Wolf and Weissing (2012), this 
striking inter- individual variability in coping with a potential predator 
represents an important component that can contribute to the resil-
ience of this species to predators with different hunting modalities, 
for example, wolf versus fox versus human hunter (Ciuti et al., 2012; 
Murray et al., 1995; Sullivan, 1978). We found support for the cur-
rent theoretical framework, explored a relatively neglected part 
of the animal personality literature particularly in the context of 
wild large mammals and provided novel insights into the presence 
and proximate mechanism behind individual variation early in life. 
Certainly, there are still several questions that remain unanswered, 
mainly regarding the exact source of each steroid hormone level 
in neonate hair. Depending on the source, that is, maternal versus 
foetal or a combination of both (e.g. testosterone from the mother 
and cortisol from the foetus), the physiological, behavioural and 

evolutionary implications would be very different and this should be 
prioritized by future research.
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