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Abstract

In wildlife captive management, contraception is highly desirable due to inbreeding risk and needed control of intra- and inter-
specific aggressions. Deer, for which surgical castration can cause abnormal growth of the antlers, are suitable candidates for
pharmacological castration. The aim of this study was to evaluate the effect of pharmacological castration on the physiological
patterns and volatile chemical profiles of two deer species. We placed a subcutaneous implant of deslorelin acetate (4.7 mg) on
four male red deer (Cervus elaphus) and two male fallow deer (Dama dama) (N = 6) living together in a mixed-sex and -species
group housed at a wildlife rescue centre in Tuscany, Italy. We combined hormone measurements and chemical investigation of
metatarsal scent-gland odour secretions to test whether pharmacological castration will influence the volatile chemical profile,
potentially modifying the olfactory communication during the rutting season. We used radioimmunoassay technique to deter-
mine faecal and plasma testosterone as well as faecal cortisol levels, and solid-phase microextraction coupled to gas chromato-
graphy-mass spectrometry to analyse the scent-gland odour secretions. We found that deer testosterone levels decreased after the
subcutaneous deposition of the implant. However, castrated red deer exhibited more variability in testosterone concentrations
throughout the study period compared to fallow deer, whose testosterone levels remained low after the implant. We detected
a total of 124 (red deer) and 88 (fallow deer) volatile compounds in male scent-gland odour secretions, including naturally
occurring ketones, alcohols, aldehydes, terpenes, carboxylic acids, esters, volatile fatty acids, and hydrocarbons. Odour richness,
but not total abundance or ratios of compounds, changed with testosterone levels in red deer. In conclusion, our preliminary
findings suggest that deslorelin acetate, causing a decrease of testosterone level and impacting the chemical profile of odour
secretions, could work as a non-invasive contraception approach in human-managed populations of deer.

Keywords: Cervus elaphus, chemical signals, Dama dama, deslorelin acetate, testosterone

1 Introduction bind to the GnRH receptors in the hypophysis and

The control of reproduction in ungulates is a matter of stimulate the production of FSH and LH, causing
increasing interest in both free-ranging and captive set- a subsequent increase of the concentration of sexual
tings (Barrell et al. 2009; Fagerstone et al. 2010; Massei steroids (flare up effect), in the long term these agents
and Cowan 2014). Reproductive activity is driven by cause the desensitization of GnRH receptors to GnRH
sexual hormones, whose concentration can be reduced and a temporary and reversible downregulation of the
by the use of gonadotropin-releasing hormone (GnRH) hormonal cascade of the hypothalamic-pituitary-

agonists. Specifically, even if initially GnRH agonists gonadal (HPG) axis (Padula 2005; Trigg et al. 2006;
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Fagerstone et al. 2010; Palm et al. 2012; Lucas 2014;
Massei and Cowan, 2014). However, there is conflict-
ing evidence about the impact of these agents on tes-
tosterone levels, which is the main gonadal hormone
driving male reproductive activity (Lincoln 1987; Beker
and Katz 1997; Baker et al. 2004; Barrell et al. 2009).
Testosterone usually interacts with cortisol, another
steroid hormone released by the hypothalamic-
pituitary-adrenal (HPA) axis in response to stressful
events and energetic needs (Mormede et al. 2007;
Bonier et al. 2009). The HPG and the HPA axes are
strictly related and mutually modulate; hence, any
alteration of the HPG affects the HPA (Viau 2002).

Features such as identity, rank, and age impact on
the reproductive quality of mammals and may be
reflected in their scent (Rasmussen et al. 2002;
LaDue et al. 2021). Chemical signals are linked
directly to physiological conditions and are expected
to be more honest than other sexual signals (Hasson
1997); specifically, odours are affected by gonadal
hormones during the breeding season (Petrulis
2013). Social odours influence both reproductive
behaviour and the activation of the HPG axis in mam-
mals (Petrulis 2013). For instance, scents of opposite-
sex individuals can lead an animal to increase procep-
tive behaviours, including vocalizations, marking,
exploratory, and inspection behaviours, to favour the
encounter with mating partners in several mammal
species (Vaglio et al. 2020).

Red deer (Cervus elaphus) and fallow deer (Dama
dama) are traditionally managed by humans in
farms or wildlife parks (Asa & Porton 2005). In
such captive facilities, contraception is highly desir-
able because of space limitation, inbreeding risk,
and needed control of aggressive behaviours asso-
ciated with the rutting season (Asa & Porton 2005).
In addition, testicular activity and testosterone con-
centration regulate the cycle of antlers, and surgical
castration of adults can cause the persistence of
antlers covered with velvet that can grow disorga-
nized creating a “perruque”, which negatively
impacts their welfare (Fletcher et al. 2016). Both
species are seasonal breeders, with the rutting sea-
son occurring over autumn in the Northern
Hemisphere (Lincoln 1985; Asher et al. 1993;
Asher 2011). During this period of the year, the
high testosterone levels cause physiological, mor-
phological, and behavioural changes, including the
growth of testes, production of spermatozoa,
increase of the mass of neck muscles (i.e., hyper-
trophy), as well as display of agonistic behaviours
and acoustic calls (Asher et al. 1993; Kierdorf et al.
2004; Malo et al. 2009; Landete-Castillejos et al.
2019). The rutting season has high energetic costs
and may cause stress, which ultimately determines
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an increase in cortisol levels. However, other
authors have found both low and high cortisol
levels during the breeding season, and its interac-
tion with testosterone remain uncertain (Huber
et al. 2003; Konjevi¢ et al. 2011; Pavitt et al.
2015; de la Pefia et al. 2021).

Cervids use multimodal communication to adver-
tise their reproductive status (Massei & Bowyer 1999).
Specifically, red deer use low pitched roars, whose
frequency of emission changes during the breeding
season (Bocci et al. 2013). Similarly, fallow deer
employ groans during breeding seasons both in male-
male competition and female choice; these vocaliza-
tions are useful for individual recognition (Vannoni &
MCcElligott 2008). In addition, deer use visual cues in
meaningful locations, such as forest edges or elevated
sites (Massei & Bowyer 1999). For instance, during the
breeding season fallow deer perform territorial beha-
viours (Massei & Bowyer 1999). In cervids visual and
olfactory cues are often associated, and deer scent-
gland odour secretions convey information about age,
sex, and population identity to conspecifics. Their role
in reproductive strategies is however currently under-
studied (Lawson et al. 2001; de la Pena et al. 2019).
Previous studies do not rule out a possible important
role of chemical communication during the breeding
season. For example, in the urine of male red deer,
short-chain carboxylic acids and aromatic compounds
increase during the breeding season (Bakke &
Figenschou 1990). Another study suggests that, dur-
ing the rutting season, Iberian red deer males (Cervus
elaphus hispanicus) involved in high male-male compe-
tition may communicate their dominance and condi-
tions using volatile compounds (de la Pefa et al.
2019).

This preliminary study examined the effects of
pharmacological castration on physiological patterns
and volatile chemical profiles, by combining faecal
endocrinology with chemical investigation of scent-
gland odour secretions, in captive pharmacologically
castrated (via 4.7 mg deslorelin acetate implants),
red and fallow deer. Particularly, we tested the fol-
lowing hypotheses and predictions:

1. Castration affects testosterone levels in deer. We
predicted that castration would result in
decreased testosterone concentration during
the autumn, and no difference in its concentra-
tion throughout the rest of the year.

2. There is a direct relationship between testoster-
one and cortisol levels. We predicted that corti-
sol and testosterone concentrations would show
a positive correlation during both breeding and
non-breeding seasons.
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3. There is a direct relationship between sex hor-
mone levels and chemical profiles of metatarsal
scent-gland odour secretions in castrated male
subjects. We predicted that volatile chemical
profiles would change according to testosterone
levels during both breeding and non-breeding
seasons.

2 Materials and methods
2.1 Ethical assessment

The study was evaluated and authorized by the
Ethical Committee of the Veterinary Department
at the local health authority in Tuscany (USL -
Unita Sanitaria Locale of Toscana Centro, Italy).

2.2  Study subjects & anaesthesiologic protocol

The study subjects were four male red deer and two
male fallow deer (N = 6) housed together with seven
females (5 red deer and 2 fallow deer) at the CRAS
Semia onlus rescue centre in a semi-free ranging
naturalistic 1.4 ha mixed-sex and mixed-species
enclosure, subdivided into two areas of 0.9 and
0.5 hectares, and including grass and olive trees.
Subjects were provided with hay during the year
and commercial pellet once a day, three times
a week, during summer and spring time, and they
had access to fresh tree branches and two drinking
points. All the animals had free access to the same
quality of food items and water, meaning that we
can exclude any dietary impact on the chemical
compounds excreted by their metatarsal scent-
glands. All study subjects were identified via ear-
tags for their recognition (Table I).

We carried out the study from September 2020 to
August 2021. The 8™ of September 2020 implants of
deslorelin acetate (Suprelorin® F, Virbac, 4.7 mg)
were deposited subcutaneously on the left side of the
animals’ neck and the first batch of faecal and plasma
samples were collected for measurement of hormonal
levels. Particularly, the implant was placed at the same
time for red and fallow deer, but the reproductive

period (rutting season) begins at different times for
the two species (i.e., from middle of September in
red deer, and from the end of September in fallow
deer (Varuzza 2019)). The second sampling day was
34 days after the implantation. We carried out a further
two samplings (at the end of January 2021 and at the
beginning of March 2021) to monitor the reproductive
status. We suspended the sampling protocol over the
summer due to the weather conditions (i.e., very high
temperature). Thus, we completed the last sampling
event at the end of August 2021 before the following
reproductive season. We collected samples in the
morning, from 9.00 am to 12.00 pm, and immediately
transferred them to the University of Bologna where
we stored them in a — 20°C freezer.

We darted the animals using a CO2-powered rifle
(DAN-Inject, model JM  Special, Berkop,
Denmark) and 3 ml Telinject syringes with
2.0 X 38 mm needles. We used a solution of dry
tiletamine/zolazepam (Zoletil®100, Virbac) recon-
stituted with 5 ml of xylazine HCL (Nerfasin® 100,
le vet Beheer b.v.) (1:1:2 = tiletamine: zolazepam:
xylazine) as anaesthetic combination. We utilized
a dosage of 1.4-1.6 ml per dart according to the
estimated weight of the single individual. The first
time that we anaesthetized them, we referred to the
range and mean weight reported for the same spe-
cies in the bibliography. Once the animals were
asleep, we weighed them with an appropriate
scale. The mean body weight £SD (standard devia-
tion) of red and fallow deer was respectively 126.30
+28.97 and 80.30 £ 18.81 kg but varied during
the year. Once sedated, we placed the deer in right
lateral recumbency, we tied together their two hind
legs and the right foreleg, and put on their face
a mask to prevent the sight. We monitored anaes-
thesia measuring SO2, temperature, heart, and
respiratory rate, and by checking mucous mem-
brane colour and capillary refill time, palpebral,
perineal, and corneal reflexes. We administered an
antagonist dose of 0.13 * 0.03 mg/kg atipamezole
(Antisedan®, Orion Pharma, Espoo, Finland)
intramuscularly after at least 45 minutes from the
anaesthesia.

Table I. Identification, age and species of the study subjects.

Name/ Ear tag

Age at the beginning of the study (years)

Species

CAS/left ear blue tag
CAD/right ear blue tag
CGS/left ear yellow tag
CGD/right ear yellow tag
DA/left ear blue tag
DGf/right ear yellow tag

=g = WO W

Red deer (Cervus elapahus)
Red deer (Cervus elapahus)
Red deer (Cervus elapahus)
Red deer (Cervus elapahus)
Fallow deer (Dama dama)
Fallow deer (Dama dama)




2.3 Endocrinological sampling & analysis

We used plasma and faeces to measure the level of
cortisol and testosterone hormones throughout the
study period. During the anaesthesia, we collected
blood samples (n = 30) from the jugular vein
(VACUTEST KIMA srl, 5 ml) and faeces (n = 26)
from the rectum. We decided to duplicate the samples
because anaesthesia and capture procedures can affect
cortisol levels in blood samples (Bonier et al. 2009).
After that, we transferred the samples at +4°C, using
a freezer box with ice packs, and stored them in a —20°C
freezer at the Physiology and Anatomy Service
Laboratory of the Department of Veterinary Medical
Sciences, University of Bologna (Italy) for laboratory
analyses.

We determined cortisol and testosterone concentra-
tions via radioimmunoassay (RIA) based on binding of
3 H-steroid by competitive adsorption (Fenske &
Schonheiter 1991). All concentrations were expressed
in pg/mg of faeces and ng/ml of plasma. With regards to
faeces, we used the extraction methodology modified
from Schatz and Palme (2001) and Fontani et al.
(2014). We extracted cortisol and testosterone from
500 mg wet weight faeces with methanol-water solution
(v/v 4:1) and ethyl ether. We vaporized the portion of
ether under an airstream suction hood at 37°C. We
dissolved the dry residue again into 0.5 ml PBS
(0.05 M, pH 7.5). With regards to plasma, we per-
formed the extraction of testosterone as described by
Tamanini et al. (1983).

We conducted cortisol and testosterone metabolites
assay in faeces according to Tamanini et al. (1983) and
Gaiani et al. (1984), respectively. We performed the
cortisol RIA wusing an antiserum to cortisol-21-
hemisuccinate-BSA (anti-rabbit), at a working dilution
of 1:20 000 and 3 H-cortisol (30 pg/tube vial) as a tracer,
and the testosterone RIA using an antiserum to testos-
terone-3-carboxymethyloxime-BSA (anti-rabbit), at
a working dilution of 1:35000 and 3 H-testosterone
(31 pg/tube vial) as a tracer. Validation parameters of
analysis were sensitivity 0.19 pg/mg, intra-assay varia-
bility 5.9%, inter-assay variability 8.7%, for cortisol;
sensitivity 1.1 pg/mg, intra-assay variability 6.2%, inter-
assay variability 9.6%, for testosterone. We determined
radioactivity using a liquid scintillation  counter and
a linear standard curve, designed ad hoc by software
Priamo (Motta & Degli Esposti 1981).

2.4  Odour samplhing & analysis

We collected 24 odour samples (red deer = 16 sam-
ples; fallow deer = 8 samples) by rubbing sterile
cotton swabs on the metatarsal gland, ten times
using steady pressure (Setchell et al. 2010 2011;
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Elwell et al. 2021). We placed all samples into sterile
10 ml screw-capped clear glass vials (Supelco
thread: 180.D. 22.5 mm X H 46 mm) closed by
teflon-faced rubber septa and seals (1.3 mm thick)
labelled with study subject identity and date. We
transported the vials at +4°C and stored them at
—20°C at the Physiology and Anatomy Service
Laboratory of the Department of Veterinary
Medical Sciences, University of Bologna (Italy),
and then cold shipped them on dry ice to the
Rosalind Franklin Science Centre, University of
Wolverhampton (UK), for laboratory analyses.

We investigated the volatile component of meta-
tarsal scent-gland odour secretions using established
solid-phase microextraction (SPME) and gas chro-
matography-mass spectrometry (GC-MS). We
applied the same methods used in our previous
work on primate odour signals (reviewed in Walker
& Vaglio 2021). Briefly, we introduced a 65 um
polydimethylsiloxane/divinylbenzene SPME syringe
needle through the vial septum and exposed the
fibre to the headspace above the sample in the vial
for 15 min at 40°C. We analysed the adsorbed vola-
tile analytes of all samples using a 5975C mass
spectrometer (Agilent Technologies) EI, 70 eV,
coupled directly to a 7890B gas chromatograph
(Agilent Technologies) equipped with a fused silica
HP5-MS Ul capillary column (Agilent
Technologies) 30 m X 0.25 mm cross bonded 5%-
phenyl-95%-dimethylpolysiloxane, film thickness
0.25 um. We maintained the injector and transfer
line temperatures at 270°C and 280°C, respectively.
We made injections in split-less mode (purge valve
opened after 1 min) with a constant flow of helium
carrier gas of 1 ml min—1. We started the oven
temperature program at 45°C for 2 min, then we
raised it by 4°C min—1 to 170°C, and finally by
20°C min—1 to 300 °C40.

We standardized peak retention times using reten-
tion time locking to alpha-pinene. We tentatively
identified eluted compounds by comparing the
experimental spectra with those of the mass-
spectral  library in  ChemStation  (Agilent
Technologies) and NIST Database (National
Institute of Standards and Technology), version
MSD F.01.01.2317 (Agilent Technologies). We
accepted a putative identification if the minimum
matching factor was higher than 70%. To minimize
the chance of misidentification and when more than
one compound was a good match for the same GC
peak, we considered the chromatographic retention
time and compared it with those reported in the
literature for the same chromatographic column
type. We created a data matrix using the peak area
relative to each identified compound using the
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integrated signal of the deconvoluted total ion cur-
rent (TIC). We analysed all samples in a short per-
iod of time to minimize inter-assay variability. We
overlaid chemical profiles from control filter paper
on animal chemical profiles to identify compounds
that did not derive from the animals and removed
these from the results.

2.5 Staustical analysis

Due to the small size of both groups and the physio-
logical individual variations of testosterone levels we
assessed the variation in blood testosterone concentra-
tion following the deslorelin acetate implant focusing
on individual study subjects. In order to avoid the
potential influences of the acute stress caused by cap-
ture and handling procedures (Morgan & Tromborg
2007), we used faecal hormone concentrations for
investigating testosterone and cortisol relationship.
To investigate the relationship between faecal cor-
tisol and testosterone levels, we used the R package
”Ime4” to run a Linear Mixed Model (LMM)
(Bates et al. 2014). For this LMM analysis, cortisol
was set as outcome variable, and testosterone, spe-
cies, and their interaction as fixed variables. Subject
ID was set as random effect. To test the effect of
testosterone on the chemical profile, we calculated
richness (total number of detected compounds in
each sample), Shannon’s H (an index which takes
into account the relative abundance of each com-
pound within a sample) and total odour (total abun-
dance of compounds per sample). We used the same
R package to run a negative binomial Generalize
Linear Mixed Model (GLMM) and two Linear
Mixed Model (LMM) (Bates et al. 2014). Before

running the analysis, we applied a logarithmic trans-
formation to the total odour variable and Johnson
transformation to Shannon’s H. In order to assess
whether the relationship between odour profile and
testosterone was present only for one of the two
species examined, we set compound richness,
Shannon’s H and total odour as outcome variables
in separate models while testosterone, age, species,
and the interaction of age and testosterone with
species were set as fixed variables. We included
subject ID as a random effect to control for multiple
sampling of the same individual. We excluded one
outlier for each model. Statistical significance was
set at p < 0.05.

3 Results
3.1 Plasma and faecal hormone profiles

In red deer, plasma testosterone concentrations dis-
played a similar trend across the four study subjects,
as shown in Figure 1. After the implantation event
(September 2021) plasma testosterone levels
decreased initially (November 2021), then rose
(January 2021), and finally decreased again
(March 2022). The youngest individuals (CGD
and CGS) showed another increase in plasma tes-
tosterone levels at the end of the study period
(August 2022). In contrast, plasma testosterone
levels decreased after the implantation event in fal-
low deer and then remained low over the entire
study period in both study subjects (Figure 2).

Our results showed no significant relationship
between cortisol and testosterone levels in faeces in
either of the study groups (Table II).

Testosterone blood concentration

Red deer (Cervus elaphus)

i s
N o N o N
3 o 3] o 3

TESTOSTERONE (ng/ml)

o
o

bhua.

Subjects ID:

S
GD
GS

SEP-20

NOV-20 JAN-21

MAR-21 AUG-21

Date of sampling

Figure 1. Plasma testosterone levels (ng/ml) of male red deer (Cervus elaphus) over the study period.
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Testosterone blood concentration

Fallow deer (Dama dama)

TESTOSTERONE (ng/ml)

[ e

Subjects ID:

DG

[

SEP-20 NOV-20 JAN-21

MAR-21 AUG-21

Date of sampling

Figure 2. Plasma testosterone levels (ng/ml) of male fallow deer (Dama dama) over the study period.

Table II. Results of the LMM examining whether faecal cortisol concentration is significantly predicted by
faecal testosterone level, species and the interaction between these two fixed factors. SE = standard error.

Outcome Predictor Estimate SE t-value p-value

Cortisol Intercept 0.28 0.10 2.77 012
Testosterone 0.001 0.005 0.36 725
Species — fallow deer -0.24 0.21 -1.11 278
Testosterone*species 0.03 0.02 1.81 .084

275

During the study period, one of the five female
red deer gave birth (October 2021), while we did
not record any pregnancy in fallow deer.

3.2 Odour profile

We detected a total of 138 (red deer) and 92 (fallow
deer) volatile compounds in 16 (red deer) and 8
(fallow deer) scent-gland odour samples. These
compounds included a range of naturally occurring
odorous volatile compounds such as ketones, alco-
hols, aldehydes, terpenes, carboxylic acids, esters,
volatile fatty acids and hydrocarbons. We could ten-
tatively identify 82 (red deer) and 58 (fallow deer)
compounds, with 31 compounds found in both red
deer and fallow deer samples (Tables III-IV).
Further 42 (red deer) and 30 (fallow deer) com-
pounds were classified as “unknowns”.

Our negative binomial GLMM showed that both
testosterone and species significantly predicted com-
pound richness, whereas there was no significant
interaction effect between these two factors, and age
did not result as a significant predictor (Table V).
More specifically, testosterone level positively pre-
dicted the richness of the volatile chemical profile (8
+ SE = 0.05 £ 0.02, z = 3.28, p = .001), and fallow

deer has a higher richness of the volatile chemical
profile than red deer (B * SE = 0.49 * 0.13,
z = 3.73, p < .001) (Table V). In contrast, we did
not find any impact of testosterone, species, and age
or their interaction on the Shannon’s H and total
odour of the chemical compounds (Tables VI
and VII).

4 Discussion & conclusions

Seasonal testosterone fluctuations in red deer living
in temperate regions and Mediterranean ecosystem
are well known. Testosterone peaks at the end of the
summer right before the rutting season in early
autumn, then decreases during the winter and
reaches its minimum level over the spring (Lincoln
et al. 1972; Mulley 2007; Malo et al. 2009). In our
study, plasma testosterone concentrations decreased
in November during the breeding season, then rose
in January, and bottomed out during the non-
breeding season in March. One of the five female
red deer gave birth in October, which is later than
the usual physiological calving period (i.e., spring
(Mulley 2007)). Given that in red deer the preg-
nancy usually lasts around 8 months (226-
245 days) (Varuzza 2019), we can date the begin-
ning of the pregnancy back to February. We cannot
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Table III. Volatile compounds present in swab samples from red deer (Cervus elpahus) metatarsal gland odour
secretions identified tentatively using the ChemStation (Agilent Technologies) and NIST (version MSD
F.01.01.2317) mass spectral databases, listed in order of retention time. Compounds in bold font were found in
both red deer and fallow deer samples.

Retention time (min) Compound
2.153 1-Butanol

2.475 Pentanal

2.792 Butanoic acid, methyl ester

2.942 1-Butanol, 3-methyl-

3.456 Toluene

3.629 Prenol

3.819 2-Butenal, 3-methyl-

3.827 2-Propenoic acid, 2-methyl-

3.885 Octane, 4-chloro-

4.058 3-Penten-2-one, 4-methyl-

4.078 Hexanal

4.128 Butanoic acid, ethyl ester

5.356 2-Hexenal, (E)-

5.542 Ethylbenzene

5.715 Hexanal, 5-methyl-

5.756 Benzene, 1,3-dimethyl-

5.765 1-Hexanol

6.362 Styrene

6.420 m-Dimethylbenzene

6.704 Heptanal

7.327 Propanoic acid, 2,3-dihydroxy-

7.475 Hexanoic acid, methyl ester

7.822 1-Hexanol, 3-methyl-

8.439 2-Heptanone, 6-methyl-

8.955 Formic acid, heptyl ester

9.540 5-Hepten-2-one, 6-methyl-

10.876 Heptanoic acid, methyl ester

10.929 Cyclohexene,1-methyl-5-(1-mehtylethenyl)-,(R)-
11.003 1-Hexanol, 2-ethyl-

11.028 Eucalyptol

11.139 Benzyl alcohol

11.277 Cyclohexane, 1,1-dimethyl-2-propyl-
11.865 cis-2,6-Dimethyl-2,6-octadiene

12.026 2-Octenal, (E)-

12.112 Cyclohexane carboxylic acid, methyl ester
12.282 Acetophenone

12.425 Nonen-1-ol

12.505 1-Octanol

12.545 7-Octen-2-o0l, 2,6-dimethyl-

12.553 1,7-Octanediol, 3,7-dimethyl-

12.669 p-Cresol

12.982 Benzene methanol, alpha, alpha-dimethyl-
13.477 3-Octanol, 3,6-dimethyl-

13.699 Nonanal

14.462 Octanoic acid, methyl ester

14.867 Cyclooctane, 1,4-dimethyl-, trans-

15.092 Camphor

15.109 (+)-2-Bornanone

15.143 cis-Decalin, 2-syn-methyl-

15.320 Naphthalene, decahydro-2-methyl-
15.447 2(3 H)-Furanone, dihydro-5-pentyl-
15.822 Nonadecane

15.900 Phenol, 4-ethyl-

16.049 Nonadecane, 9-methyl-

16.103 Pentadecafluorooctanoic acid, nonyl ester
16.111 Cyclohexanol, 5-methyl-2-(1-methylethyl)-, [1S-(1.alpha.,2.beta.,5.beta.)]-
16.544 Cyclopentane, 1,1’-ethylidenebis-

(Continued)
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Compound

Propanoic acid, 2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester

Retention time (min)

16.749 alpha-Terpineol

17.100 Dodecane

17.302 Decanal

17.743 Ethanol, 2-phenoxy-

19.595 Cyclododecane

20.076 Isobornyl acetate

20.094 Hexadecane, 1,1-bis(doecyloxy)-

20.303 Cyclohexanol, 2-(1,1-dimethylethyl)-

20.521 Tridecane

21.209 Nonane, 2,2,4,4,6,8,8-heptamethyl-
21.358 Decanoic acid, methyl ester

22.904

23.023 Hexadecane, 2,6,10,14-tetramethyl-

23.773 Tetradecane

24.059 Tridecanal

25.431 5,9-Undecadien-2-one, 6,10-dimethyl-, (E)-
26.069 Cyclopropane, nonyl-

27.175 o-Hydroxybiphenyl

29.751 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate
29.808 Cedrol

30.518 Benzophenone

31.572 Octane, 1,1’-oxybis-

32.336 Cyclohexanone, 2-(ethylamino)-2-(2-thienyl)-
32.554 Eicosane

34.075 Benzyl benzoate

rule out that the effect of the implant on testosterone
levels of red deer ended sooner than what we had
expected, which could contribute to the new rise of
testosterone levels in January and to the delayed
beginning of the fertile period. Further research is,
however, needed to explore the efficacy of GnRH
agonists on the reproductive biology of female red
deer.

Contrarily to red deer, after implantation fallow
deer showed decreased plasma testosterone levels in
November, with concentrations remaining low until
the end of the study period. In fallow deer, the
rutting season occurs over October and November
(Mulley 2007), with maximum testicular activity
between September and the second half of
November. Our results, therefore, suggest both effi-
cacy and duration of the implant in fallow deer.

The different influence of deslorelin acetate
implants on the two study species could be due to
the different timing of implantation compared to the
start of the rutting season, which is slightly different
in the two species (Varuzza 2019); the different
body size and weight of the study subjects; and
species-specific features. Other authors have
reported differences in the efficacy and duration of
GnRH agonists in different mammal species. For
instance, deslorelin implants could not suppress

spermatogenesis nor impact plasma testosterone in
bulls (D’Occhio et al. 2000), but inhibited gonado-
tropin release in dogs (Junaidi et al. 2009), while in
cheetahs the loss of fertility was reached using
a higher dose than what is commercially available
(4.7 mg) (Bertschinger et al. 2006).

We then examined the relationship between tes-
tosterone and cortisol profiles during the period
after pharmacological castration. We did not find
any significant relationship between hormone pat-
terns, but this might be due to the small sample
size of our study. The cortisol concentration can be
affected by several factors (i.e., stressful events, cir-
cannual rhythm, physical activity) (Mormeéde et al.
2007; Bonier et al. 2009); hence regular faecal sam-
pling throughout the year would be needed to fully
understand the relationship between HPG and
HPA, as well as the influence of chemical castration
on cortisol levels. Prior studies have already high-
lighted the mutual influence between HPG and
HPA (Viau 2002), but the mechanisms underpin-
ning the interaction between these two endocrine
systems are still unclear. Although there is
a general agreement about the inhibitory effect of
HPA products on HPG activity, some authors have
hypothesised a positive interaction between testos-
terone and cortisol for some energy-expensive
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Table IV. Volatile compounds present in swab samples from fallow deer (Dama dama) metatarsal gland odour
secretions identified tentatively using the ChemStation (Agilent Technologies) and NIST (version MSD
F.01.01.2317) mass spectral databases, listed in order of retention time. Compounds in bold font were found in
both red deer and fallow deer samples.

Retention time (min) Compound
2.154 1-Butanol

2.22 Benzene, [(methylsulfinyl)methyl]-

2.479 Pentanal

2.936 1-Butanol, 3-methyl-

3.312 Propanoic acid, 2-methyl-

3.658 Butanoic acid, 2-methyl-, methyl ester

3.831 3-Cyclohexen-1-o0l/5-Hexenal

4.066 Hexanal

4.326 2-Propenoic acid, 2-methyl-

5.352 2-Hexenal, (E)-

5.372 Pentanoic acid, 3-methyl-

5.789 1-Hexanol

5.814 Butanoic acid, 2-methyl-

6.362 Styrene

6.473 8-Oxabicyclo[5.1.0]octane

6.696 Heptanal

7.475 Hexanoic acid, methyl ester

8.448 2-Heptanone, 6-methyl-

8.567 Benzaldheyde

8.72 Bicyclo[3.2.0]heptane, trans/5-Decen-1-ol, (E)-/5-Decen-1-ol, (Z)-
8.955 Formic acid, heptyl ester

9.544 5-Hepten-2-one, 6-methyl-

9.688 2-Octanone

9.763 2-Hepten-3-ol, 4,5-dimethyl-

9.804 cis-9-Oxabicyclo[6.1.0]nonane

10.575 trans-9-Oxabicyclo[6.1.0]nonane

10.875 Heptanoic acid, methyl ester

10.929 D-Limonene

11.048 1-Hexanol, 2-ethyl-

11.143 Benzyl alcohol

11.733 7-Formylbicyclo[4.1.0]heptane

12.034 2-Octenal, (E)-

12.285 Acetophenone

12.52 1-Octanol

12.561 7-Octen-2-0l, 2,6-dimethyl-

12.664 Phenol, 3-methyl-

13.443 6-Nonenal, (E)-

13.481 3-Octanol, 3,6-dimethyl-

13.538 Undecane

13.645 6-Nonenal, (Z)-

13.699 Nonanal

14.981 trans-3-Nonen-2-one

16.115 Cyclohexanol, 5-methyl-2-(1-methylethyl)-, (1.alpha.,2.beta.,5.alpha.)-(.%.)-
17.096 Dodecane

17.306 Decanal

17.743 Ethanol, 2-phenoxy-

19.223 2-Decenal, (E)-

19.585 Nonanoic acid

20.08 Isobornyl acetate

20.637 Formamide, N,N-dibutyl-

20.768 Oxirane, decyl-

21.209 Nonane, 2,2,4,4,6,8,8-heptamethyl-

22.908 Propanoic acid, 2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester
23.015 Dodecane, 2,6,10-trimethyl-

25.43 5,9-Undecadien-2-one, 6,10-dimethyl-, (Z)-
29.742 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate
29.812 Cedrol

35.649 6-Undecylamine
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Table V. Results of the GLMMs examining whether richness of volatile chemical profile, during the pharmacological
castration period (November 2020 to August 2021), is significantly predicted by plasma testosterone level, age and species
and the interaction between species and the other two fixed factors. Significant results are in bold font. SE = standard error.

Outcome Predictor Estimate SE t-value p-value

Richness Intercept 3.15 0.12 25.63 <.001
Testosterone 0.06 0.02 3.29 .001
Age 0.02 0.02 0.83 41
Species — fallow deer 0.62 0.15 4.02 <.001
Testosterone* Species — fallow deer -0.05 0.11 -0.43 .66
Age* Species — fallow deer -0.05 0.03 -1.45 .15

Table VI. Results of the LMM examining whether total odour of volatile chemical profiles, during the pharmacological castration
period (November 2020 to August 2021), is significantly predicted by plasma testosterone level, species, age and the interaction
between species and the other two fixed factors. SE = standard error.

Outcome Predictor Estimate SE t-value p-value

Total odour Intercept 17.03 0.23 73.52 <.001
Testosterone -0.04 0.03 -1.31 .210
Age 0.10 0.05 1.73 .248
Species — fallow deer 0.60 0.33 1.83 .205
Testosterone* Species — fallow deer -0.04 0.20 -0.18 .855
Age* Species — fallow deer -0.12 0.08 -1.62 .241

Table VII. Results of the LMM examining whether Shannon’s H of volatile chemical profiles, during the pharmacological
castration period (November 2020 to August 2021), is significantly predicted by plasma testosterone level, species, age and the
interaction between species and the other two fixed factors. SE = standard error.

Outcome Predictor Estimate SE t-value p-value

Shannon’s H Intercept —0.42 0.72 -0.59 565
Testosterone 0.11 0.12 0.95 354
Age 0.02 0.16 0.12 .907
Species — fallow deer 0.35 0.98 0.35 727
Testosterone* Species — fallow deer 0.45 0.74 0.60 .554
Age* Species — fallow deer -0.17 0.23 -0.73 478

activities, such as mating efforts (Ketterson & Nolan
1999; Grebe et al. 2019), while the breeding period
is certainly physiologically stressful due to environ-
mental and social challenges (Mormeéde et al. 2007;
Bonier et al. 2009).

We detected a total of 124 (red deer) and 88 (fal-
low deer) volatile chemical compounds in male meta-
tarsal scent-gland odour secretions, including 31
compounds that were found in both species. Odour
richness, but not total abundance or ratios of com-
pounds, changed alongside testosterone levels.
Specifically, we found two compounds in both spe-
cies (i.e., propanoic acid, 2-methyl-, 3-hydroxy-
2,2,4-trimethylpentyl ester); 5,9-undecadien-2-one,
6,10-dimethyl-, (E)-) and two compounds exclusive
to red deer (i.e., cyclopropane, nonyl-; octane, 1,1'-
oxybis-) only in samples collected over August, when
testosterone levels rose again as male deer were
approaching the new breeding season and the effect

of deslorelin acetate implant was ended.
Interestingly, these volatile compounds have already
been identified in odour profiles of other animal spe-
cies as playing a role in sexual communication. For
instance, 5,9-undecadien-2-one, 6,10-dimethyl-,
(E)- and cyclopropane, nonyl- have been suggested
to act as sex pheromones in invertebrate species, such
as longhorn beetles (Cerambycidae) (Meier et al.
2020), houseflies (Musca domestica) (Guo et al.
1991) and gypsy moths (Lymantria dispar) (Solari
et al. 2007). Propanoic acid, 2-methyl-, 3-hydroxy-
2,2,4-trimethylpentyl ester has been reported to have
a function of urinary pheromone in mammals,
including tigers (Panthera tigris) (Soso 2011) and
the tree shrew (Tupaia belangeri) (Ye et al. 2018).
Finally, 1-1'-oxybis octane acts as an indicator of
different phases of pregnancy, and as a distinctive
signal between the para-axillary and nipple-areola
regions, in women (Vaglio et al. 2009).
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Our results did not show a significant influence of
age on the odour profile of the study subjects. On the
contrary, other studies have highlighted the impor-
tance of age which would affect the volatile chemical
profiles of the dark ventral patch of red deer which
are used as sexual signals (Martin et al. 2014; de la
Pena et al. 2019). In addition, in urine and interdi-
gital gland odour secretions released by male white-
tailed deer, differences have been found between
chemical profiles of old/dominant versus young/sub-
ordinate individuals, likely because of their different
hormonal status, especially considering testosterone
levels (Gassett et al. 1996; Miller et al. 1998). The
discrepancy with our results might be due to the
small sample size of our study, which might not
have allowed us to find significant differences in
odour profiles of subjects with different ages.

Mammalian social systems rely on signals trans-
ferred between individuals conveying a variety of
information, including individual and group identity
(Thom & Hurst 2004). Particularly, an individual
odour signature is made by multiple sources of che-
mosignals, including both non-volatile (i.e., proteins)
and volatile compounds (Brennan & Kendrick 2006).
In mammals, olfactory signals are vital in male-male
competition and predator-prey interactions; these
include male scent-gland odour providing reliable
information to both male competitors and potential
female mates (reviewed in Wyatt 2003), and “alert”
alarm odour signals released by males when alarmed
or pursued. For example, when concerned by poten-
tial predators, black-tailed deer (Odocoileus hemionus
columbianus) expose the metatarsal gland on the hind
leg, releasing a garlic-like odour, which causes other
deer to lift their heads and scan the surroundings
(Muller-Schwarze et al. 1984). We, therefore, argue
that the deslorelin acetate implant may have sup-
pressed the release of key compounds for sexual
interactions in male red deer and thus disrupted
deer socio-sexual communication.

Finally, we must acknowledge some major limita-
tions of this preliminary study. First of all, we focused
on limited data pools which included a relatively
small sample size and unit of analysis. Moreover, pre-
treatment sampling would be crucial, especially in
light of the small sample size and the lack of control
subjects. Particularly, a control set of females should
be included to understand the volatile chemical com-
pounds present and how these relate to steroid hor-
mones. Additionally, plasma levels of deslorelin could
be used to substantiate the conclusion that deslorelin
wore off sooner in red deer.

In conclusion, on the basis of plasma testosterone
patterns and volatile chemical profiles of metatarsal
scent-gland odour secretions, our preliminary study

supports the hypothesis that the deslorelin acetate
implant could influence the reproductive status of
male deer, but further studies are needed to understand
its efficacy and duration, especially in red deer. Further
work, using a larger sample size and both sexes, is
needed to better understand the effects on animal health
and the efficacy of GnRH agonists in cervids, focusing
on the dosage and timing of the implants.
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