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Abstract: The Alaotran gentle lemur (Hapalemur alaotrensis) is one of the world’s most endangered
primates and shows low success rates in captive breeding programmes. This study tested biologically
relevant scent enrichment using two synthesised mixtures likely to convey information about female
fertility on the behaviour of three unsuccessful breeding pairs in captivity. Specifically, we compared
the baseline and enrichment periods by combining behavioural observations (n = 240 h) with faecal
endocrinology (n = 80 samples), focussing on cortisol and testosterone measurements via enzyme
immunoassay techniques. Then, we tested two different mixtures to assess potential behavioural
differences and evaluate the effectiveness of olfactory enrichment using scented and unscented cotton
strips. Olfactory behaviours differed by sex and enrichment conditions, with both sexes exhibiting
increased behaviours during enrichment compared to the baseline. Sexual behaviours increased
during the enrichment period, with variations in frequency between males and females depending
on the condition. No significant changes were observed in faecal cortisol levels. However, one male
showed a significant increase in testosterone during the second enrichment mixture. Nevertheless,
overall differences between baseline and enrichment were not significant. Our findings suggest that
while the scent enrichment showed limited effectiveness, biologically meaningful scents may trigger
species-specific behaviours.

Keywords: captive breeding; zoo animal welfare; faecal endocrinology; olfactory enrichment;
Hapalemur alaotrensis

1. Introduction

With nearly 60% of primate species classified as endangered or critically endangered
by the International Union for Conservation of Nature (IUCN) [1], primate conservation is
critical [2]. Institutions in the European Association of Zoos and Aquaria (EAZA) partici-
pate in conservation initiatives that integrate in situ and ex situ programmes, benefiting
target and coexisting species [3]. However, many endangered primate species, includ-
ing several lemurs [3], have low reproductive success in captivity, limiting their role as
a buffer against extinction (reviewed in [4]). It is crucial for captive animals to express
natural behaviours [5]; but, in zoo environments, lack of stimuli and routine can lead
to boredom [6], stereotypic behaviours [7], and endocrinological dysfunction [8], which
may decrease reproductive fitness [9–12]. On the other hand, captivity enhances breeding
through the evidence-based facilitation of reproductive behaviours and environmental
enrichments [10,13,14]. The latter, including motor, cognitive, sensory, and social stimula-
tion, improves psychological and physiological welfare, promoting natural species-specific
behaviours [14,15] and breeding success [10].
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Primates are typically considered microsmatic, relying more on visual and vocal than
olfactory cues [16]. However, olfactory signalling is crucial in sociosexual communication in
strepsirrhine primates [17,18]. Indeed, scent-marking behaviour conveys information about
age, rank, reproductive status, diet, and identity [19,20]. Furthermore, sexual pheromones
may advertise female fertility and elicit male responses [21], including in primate species
such as rhesus monkeys and humans [22]. Odour provides information about male qualities
as potential mates [23,24]; moreover, scents have the potential to trigger olfactory and sexual
behaviours in lemurs [23]. While scents can facilitate mate choice and reproductive success
in mammals [25,26], studies on olfactory enrichment in primates are scarce [4]. They often
focus on anthropogenic rather than biologically relevant scents [27], which may also impact
reproductive success [28].

This study focusses on the Alaotran gentle lemur (Hapalemur alaotrensis), one of the
world’s 25 most endangered primate species, with an estimated wild population of about
2500 individuals [29], listed in Appendix I of the CITES (Convention on International Trade
in Endangered Species for Wild Fauna and Flora) and Critically Endangered on the IUCN
(International Union for Conservation of Nature) Red List [1]. Despite EEP (EAZA Ex
situ Programmes, i.e., population management activities endorsed by EAZA for species
managed by EAZA Members aimed at maintaining healthy animal populations within
EAZA or beyond) management since 1990 [30], and the international studbook through
WAZA (World Association of Zoos and Aquariums), which tracks and facilitates breeding
management, the EAZA population currently has 56 adults [31], with Europe being the
only region that maintains Alaotran gentle lemurs. Moreover, recent declines in breeding
in European zoos and only a few active breeding pairs have been highlighted by the latest
Species Holdings report for Alaotran gentle lemurs in the Species360 Zoological Information
Management System (ZIMS), which shows only seven births from five breeding pairs within
the last year [31]. Therefore, it is crucial to better understand their reproductive biology
to enhance their wellbeing and breeding success [32]. Their reproductive patterns are
mainly monogamous, though polygyny occurs, with some offspring sired by extra-group
males [33]. They are seasonally polyoestrous, with mating during the dry season leading to
births in the wet season [34]. In captivity, they lack a clear breeding season [30,31] and show
no clear behavioural indicators of female fertility [32,35]. While not extensively studied,
recent work indicates that anogenital odour encodes fertility information in females [32].

In our previous work [32], we investigated the chemical profile of anogenital odour
secretions from a successful breeding female and identified four compounds (2-heptanone;
3-heptanone; 3-octanone; 4-methyl, 3-hexanone) distinguishing the chemical profile of
odour secretions during the lemur ovulation window, then recreated the chemical mixture
in our semiochemistry laboratory. In this study, we tested two versions of the chemical
mixture on three unsuccessful breeding pairs to stimulate sexual behaviours. We aimed
to evaluate the effects of both scent enrichments by using behavioural observations and
faecal hormone measurements considering both overall effects and sex-specific responses.
Additionally, we assessed the effectiveness of the olfactory enrichment using scented and
unscented cotton strips, comparing the olfactory behaviours and proximity directed to-
wards these differently treated strips. We predicted, compared to the baseline condition
(i.e., before exposure to scented strips), that stress-related behaviours (such as abnormal
and aggressive actions) would decrease, and species-specific behaviours (such as olfactory
activities) would increase, while stress-related hormone levels (specifically cortisol concen-
trations) would reduce. Furthermore, we predicted that sexual behaviours in both males
and females (including male mating behaviours) and sex hormone levels (male testosterone
concentrations) would increase during enrichment conditions.

2. Materials and Methods
2.1. Subjects and Housing

The study involved three non-breeding pairs (i.e., all study subjects have never bred
successfully) of gentle lemurs (n = 6) housed at Parc Zoologique et Botanique de Mulhouse
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(Mulhouse, France), Jersey Zoo (formerly Durrell Wildlife Park, Jersey—Channel Islands),
and ZSL London Zoo (London, UK) (Table 1). All pairs were housed in indoor enclosures
maintained at 25 ◦C, with access to outdoor areas. Behavioural observations and faecal
sampling were conducted from July 2022 to February 2023.

Table 1. Sampling period and study subjects.

Zoo Experimental Phase Period of Sampling Faecal Samples
(Total) Individual Age at Study Start

Mulhouse Zoo

PRE 25 July 2022–
4 August 2022 19

Kwic (M)
Manon (F)

8 years, 1 month, 3 weeks
12 years, 1 month, 3 weeksENR1 6 August 2022–

8 August 2022 6

ENR2 11 August 2022–
13 August 2022 6

Jersey Zoo

PRE 19 September 2022–
29 September 2022 15

Brian (M)
Bala (F)

13 years, 7 months, 3 weeks
17 years, 5 months, 2 weeksENR1 1 October 2022–

3 October 2022 6

ENR2 7 October 2022–
9 October 2022 6

London Zoo

PRE 9 January 2023–
19 January 2023 15

Rocky (M)
Hazo (F)

15 years, 6 months, 3 weeks
3 years, 7 months, 3 weeksENR1 21 January 2023–

23 January 2023 4

ENR2 26 January 2023–
28 January 2023 3

2.2. Study Design

Data collection at each zoo included a 10-day baseline period (PRE) followed by a
6-day enrichment period (Table 1). The enrichment phase was divided into three days
using Enrichment 1 (ENR1, with Mixture 1) and three days using Enrichment 2 (ENR2,
with Mixture 2). We collected behavioural data (n = 240 h) and faecal samples (n = 80)
from early morning to early afternoon (5 h continuously per day). Faecal samples were
collected the day after each observation to account for the previous day’s hormone levels.
At London Zoo, the lemurs’ off-show enclosure time made it difficult to identify faecal
samples, resulting in fewer samples than at other zoos.

2.3. Olfactory Enrichment

Our previous work [32] focussed on sampling anogenital odour secretions in female
gentle lemurs via positive reinforcement training [36] and chemical investigation of anogen-
ital odour secretions [37]. We managed to identify a portion of the chemical signature
conveying information about female fertility. In that study, we included measurements of
sex hormone levels (progesterone and oestradiol), using enzyme immunoassay techniques,
and investigating the volatile component of odour signals using solid-phase microex-
traction and gas chromatography–mass spectrometry techniques [37]. Four compounds
distinguished the volatile chemical profile of anogenital scent secretions during the breed-
ing period: 2-heptanone, 3-heptanone, 3-octanone, and 4-methyl 3-hexanone. We then
synthesised this chemical signature (1:1 proportion) as an olfactory enrichment for our
study pairs (Mixture 1 of the present study). In addition to the four volatile compounds
identified in the successfully breeding fertile female, we added decanal and benzaldehyde
(Table 2) to create Mixture 2 of the present study. These compounds were identified in
our recent work on ruffed lemurs [4,38] as key signals of female fertility and found in
scent-marking secretions of several primate species [36,39]. Thus, we used Enrichment
1 (ENR1), from Mixture 1, for the first three days and then Enrichment 2 (ENR2), from
Mixture 2.
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Table 2. Mixtures composition for Enrichment 1 and Enrichment 2.

Mixture 1—Proportion 1:1 Mixture 2—Proportion 1:1

Compound Name Proportion (%) Compound Name Proportion (%)
2-heptanone 25 2-heptanone 16.666666
3-heptanone 25 3-heptanone 16.666666
3-octanone 25 3-octanone 16.666666

3-hexanone, 4-methyl 25 3-hexanone, 4-methyl 16.666666
Decanal 16.666666

Benzaldehyde 16.666666

2.4. Enrichment Protocol

For the scent enrichment preparation, we followed our established protocol [40].
Briefly, we used sterilised white cotton strips 75 cm long and 5 cm wide. During the
enrichment period, every day we soaked the cotton strips in three 50 mL vials with 20 drops
of the scent mixture diluted with 12 mL of cold-boiled water. We prepared the scent cotton
strips and then positioned 2 unscented and 6 scented strips around both indoor and outdoor
enclosures before 8 AM of each sampling day over the scent enrichment period. We tied the
strips approximately 1 m from the ground around the climbing frames, as these were the
most used areas of the enclosures by females when marking, and eventually removed them
at the end of the observations. Every enrichment day, we randomised the placement of
both scented and unscented cotton as well as the locations where they were placed inside
the enclosure.

2.5. Behavioural Data Collection

We conducted in-person behavioural observations using all occurrences of some
behaviours and ad libitum sampling methods [41] every study day (6 days per week)
between 8 AM and 1 PM (5 h per day), excluding Sundays to avoid peak visitor hours.
Thus, we collected data on olfactory, sexual, aggressive, and abnormal behaviours using
an ethogram (Table 3) developed by Errington [42] and modified based on prior studies
by other authors [30,32,35,43]. The same observer (A.B.C.) collected data from the three
host zoos.

We determined the frequency of each behaviour by calculating the number of be-
haviours performed out of the total hours of observation. Furthermore, during the enrich-
ment period, we included additional behaviours towards the cotton strips:

• Proximity to cotton: time spent in proximity (within 12 cm) of a given cotton strip
while showing no other response;

• Olfactory behaviours:

1. Sniffing cotton (SC): time spent sniffing the cotton with the nose held at or within
2 cm of the placement of the odorant;

2. Licking cotton (LC): time spent licking the cotton;
3. Scent-marking cotton (CSM): scent-marking behaviours towards the cotton.

Table 3. Ethogram.

Behaviours (Acronym) Description

Olfactory behaviours
Brachial scent marking (BSM) Scratching object with lower dentition, then rubbing spot on brachial glands (on arms; only males).
Anogenital scent marking (ASM) Rubbing object with genitalia, then sit-rubbing repeatedly whilst depositing urine.
Territorial marking (TM) Grabbing, biting, chasing, lunging, confrontation display to conspecifics.

Tail-scent marking (TSM) Standing on hind legs with tail bent towards them, rubbing object on insides of wrists and tail
simultaneously.

Sniff genitals (SG) Placing the nose less than 3 cm from the anogenital area of a conspecific and licking it.
Sniff substrate (SS)
Lick substrate (LS)

Inspecting, sniffing, touching, biting a substrate for at least 2 s.
Licking a substrate for at least 2 s.
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Table 3. Cont.

Behaviours (Acronym) Description

Sexual behaviours
Anogenital self-grooming
(ASG) Grooming of genital area, using fingers or mouth.

Follow (FOL) Male approaches female from behind and follows closely (less than 1 m).
Penile erection (ERC) The subject shows a conspicuously erect red penis.
Mating calls (MC) Female produces distinct calls singly or in a series while soliciting copulation and during mating.

Attempt mounting (AM) Male approaches female, clasps, orients body for copulation; female chatters at and/or cuffs the male,
male releases female.

Copulation (CO) Male approaches, female crouch, male introduces sperm into the female’s reproductive tract.

Aggressive behaviours
Intimidation (INT) The subject emits a short vocalization towards a conspecific to warn it not to come closer.
Chase (CH) The subject chases a conspecific, chasing him on the ground or scrambling to reach him.
Bite (BT) The subject bites a conspecific.

Abnormal behaviours
Self-scratching (SCR) The subject rubs and scratches its own body excessively.
Pacing (PAC) The subject walks back and forth in a distinct, unchanged pattern though the enclosure.

2.6. Faecal Hormone Sampling and Measurements

We collected faecal samples from both male and female study subjects every morning
during behavioural observations, when defecation was observed, and the animal’s identity
was certain. We immediately stored the samples in a −20 ◦C freezer at the zoo before
transferring them, using a freezer box with ice packs to avoid any risk of defrosting, to the
Rosalind Franklin Science Centre, University of Wolverhampton, for laboratory analyses.

For hormone extraction, we used our established protocol [32]. Briefly, we lyophilised
the faecal samples for 72 h using a freeze-drying machine (Christ®, Beta 1–8 LSC plus,
Osterode am Harz, Germany); then, we pulverised and sieved them to separate the faecal
residue from the fibrous material. The extraction methods were based on those detailed
in [32,44]. In brief, we extracted in a 15 mL plastic tube 0.05–0.1 g of pulverised faeces
in 3 mL of 80% methanol. Then, after vortexing for 15 min using a multi-tube vortexer
(Grant Instruments R, Multi-Vortexer V32, Cambridge, UK) and centrifugation for 20 min
at 3266× g, we immediately stored the supernatant at −20 ◦C.

For male and female cortisol analyses, we used a commercially available ELISA kit
(Enzo Life Sciences®, New York, USA). We diluted the sample 1:10 with the assay buffer
and all faecal samples and standards were assayed in duplicate. For male testosterone,
we used DetectX® Immunoassay Kit (ArborAssay®, Place Ann Arbor, USA). We diluted
the samples 1:5 with the assay buffer and all faecal samples and standards were assayed
in duplicate.

To validate the enzyme immunoassays, we conducted a parallelism test between
the standard curves of each kit and the serial dilutions of two samples [45]. Then, using
a microplate reader, we read the optical density, and these data were analysed using
a 4-parameter logistic fitting programme (MyAssays®). Hormone concentrations were
calculated in pg/mg.

2.7. Statistical Analysis

We conducted statistical analyses using R Studio software (version 4.2.2) to evaluate
behavioural and hormonal outcomes from the enrichment period. To assess the impact of
scent enrichment on lemur behaviours and hormones, we first categorised the behaviours
into two groups: sexual behaviours and olfactory behaviours (Table 4). Only observed
behaviours were included in the analysis to ensure statistical significance. Due to the
limited number of data points and low frequency of abnormal and aggressive behaviours,
statistical analysis could not be performed for these categories.
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Table 4. Category of behaviours considered in two-way ANOVA.

Category of Behaviours Behaviours Performed by
Males (Acronyms)

Behaviours Performed by
Females (Acronyms)

Behaviours Performed by
Both Sexes (Acronyms)

Sexual behaviours ASG, ERC, FOL ASG ASG
Olfactory behaviours BSM, SS, LS, SG, LC, SC, CSM ASM, SS, LS, LC, SC, CSM SS, LS, LC, SC, CSM

We employed the Wilcoxon test to compare olfactory and proximity behaviours to-
wards scented and unscented cotton strips. We employed a two-way ANOVA to analyse
the data, comparing the sexes within each zoo (sample size: N = 2 per zoo) across several
categories. Specifically, we compared the baseline period (PRE) to the overall enrichment
period (ENR1 and ENR2 combined) with regard to olfactory behaviours, sexual behaviours,
and faecal cortisol concentrations. Additionally, we compared the effects of the two enrich-
ment conditions (ENR1 and ENR2) across the same categories, again examining differences
between the sexes within each zoo. Post hoc analyses were conducted using Tukey’s
method for multiple comparisons, with a significance level set at 0.05.

For testosterone analysis, given that each zoo had only one male (N = 1 per zoo), we
used the Welch Two Sample t-test to compare baseline levels with the combined enrichment
periods (ENR1 and ENR2) and examine changes in testosterone levels between ENR1
and ENR2.

2.8. Ethics Statement

This study adhered to institutional and international guidelines for the care and
use of captive animals, employing non-invasive methods to collect behavioural data and
faecal samples from the gentle lemurs. Additionally, this study complied with CITES
regulations and received approval from the Life Sciences Ethics Committee at the Univer-
sity of Wolverhampton (UK) (REC number LSEC/202021/SV/52) as well as the Ethics
Committees at Parc Zoologique and Botanique de Mulhouse (Mulhouse, France), Jersey
Zoo (Jersey—Channel Islands), and ZSL London Zoo (London, UK). We also confirm that
our research followed the ARRIVE guidelines for the ethical treatment of non-human
primates [46].

3. Results
3.1. Proximity and Olfactory Behaviours towards Scented and Unscented Cotton Strips

We analysed how proximity and olfactory behaviours towards the cotton strips (SC,
LC, and CSM) varied between scented and unscented cotton strips, considering both
enrichment periods together (ENR1 and ENR2). The unit of analysis was the frequency of
these behavioural occurrences per day. The Wilcoxon test showed a statistically significant
increase in the frequency of these behaviours towards the scented cotton strips compared to
the unscented strips in every zoo (see Table 5 for details about p-values). The total number
of occurrences (N) was aggregated across both enrichment periods.

Table 5. Results by the Wilcoxon test comparing proximity and olfactory behaviours towards scented
versus unscented cotton strips.

Zoo
Occurrences of Olfactory
Behaviour with Scented

Cotton Strips

Occurrences of Olfactory
Behaviour with Unscented

Cotton Strips
W p-Value

Mulhouse
Proximity cotton 12.8 0 108 0.00699

Olfactory behaviours cotton 10.4 0.4 142 2.96 × 10−5

Jersey
Proximity cotton 12.6 0.2 137.5 5.567 × 10−5

Olfactory behaviours cotton 12.8 1 139 8.147 × 10−5
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Table 5. Cont.

Zoo
Occurrences of Olfactory
Behaviour with Scented

Cotton Strips

Occurrences of Olfactory
Behaviour with Unscented

Cotton Strips
W p-Value

London
Proximity cotton 35 0.2 137.5 6.062 × 10−5

Olfactory behaviours cotton 37.1 0.6 129 0.0005958

3.2. Sexual Behaviours

A two-way ANOVA was conducted to compare the baseline period (PRE) with the
combined enrichment periods (ENR = ENR1 and ENR2). We found that sexual behaviours
significantly increased during the enrichment period at both Jersey and London zoos
(F(1) = 17.47; p-value = 0.0002 and F(1) = 14.58; p-value = 0.0006, respectively). Specifically,
Tukey’s test revealed that the male at Jersey Zoo increased these behaviours significantly
during enrichment. Conversely, at London Zoo, the female performed more of these
behaviours during the enrichment phase (Table 6).

Table 6. Results of the Tukey test comparing sexual and olfactory behaviours between the sexes and
different types of study periods. M stands for male and F for female.

Zoo 95% C.I. Lower 95% C.I. Upper p-Value

Mulhouse
Olfactory behaviours M-F 2.989462 6.210538 0.0001718

Jersey
Olfactory behaviours M-F 0.5122565 6.95441 0.0282423

Sexual behaviours M-F 0.1404012 1.259599 0.0203681
Sexual behaviours ENR:M-PRE:M 0.3797486 1.1002514 0.0000300

London
Olfactory behaviours ENR2-ENR1 7.390704 −0.4292957 0.0320923

Olfactory behaviours PRE-ENR −4.403 −1.066967 0.0022717
Sexual behaviours M-F −1.886735 −0.2732647 0.0149548

Sexual behaviours PRE:F-ENR:F −1.5053215 −0.5346785 0.0000211

Additionally, we examined the impact of the two enrichments on the sexual behaviours
of both sexes. The analysis revealed no statistically significant differences in sexual be-
haviours between the enrichment periods at Mulhouse Zoo (F(1) = 0.33; p = 0.58) nor
between the sexes (F(1) = 0.33; p = 0.58). By contrast, at Jersey Zoo, there was a statistically
significant difference in sexual behaviours between the sexes (F(1) = 8.32; p-value = 0.0204),
but not among the enrichment periods (F(1) = 0.01; p-value = 0.8941). The Tukey test
showed that males performed significantly more sexual behaviours than females (Table 6).
Similarly, at London Zoo, we found a statistically significant difference in sexual behaviours
between the sexes (F(1) = 9.53; p-value = 0.015), but no difference between the enrichment
periods (F(1) = 0.07; p-value = 0.796). Tukey’s test revealed that females performed more
sexual behaviours than males (Table 6). In Figure 1a star denotes a p-value < 0.05.
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Figure 1. Differences in sexual behaviours between the sexes at different zoos analysed using a
two-way ANOVA: (a) at Jersey Zoo, males exhibited more sexual behaviours than females; (b) at
London Zoo, females exhibited more sexual behaviours than males. The asterisk (*) indicates p value
smaller than 0.05 (p < 0.05). The point (˙) indicates an outlier.

3.3. General Olfactory Behaviours

When comparing the baseline period to the combined enrichment periods, two-way
ANOVA revealed that olfactory behaviours significantly increased during the enrichment
period at London Zoos for both sexes (F(1) = 11.28; p-value = 0.002) (Figure 2). See Table 6
for the Tukey test results.
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Figure 2. Olfactory behaviours differences analysed using a two-way ANOVA between baseline
(PRE) and enrichment conditions (ENR) at London Zoo. The asterisk (*) indicates p value smaller
than 0.05 (p < 0.05).

Additionally, we found statistically significant differences in olfactory behaviours
between the sexes at both Mulhouse Zoo (F(1) = 43.38; p-value = 0.000172) and Jersey Zoo
(F(1) = 7.14; p-value = 0.0282). Specifically, males exhibited olfactory behaviours more
frequently than females (Table 6). However, there were no significant differences between
the two enrichment periods at either zoo (p-values = 0.582563 and 0.4406 respectively;
F(1) = 0.32 and 0.65 respectively). By contrast, at London Zoo, olfactory behaviours were
significantly more frequent during the Enrichment 1 period than in the Enrichment 2 period
(F(1) = 6.71; p-value = 0.0321), but there were no significant differences between the sexes
(F(1) = 3.42; p-value = 0.1014) (Table 6).
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3.4. Cortisol

We did not find any statistically significant differences in cortisol concentrations when
comparing the baseline to the combined enrichment periods in any of the zoos.

However, a two-way ANOVA was also performed to compare the effects of different
enrichments on cortisol in both sexes. At Mulhouse Zoo, there was a small difference be-
tween the sexes (F(1) = 3.98; p-value = 0.081), but this was not statistically significant. Addi-
tionally, there were no significant changes between the two enrichment periods (F(1) = 0.004;
p-value = 0.950). At both Jersey Zoo and London Zoo, there were no significant changes
in cortisol concentrations during the two phases of the study (p-value = 0.777 and 0.649,
respectively; F(1) = 0.08 and 0.22, respectively), nor between the sexes (p-value = 0.659 and
0.572, respectively; F(1) = 0.20 and 0.34, respectively).

3.5. Testosterone

None of the males showed significant changes between the baseline and enrichment
phases in testosterone concentrations.

Nevertheless, the Welch Two Sample t-test analysis revealed significant changes in
testosterone levels across different enrichment conditions at Mulhouse Zoo (t = −5.4439,
df = 2.4778, p-value = 0.01964), with testosterone levels increasing during Enrichment 2
(Figure 3). Conversely, at both London Zoo and Jersey Zoo, the enrichment conditions
did not significantly affect testosterone levels in males (p-values = 0.3269 and 0.08365,
respectively).
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4. Discussion

One of the 25 most endangered primates in the world is the Alaotran gentle lemur
(Hapalemur alaotrensis) [29], which also shows a poor success rate in captive breeding
programmes [31,32]. This project aimed to enhance the breeding practices of captive gentle
lemurs by evaluating a novel scent enrichment based on female fertile odour signals in three
unsuccessful breeding pairs housed at Mulhouse, Jersey, and ZSL London zoos. Specifically,
we evaluated the effects of scent enrichment by combining behavioural observations (i.e.,
sexual, olfactory, abnormal, and aggressive behaviours) and faecal hormone analyses (i.e.,
testosterone and cortisol) and found that exposure to this treatment influenced olfactory
behaviours and some sexual behaviours, but there were no significant changes in cortisol
and testosterone levels (except for the increase in one male’s testosterone levels during
exposure to enrichment).

We decided to test not only the mixture derived from the findings of our previous work
on Alaotran gentle lemurs [32], i.e., four compounds (2-heptanone; 3-heptanone; 3-octanone;
4-methyl, 3-hexanone) distinguishing the chemical profile of odour secretions during
the lemur ovulation window, but also a second mixture that contained two additional
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compounds: decanal and benzaldehyde. These volatile compounds were found during
our studies on ruffed lemurs [4,38] and identified as potentially key compounds signalling
female fertility in ruffed lemurs, crowned lemurs [39], and mandrills [47].

We did not record any abnormal behaviours. Only at Mulhouse Zoo, the female dis-
played some pacing, probably as an anticipatory behaviour observed before the zookeepers
fed the study group. Regarding aggressive behaviours, very few were recorded (therefore,
it was not possible to carry out any statistical analysis due to the small pool of data points)
and all occurred at the time of feeding. As described by other authors [48], aggressive
behaviours in gentle lemurs may occur in intersexual interactions, especially in the context
of feeding.

Our study results show a significant increase in olfactory behaviours and proximity
towards the scented cotton strips, underscoring the potential of olfactory stimuli to en-
hance environmental enrichment in captive settings. These results align with previous
research highlighting the role of olfaction in various animal behaviours, including for-
aging (i.e., Megachiroptera fruit bats [49]), reproduction (i.e., dogs, rats [50]), and social
communication (i.e., ring-tailed lemurs [51], crowned lemurs [39]).

Both sexes showed an increase in olfactory behaviours during the enrichment period
compared to the baseline. Additionally, we found that olfactory behaviours varied by
sex and enrichment conditions. At the Mulhouse and Jersey zoos, males exhibited more
olfactory behaviours than females, regardless of the enrichment condition; at London Zoo,
the lemurs showed more olfactory behaviours during the first enrichment condition (ENR1)
than the second (ENR2). These results suggest that olfactory stimulation is influenced
by both sex and environmental contexts, which is consistent with prior findings by other
scholars on the role of olfaction in animal behaviours (such as in birds [52], black-tailed
deer [53], and mice [54]).

The sex-based differences found in our study, particularly the increased frequency of
sexual behaviours in males at Jersey Zoo and females at London Zoo, suggest that olfactory
enrichment may impact the two sexes differently. This observation could be attributed to
underlying sex differences in olfactory processing or motivation, as noted in other species
(i.e., mice—Mus musculus [55,56], moustached tamarins—Saguinus mystax [57], and rhesus
monkeys—Macaco rhesus [58,59]). However, the lack of statistically significant changes in
sexual behaviours (such as attempt mounting and copulation) and cortisol levels suggests
that while olfactory enrichment can engage animals’ sensory modalities, it may not directly
translate into increased reproductive success or reduced stress. Moreover, since stress-
related behaviours were observed very infrequently during the study, we can assume that
the study subjects had good welfare status, thereby limiting the potential impact of our
scent enrichment.

Finally, the rise in testosterone levels in one male at Mulhouse Zoo during exposure to
the second scent mixture highlights the potential for specific odours to influence hormonal
states; however, we did not observe any copulation or mounting behaviours during the
Enrichment 2 period, and this effect was not observed consistently across individuals or
zoos. Moreover, no significant changes in testosterone levels were found when comparing
the enrichment phase to the baseline.

Limitations

We acknowledge several major limitations that could have affected the efficacy of our
scent enrichment programme. First, the small sample size (i.e., one successful breeding
female and three unsuccessful breeding pairs) was a significant constraint. Additionally,
verifying via objective criteria (e.g., faecal endocrinology or genital cytology) that the tested
females were not ovulating during the study period would have been crucial as it is likely
that, regardless of scent enrichment, males may perform more olfactory inspections and
sexual behaviours if females are ovulating. Difficulties with odour sampling, including the
small number of anogenital odour secretions sampled and potential swab contaminants,
as well as the use of an individual female’s samples from one breeding vs. non-breeding



J. Zool. Bot. Gard. 2024, 5 549

season, may have led to an inaccurately synthesised odour mixture. In addition, the
1:1 proportion of mixed compounds did not reflect actual chemical ratios. Finally, we
investigated the volatile component of female odour signals. However, the non-volatile
component may also play an important role in advertising female lemur fertility to males.

5. Conclusions

In conclusion, this preliminary study aimed to use two chemical mixtures (ENR1 and
ENR2), conveying a portion of Alaotran gentle lemur’s female fertile odour signature, and
test their effects on three unsuccessful breeding pairs of Alaotran gentle lemurs housed in
other zoos. Based on the behavioural observations and faecal hormone measurements, we
can conclude that scent enrichment was not fully successful.

Overall, our findings highlight the complex and context-dependent nature of how
olfactory enrichment may affect the behaviour and physiology of zoo-housed lemurs.
While the scent mixtures did not produce the anticipated widespread effects, the targeted
responses observed, such as for olfactory behaviours, suggest that biologically meaningful
scents have the potential to enhance both the welfare and captive breeding practices of
endangered lemurs.
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