
Social roles influence cortisol levels in captive
Livingstone's fruit bats (Pteropus livingstonii)

Item Type Article

Authors Edwards, Morgan J.; Stanley, Christina R.; Hosie, Charlotte A.;
Richdon, Sarah; Price, Eluned; Wormell, Dominic; Smith, Tessa E.

Citation Edwards, M. J., Stanley, C. R., Hosie, C. A., Richdon, S., Price, E.,
Wormell, D., & Smith, T. E. (2022). Social roles influence cortisol
levels in captive Livingstone's fruit bats (Pteropus livingstonii).
Hormones and Behavior, 144, 105228. https://doi.org/10.1016/
j.yhbeh.2022.105228.

DOI 10.1016/j.yhbeh.2022.105228

Publisher Elsevier

Journal Hormones and Behavior

Rights Attribution-NonCommercial-NoDerivatives 4.0 International

Download date 22/05/2023 09:26:22

Item License http://creativecommons.org/licenses/by-nc-nd/4.0/

Link to Item http://hdl.handle.net/10034/627014

https://chesterrep.openrepository.com/cdr
http://dx.doi.org/10.1016/j.yhbeh.2022.105228
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10034/627014


Hormones and Behavior 144 (2022) 105228

Available online 27 June 2022
0018-506X/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Social roles influence cortisol levels in captive Livingstone's fruit bats 
(Pteropus livingstonii) 

Morgan J. Edwards a,*, Christina R. Stanley a, Charlotte A. Hosie a, Sarah Richdon b, 
Eluned Price c, Dominic Wormell c, Tessa E. Smith a 

a Animal Behaviour and Welfare Research Group, Department of Biological Sciences, University of Chester, Chester CH1 4BJ, UK 
b Institute of Conservation Science & Learning, Bristol Zoological Society, Clifton, Bristol BS8 3HA, UK 
c Durrell Wildlife Conservation Trust, Trinity, Jersey JE3 6AP, UK   

A R T I C L E  I N F O   

Keywords: 
Cortisol 
Enzyme-immunoassay 
Social buffering 
Conservation 
Fruit bats 
Non-invasive 
Welfare 

A B S T R A C T   

A critical component of conserving and housing species ex situ is an explicit scientific understanding of the 
physiological underpinnings of their welfare. Cortisol has been repeatedly linked to stress, and therefore used as 
an indicator of welfare for many species. In order to measure cortisol in the Livingstone's fruit bat (Pteropus 
livingstonii; a critically endangered keystone species) without disturbing the captive population, we have 
developed and validated a non-invasive, novel hormone extraction procedure and faecal glucocorticoid assay. A 
total of 92 faecal samples, 73 from the P. livingstonii breeding colony at Jersey Zoo, Channel Islands and 19 
samples from P. livingstonii housed at Bristol Zoological Gardens, UK, have been collected and analyzed. Mixed- 
effect modelling of the influence of physiological state variables on cortisol concentration revealed that lactating 
females had higher cortisol levels than non-lactating females, indicating that our assay is measuring biologically 
relevant hormone concentrations. Males and older bats also had higher cortisol than non-lactating females and 
younger individuals. Further analysis applied social network methodology to compare the cortisol levels of bats 
with different social roles. We found that individuals that linked social groups possessed higher than average 
cortisol levels and conversely, individuals with high-quality, positive relationships had lower cortisol levels. 
These results demonstrate, for the first time in a bat species, social mediation of stress hormones. Lastly, the 
frequency of vocalisation was found to positively correlate with cortisol concentration in males, suggesting that 
this behaviour may be used by animal management as a visual indicator of a bat's hormonal status. Hence, this 
research has provided unique insights and empirical scientific knowledge regarding the relationship between the 
physiology and social behaviour of P. livingstonii, therefore allowing for recommendations to be made to optimise 
bat welfare at the individual level.   

1. Introduction 

Housing animals in captivity for education, research, conservation, 
production or even entertainment purposes has become a globally 
ubiquitous practice. Due to the inherent restrictions imposed by these 
systems, animals housed within them may have a limited ability to make 
choices or to perform species-specific, ecologically and/or biologically 
relevant behaviours, which can lead to physiological and psychological 
harm (Morgan and Tromborg, 2007). It is therefore necessary to monitor 
and adjust management techniques to promote positive welfare by 
optimising the ability of an animal to 1) cope with stress within its 

environment and have its basic physical needs met (Broom et al., 1993), 
2) perform species-specific natural behaviours freely (Fraser, 2009), 3) 
be free from unnecessary pain and suffering (Singer, 1995) and 4) 
experience positive affective states (Rollin, 1993). 

Several behavioural methods of assessing captive animal welfare 
have been developed (Fraser, 2009), including both direct methods, 
such as the observation of naturalistic behaviours (Dawkins, 2004), and 
indirect methods, such as judgement-bias investigation to approximate 
individual affective valence (Jones et al., 2018). The measurement of 
glucocorticoid hormones and their corresponding metabolites has been 
widely used as a tool for measuring the physiological correlates of stress 
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in both wild and captive environments (Kaisin et al., 2021; Palme, 2012; 
Samaras et al., 2021). Managing stress through the glucocorticoid 
response is a critical component of an animal's ability to maintain ho-
meostasis, therefore acutely linking glucocorticoids to welfare (Moberg, 
2000). 

Cortisol is the primary glucocorticoid hormone secreted by the 
Hypothalamic-Pituitary-Adrenal axis (HPA axis) of many mammalian 
species (Koren et al., 2012; Spencer and Deak, 2017). This hormone 
mediates the stress response through the regulation of necessary ho-
meostatic processes, such as the regulation of macronutrient deposition 
and mobilisation (Busch and Hayward, 2009; Sapolsky et al., 2000), the 
suppression of potentially damaging immunological responses (Romero, 
2004), and the maintenance of vascular reactivity (Ganong, 1987). 
Though these effects are adaptive, prolonged exposure to chronic stress 
can produce detrimental conditions (Moberg, 1985), including 
increased disease susceptibility (Golub and Gershwin, 1985), decreased 
reproductive capacity (Barbarino et al., 1989), and growth impairments 
(Klasing, 1985), hence reducing survival and welfare (Busch and Hay-
ward, 2009). 

Glucocorticoids, including cortisol, can be extracted from a variety of 
sample substrates, including plasma (Odhiambo et al., 2020), urine 
(Citron et al., 2020), blubber (Mingramm et al., 2020), nails (Phillips 
et al., 2021), hair (Sandoval-Herrera et al., 2021), shed skin (Zena et al., 
2021), egg shell (Kobayashi et al., 2015), feathers (Reese et al., 2020) 
and faeces (Medina-Cruz et al., 2020). Extracted glucocorticoids are 
assayed to approximate the circulating hormone levels present in the 
individual at the time of sample production, or, in the case of less- 
transient substrates which accumulate hormones (e.g. hair), the 
average level of glucocorticoids produced by the subject over a period of 
time (Palme, 2019). 

The use of faecal samples to measure hormone levels is particularly 
advantageous to the study of animal welfare. Sample collection can 
occur easily and non-invasively, without the need for potentially 
stressful capture or restraint, which may confound measurements of 
stress-related hormones (Goymann, 2012; Ingram and Matthews, 2000). 
In addition, sample collection can occur repeatedly and over extended 
periods of time without negatively impacting the health of the study 
species or unduly influencing their natural behavioural patterns (Palme, 
2019). Faecal Glucocorticoid Metabolites (FGMs) also provide a more 
complete picture of chronic stress than other substrates, as they are less 
impacted by instantaneous, acute events experienced by individuals 
(Millspaugh and Washburn, 2004; Sheriff et al., 2011). Further, FGMs 
are an ideal substrate for the measurement of hormones in cryptic spe-
cies, like bats for example, where locating and tracking individuals is 
challenging, but faecal samples can be collected easily from specific, 
central locations, like roost sites (Voigt and Schwarzenberger, 2008). 

This study describes the implementation of unique, non-invasive 
methodology to measure the faecal cortisol levels in individual Living-
stone's fruit bats (Pteropus livingstonii) (Carroll and Thorpe, 1991), a 
large frugivorous species endemic only to two small islands, Anjouan 
and Moheli, in the Union of the Comoros (Trewhella et al., 1998). This 
species is classed as Critically Endangered by the IUCN (Sewall et al., 
2016), as it is estimated that there are approximately 1200 P. livingstonii 
extant globally (Daniel et al., 2017). A captive breeding population of 17 
wild-caught individuals was established by the Durrell Wildlife Con-
servation Trust at Jersey Zoo, Channel Islands in 1992 to safeguard this 
species (Clark et al., 1997; Young et al., 1993). Presently, there are 87 
individuals housed in captivity, 75 of which still reside at Jersey Zoo. 
The captive breeding program of P. livingstonii is critically important to 
preventing the extinction of this species. Therefore, improving the sci-
entific understanding of their physiology, with the ultimate goal of 
optimising individual welfare in captivity, is acutely necessary. To meet 
this aim, faecal samples collected non-invasively from the fruit bat en-
closures at Jersey Zoo, Channel Islands, UK and Bristol Zoological Gar-
dens, Bristol, UK (the second largest captive colony of P. livingstonii) 
were used to develop a novel glucocorticoid extraction procedure and to 

validate an enzyme-immunoassay for measuring cortisol in 
P. livingstonii. 

Immunological and biological validation of the ability of an assay to 
accurately measure cortisol on a species-by-species basis is crucial for 
guaranteeing the reliability of the results (Buchanan and Goldsmith, 
2004; Palme, 2019), as variables such as gut microbial composition, diet 
and variable metabolic rate (to name only a few) may influence the type 
and quantity of glucocorticoid metabolites excreted in faeces (Goymann, 
2012; Sheriff et al., 2011). Biological validation of an assay is essential to 
demonstrating that excreted titres of glucocorticoids reflect circulating 
hormone levels, and are therefore an accurate representation of the in-
ternal hormonal environment of the subject (Touma and Palme, 2005). 
This can be achieved through several different methods, including a 
comparison of excreted levels to those found in plasma, a pharmaco-
logical challenge (i.e. an adrenocorticotropic hormone (ACTH) chal-
lenge) (Navarro-Castilla et al., 2021), a comparison of measured cortisol 
levels to the timing of known stressful events (e.g. transport or increased 
aggression) (Gholib et al., 2020) or an assessment of innate physiolog-
ical processes, such as natural circadian variation in basal hormone 
release (Sugaya et al., 2020) or reproductive states (Azevedo et al., 
2019), that involve fluctuations in cortisol levels. 

In other insectivorous (Eptesicus isabellinus) (Kelm et al., 2016), 
frugivorous (Carollia perspicillata) and sanguinivorous bat species (Des-
omdus rotundus) (Lewanzik et al., 2012), an ACTH challenge, which 
chemically stimulates the functioning of the HPA axis, has been applied 
to determine if an assay is measuring biologically relevant hormone 
changes (Palme, 2019; Sheriff et al., 2011). However, the application of 
this methodology is highly invasive. Applying excessive restraint and 
unnecessary injection to captive animals is widely considered unethical 
(Kleiman et al., 2010), therefore making the application of an ACTH 
challenge inappropriate for the goals of this research. 

Instead, we will establish the biological validity of our assay using 
two different methods. Firstly, cortisol levels will be assessed statisti-
cally for significant circadian variation. Basal cortisol release follows 
regular patterns in diurnal species in which a peak occurs during periods 
of waking and increased activity (Spencer and Deak, 2017). A peak in 
cortisol levels at dusk has also been observed in nocturnal bat species, 
such as Myotis lucifugus (Widmaier and Kunz, 1993). As P. livingstonii is a 
cathemeral species (Tattersall, 2006), it is unknown what pattern of 
circadian hormone release it follows. However, we predict that our assay 
will detect an increase in baseline cortisol at dusk, dawn and just before 
the main feeding time (approximately 16:00), as these are the periods 
that this species is observed being the most active in captivity (personal 
observation). 

In addition to an examination of basal circadian variation in cortisol 
levels, we will also use the presence of demographic-based effects linked 
to the functioning of the HPA axis as an indication that our assay has 
biological validity. Due to the high metabolic demands of reproduction 
(Wade and Schneider, 1992), baseline circulating cortisol levels are 
higher in a number of mammalian species during lactation, including 
both insectivorous and frugivorous bats (Alekseeva et al., 2020; Allen 
et al., 2011; Reeder et al., 2004). Hence, we predict that lactating female 
P. livingstonii will similarly have higher cortisol levels than non-lactating 
females. By comparing the cortisol levels of lactating females to those of 
other P. livingstonii within the population, we will decisively determine if 
our assay is measuring biologically relevant fluctuations in hormone 
levels. 

To link cortisol specifically to welfare, the relationship between 
cortisol and stress must be clearly and explicitly demonstrated (as it has 
for many species, including ravens (Corvus corax) (Stocker et al., 2016), 
rhesus monkeys (Macaca mulatta) (Vandeleest et al., 2020), California 
sea lions (Zalophus californianus) (Beaulieu-McCoy et al., 2017) and 
rainbow trout (Oncorhynchus mykiss) (Murray et al., 2017) among 
others). This is necessary as glucocorticoid levels have been correlated 
with a number of other non-stress related processes linked to the func-
tioning of the HPA axis (Ralph and Tilbrook, 2016), including general 
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activity level, reproductive function, and even memory (Busch and 
Hayward, 2009; Finsterwald et al., 2015). However, if a clear link can be 
drawn between cortisol and stress, measurements of this hormone may 
serve as the empirical grounding for management strategies that opti-
mise the welfare of captive animals (Palme, 2012). The validation of a 
physiological basis for the assessment of welfare is important for the 
refinement of captive animal management in particular, as more sub-
jective components of welfare, such as affective states (Mendl and Paul, 
2019) or social well-being (Fontana et al., 2021; Stocker et al., 2016), 
are often difficult to measure but are nonetheless critical aspects of 
welfare (Ede et al., 2019). 

Social experience in particular has been demonstrated to dramati-
cally influence not only the psychological well-being, but the physical 
well-being of a diversity of species, including (but not limited to) 
humans (Homo sapiens) (Lincoln, 2000), rats (Rattus norvegicus) (Rincón- 
Cortés and Sullivan, 2016), zebrafish (Danio rerio) (Fontana et al., 2021), 
laying hens (Gallus gallus domesticus) (Carvalho et al., 2018) and killer 
whales (Orcinus orca) (Ellis et al., 2017). In captivity, space is often 
limited and social groups may be artificially imposed. Consequently, 
individuals may not have the option to leave or migrate to different 
social environments that could lessen the aggression they receive or 
facilitate the expression of a different social role (Lott and Williamson, 
2017). Therefore, a thorough assessment of the welfare of captive ani-
mals must also necessarily examine the effect of specific social roles 
upon the well-being of individuals (Rault, 2012). The practical results of 
such an analysis may facilitate management decisions that benefit in-
dividuals experiencing poor welfare, such as translocating subordinates 
that are being precluded access to key resources as a function of their 
social role to other institutions or enclosures where they are more likely 
to thrive, while maintaining practices that encourage positive welfare 
(Rose and Croft, 2015). 

Chiroptera species are highly social and frequently housed in 
captivity. Bats, both Yinpterochiroptera and Yangochiroptera (Lei and 
Dong, 2016), exhibit complex social relationships with conspecifics 
(Johnson et al., 2013; Kelm et al., 2021). In the wild, their colony 
structures are often characterised by fission-fusion dynamics, where 
group composition can change throughout the year or even the season 
depending upon resource availability, kinship, and the varied ecological 
requirements of individuals (Bachorec et al., 2020; Wilkinson et al., 
2019). Though there are few empirical studies of the wild behaviour of 
P. livingstonii, there is a growing body of evidence to suggest that this 
species exhibits non-random patterns of social association in captivity 
(Courts, 1997; Welch et al., 2020). As the physiological impact of soci-
ality plays a critical role in captive animal welfare, social network 
metrics, which describe an individual's role within their social envi-
ronment, will be used here to interrogate and define the relationship 
between individual sociality and cortisol levels in P. livingstonii. We 
expect that, like many other species that experience social mediation of 
HPA axis functioning in response to stress (Hennessy et al., 2009), 
prolonged affiliative relationships with conspecifics may lower indi-
vidual P. livingstonii cortisol levels. 

Captivity presents a unique set of challenges for the ethical man-
agement of bat species. Besides social structure fluctuation facilitation, 
there are basic biological requirements unique to bats that require 
consideration, such as the space necessary for sustained flight (Bell et al., 
2019), the impact of forage distribution on individual access (Thorncroft 
et al., 2009), the development of specialist veterinary procedures 
(Dickson et al., 2016) and unique enrichment (O'Connor, 2000; Seguin 
et al., 2000). Assessing the physiological impact of specific management 
strategies by measuring cortisol is often impractical in zoological col-
lections, as the methodology can be resource, time and expertise 
intensive (Barnett and Hemsworth, 1990). Instead, behavioural corre-
lates of cortisol may be used to visually approximate internal hormonal 
status, and therefore welfare (Dawkins, 2004), in a cost effective and 
non-invasive manner over long periods of time. 

Correlations between cortisol titres and the frequency at which 

P. livingstonii perform specific behaviours which have been previously 
linked to the functioning of the HPA axis or captive welfare in other 
species, including vocalisation (Freeman et al., 2018), locomotion 
(Gerber et al., 2013), self-directed grooming (Birkett and Newton- 
Fisher, 2010), foraging (Dallman et al., 1993), scent marking (Barja 
et al., 2008) and vigilance (Larsen et al., 2014), will be analyzed to 
identifying practical, visual indicators of complex physiological states. If 
a significant correlation is identified, then these behaviours may 
therefore be used as a visual approximation of welfare in this species. 
Hence, through the application of non-invasive methodology for the 
extraction and measurement of cortisol, this research will produce 
unique, physiological insights for the captive welfare and ex situ con-
servation of the Critically Endangered Livingstone's fruit bat. 

2. Methods 

2.1. Study population 

2.1.1. Ethics 
This study was conducted on the populations of P. livingstonii housed 

at Jersey Zoo, La Profonde Rue, Trinity JE3 5BP, Channel Islands and 
Bristol Zoological Gardens, College Rd, Clifton, Bristol BS8 3HA, UK 
with ethical permission granted from the University of Chester's Faculty 
of Medicine, Dentistry and Life Sciences Research Ethics Committee on 
27/03/2019 (reference number 1535/19/MW/BS), the Durrell Wildlife 
Conservation Trust on 12/03/2019 and the Bristol Zoological Society on 
13/11/2019. No physical contact was made between researchers and 
bats throughout and Covid-19 safe working protocol (including social 
distancing, PPE and regular sanitisation) were implemented where 
appropriate. 

2.1.2. Housing 
At Jersey Zoo, P. livingstonii were housed in a 38 m long × 16 m wide 

× 4 m high agricultural polytunnel heated by electric air source heat 
pump, that included a maternity roost (separated from the main tunnel 
by medium density mesh), a shed for isolation, and a hospital roost 
(similarly separated from the main tunnel by medium density mesh) 
(Bell et al., 2019). The tunnel also incorporated a 1.5 m trench which 
encircled a raised “island” area, which allowed for greater aerial 
maneuverability and a network of dense mesh and rope along the ceiling 
and walls for bi/quadrupedal locomotion (Fig. 1). Samples were only 
collected from individuals housed in the main tunnel. 

Pteropus livingstonii housed at Bristol Zoological Gardens were kept in 
an enclosure with dual access to indoor and outdoor areas. However, 
access to outdoor space was limited to when temperatures exceeded 
approximately 10 ◦C. Visitors were able to walk through the outdoor 
region of the enclosure while bats were present. The indoor and outdoor 
spaces measured 6.1 m long × 4 m wide × 4 m high and 13.5 m long ×
11 m wide x 9 m high respectively. Samples were collected from in-
dividuals in both indoor and outdoor areas. Five additional samples 
were collected from two adult males who were housed in an off-show 
exhibit during data collection at Bristol Zoo, which measured 2.7 m 
long × 1.2 m wide × 2 m high (Fig. 1). 

2.1.3. Husbandry 
Pteropus livingstonii at Jersey Zoo were fed twice daily, once at 11:00 

and once at 16:00 approximately. These feeds consisted of a combina-
tion of Mazuri leaf-eater primate pellet (Mazuri Exotic Animal Nutrition, 
St. Louis, MO) and chopped fruit and vegetables, which were distributed 
between 65 hanging dispenser cups, located around the perimeter of the 
enclosure, and a series of short lengths of plastic gutter, which were 
fixed to the western wall of the tunnel. 

Feed was offered to P. livingstonii three times daily, once at 9:00, 
12:30 and 15:30 approximately at Bristol Zoo. These feeds consisted of a 
mixture of Mazuri leaf-eater and new world primate pellets, leafy greens 
and herbs, and chopped vegetables, which were distributed throughout 
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the indoor and outdoor regions of the enclosure using six separate 
hanging basket stations. Individuals at both institutions were inspected 
visually at least once a day by keepers and received routine veterinary 
attention. 

2.2. Data collection 

2.2.1. Faecal sample collection 
Faecal sample collection at Jersey Zoo took place over two distinct 

seasons: June to September 2019 and February to March 2020. Samples 
were collected at Bristol Zoo between May and July 2021. During these 
times, faecal samples produced by known individuals (visually identi-
fiable by unique colouration and ear markings, as well as by scanning a 
subcutaneous microchip, implanted at eight months of age as part of 
routine veterinary maintenance, see Welch et al., 2020) were collected 
opportunistically from the floor of the fruit bat enclosures at both in-
stitutions using a disposable spatula and a 2 ml Eppendorf tube after the 
researcher (ME for Jersey Zoo, SR for Bristol Zoo) observed a full 
defaecation event. The age, sex, weight and lactation status (indicated 
by the presence of a dependent pup) of all individuals was known before 
the commencement of data collection. Whether or not individuals were 
pregnant (according to veterinary records) during data collection was 
also known. All samples were labelled with the individual that produced 
them, the time and date of collection, as well as their potential 
contamination status from urine or foliage. All samples were stored at 
− 20 ◦C within 1 h of collection. 

In the first data collection season at Jersey Zoo, 44 samples were 
collected from 32 P. livingstonii individuals (19 females and 13 males). 
An additional 29 samples were collected from 21 individuals (11 females 
and 10 males) in the second season. In total, 73 faecal samples were 
collected from Jersey Zoo, representing all adult individuals housed in 

the tunnel (main section) of the enclosure at the time of data collection. 
A further 19 faecal samples were collected from 10 P. livingstonii in-
dividuals (three females and seven males) housed at Bristol Zoo, pro-
ducing a total of 92 faecal samples. 

2.2.2. Observational data collection 
At Jersey Zoo, ten minute focal observations (Altmann, 1974) of 

individuals were also conducted during the periods of faecal sample 
collection using the Animal Observer iPad application (Caillaud, 2016). 
The duration of each behaviour performed by the focal individual was 
recorded for later analysis. A modified version of the ethogram 
described by Courts (1996) for this species was used to define each 
behaviour and its potential variants (Appendix A). When the behaviour 
in question involved social interaction, the nature of the encounter (e.g. 
aggressive or affiliative), direction of interaction (i.e. if the focal indi-
vidual was the actor or receiver of a behaviour) and ID of the other 
involved individual was recorded. The focal individual's nearest neigh-
bour was also recorded once every minute to estimate associative social 
interactions. Please see Welch et al. (2020) for full details. 

2.3. Glucocorticoid extraction 

Extraction procedures were developed from pre-existing methodol-
ogy for other specimen types (see (Smith et al., 2015)), but were 
adjusted for maximum efficiency of extraction of glucocorticoids from 
faecal samples produced by this species. Individual faecal samples were 
first dried at 55 ◦C for 4.5 h in an incubator to remove excess water. 
Optimal drying time and temperature were determined previously in a 
pilot study which measured the weight of five one-gram samples of 
faeces every 30 min at 55 ◦C for stabilisation. A repeated measures one- 
way ANOVA found that there was no additionally significant difference 

Fig. 1. (Top Left) The “Island Bat Roost” at Jersey Zoo, photographed June 2019 from the northern end of the inside of the enclosure. (Top Right) The indoor section 
of the “Twilight World” bat enclosure at Bristol Zoo, photographed November 2021. (Bottom Left) The outdoor section of the “Twilight World” bat enclosure at 
Bristol Zoo, photographed July 2021 from near the eastern entrance to the walk-through. (Bottom Right) The off-show holding area for P. livingstonii at Bristol Zoo, 
photographed July 2021 from the outside of the western wall. 
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in weight after 4.5 h of incubation (F = 487.28, p = 0.066). 
After drying, samples were ground with a mortar and pestle and 

passed through a fine mesh seize to remove any additional particulate 
matter, such as plant fibres or hair. A weight of 0.2 g dried, powdered 
sample was then combined with 2.2 ml of 99 % ethanol. If the amount of 
powdered sample produced was <0.2 g (due to initial wet sample size 
being less than 1 g), the volume of ethanol added was adjusted pro-
portionately (e.g. 0.1 g of powdered sample was combined with 1.1 ml 
of ethanol). 

Samples were vortexed for 17 h using a Heidolph Multi Reax shaker. 
They were then centrifuged at 3500 rpm for 20 min. Liquid supernatant 
was removed and the solids disposed of appropriately. The remaining 
alcohol was evaporated from the supernatant under a stream of N2 at 
35 ◦C using a Pierce Reacti-Vap evaporating unit and Reacti-Therm 
heating module. Extracted glucocorticoids were combined with 1 ml 
DetectX Cortisol Kit assay buffer (Arbor Assays, MI, USA), vortexed for 1 
min using a Fisons, WhirliMixer and then centrifuged for a further 5 min 
at 3500 rpm. If the initial amount of powdered sample was <0.2 g, the 
amount of assay buffer that the extract was reconstituted in was adjusted 
proportionately before being vortexed (i.e. 0.1 g of powdered sample 
was reconstituted in 500ul of assay buffer). Finally, liquid supernatant 
was pipetted off and frozen at -20 ◦C. 

2.4. Assay procedure 

DetectX Cortisol Enzyme Immunoassay Kits (K003-H5) from Arbor 
Assays, USA were selected to increase the accuracy of this analysis 
through the use of pre-coated strip-well plates, previously standardized 
priority reagents and antibody and conjugate concentrations. To begin, 
a quantity of 50ul of sample extract (diluted initially at 1:8 with pre- 
mixed Arbor Assays assay buffer), seven standard dilutions of stock 
cortisol (50 pg/ml, 100 pg/ml, 200 pg/ml, 400 pg/ml, 800 pg/ml, 1600 
pg/ml and 3200 pg/ml), and low- and high-quality controls were added 
in duplicate to wells in a 96 strip-well microtiter plate, pre-coated with 
goat anti-mouse IgG. A quantity of 25ul of DetectX mouse monoclonal 
cortisol antibody and 25ul assay buffer (diluted 1:5 in distilled water) 
were then also added to each well. No antibody was added to wells used 
for monitoring non-specific binding. Competition for binding sites with 
sample cortisol was then established by the addition of 25ul of DetectX 
cortisol-peroxidase conjugate. Plates were then covered and shaken for 
1 h on a Heidolph Titramax 100 at room temperature while they incu-
bated in the dark. After incubation, plates were washed by hand four 
times using 300ul of wash buffer (diluted 1:20 in distilled water) before 
100ul of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was added to 
each well. The plates were incubated in the dark for a further 30 min 
without shaking. After incubation, 50ul of stop solution (1 M HCL) was 
added to prevent the plates from over-developing. Finally, the optical 
density of each well was measured using a BioTek ELx808 spectropho-
tometer at 450 nm. 

After processing, if any sample extended beyond the limits of the 
standard curve (i.e. by either having >90 % or <10 % binding), the 
dilution of the extract was adjusted accordingly and the sample was re- 
run in a subsequent assay. Final dilutions included 1:2 (n = 12), 1:8 (n =
58), 1:20 (n = 17), and 1:80 (n = 5). Similarly, if the coefficient of 
variation between duplicates of the same sample was in excess of 10 %, 
the sample was re-run on a subsequent plate at the same dilution. 

2.5. Data analysis 

2.5.1. Immunological validation 
Immunological validation of this assay to reliably measure cortisol in 

faecal samples produced by P. livingstonii took place using a represen-
tative pool of 35 samples collected from 24 individuals (14 females and 
10 males) in 2016 and 2019 from the bat enclosure at Jersey Zoo during 
a pilot study. The immunological parameters assessed included speci-
ficity, accuracy, intra-plate precision and inter-plate precision (Reimers 

and Lamb, 1991). The cross-reactivity and sensitivity of the assay were 
determined independently from this study by Arbor Assays (Arbor-
Assays, 2021). 

First, we established the specificity of the assay to bind cortisol in this 
sample type by using an ANCOVA (Rutherford, 2001) to measure the 
extent to which the slope of displacement curves produced by halving 
dilutions (neat to 1:64) of the representative pool were not significantly 
different (i.e. parallel) to those produced by halving standard dilutions 
(50–3200 pg/ml) of stock cortisol. Next, the accuracy of the assay was 
tested by adding a known quantity of sample diluted 1:8 from the 
representative pool (approximately 614 pg/ml and 49.24 % binding) to 
seven standard cortisol dilutions (50–3200 pg/ml). The percent of 
recovered cortisol was computed (Geng et al., 2005). 

Low and high-quality controls (LQCs and HQCs) were produced from 
the representative pool of samples at dilutions of 1:12 and 1:5 respec-
tively. The average inter-plate precision of the assay was monitored 
using the coefficient of variation (CV) of the cortisol concentration of 
both LQCs and HQCs across all plates (n = 6). To establish the average 
intra-plate precision of the assay, the CV from the LQC and HQC of each 
plate were averaged (Hanneman et al., 2011). 

2.5.2. Biological validation 
Biological validation of our methods was provided analytically by 

first assessing potential circadian variation in cortisol titres across the 
day, and then by testing the prediction that cortisol titres are higher in 
lactating than non-lactating female P. livingstonii. 

Circadian Variation: We utilised samples produced by individuals 
housed at both zoos to assess circadian variation in cortisol release. A 
Shapiro-Wilk test (Royston, 1992) was used to assess the distribution of 
cortisol concentration. The R (version 4.1.1) statistical packages “lme4” 
(version 1.1-27.1) (Bates et al., 2011) and “lmerTest” (version 3.1-3) 
(Kuznetsova et al., 2015) were applied to construct a linear mixed- 
effects model with exponential error structure, derived from Restricted 
Maximum Likelihood (REML) (Corbeil and Searle, 1976). This model 
included sample collection time as a fixed effect and the zoo that each 
sample was collected at, the season of sample collection (given zoo) and 
the ID of the individual that produced each sample (to control for 
multiple samples collected from the same individual) as random effects. 

The best fitting model was then identified by a step-wise comparison 
of Akaike Information Criterion (AIC) (Richards et al., 2011) generated 
using the “lme4” R package (Bates et al., 2014). The variable combi-
nation/s with the lowest AIC that was also at least two ΔAIC away from 
all other variable combinations, was determined to be the “best fitting” 
model/s (Richards et al., 2011). The fit of this model was then verified 
using a residual vs. fixed effect plot (Zuur et al., 2010) and co-linearity 
between variables was inspected using the R statistical package “GGally” 
(version 2.1.2) (Schloerke et al., 2018). The best fitting model was then 
re-run to determine effect size estimates, standard errors, and p values of 
all fixed effects contained within it. 

Lactation: Sample concentrations from both zoos were incorporated 
into a linear mixed-effects model with Gaussian error structure, derived 
from REML (Corbeil and Searle, 1976) using the R (version 4.1.1) sta-
tistical packages “lme4” (version 1.1-27.1) (Bates et al., 2011) and 
“lmerTest” (version 3.1-3) (Kuznetsova et al., 2015). Individual sex, age, 
weight, pregnancy (females only) and lactation (females only) were 
included as fixed effects. To control for potential environmental and 
sample collection/preparation influences on sample cortisol concentra-
tion, collection time, collection date, individual ID, sample wet weight 
before extraction and powdered weight after drying were also included 
as fixed effects. The plate number, assay batch number, the enclosure the 
sample was collected from (Bristol Zoo only), the season in which the 
sample was collected (Jersey Zoo only) and the zoo that the sample was 
collected from were included as random effects. 

The best fitting model was identified by a step-wise comparison of 
AIC (Richards et al., 2011) as described in the section above. The fit of 
this model was similarly verified using a residual vs. fixed effect plot 
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(Zuur et al., 2010) and co-linearity between variables was inspected 
using the R statistical package “GGally” (version 2.1.2) (Schloerke et al., 
2018). The best fitting model was then re-run to determine effect size 
estimates, standard errors, and p values of all fixed effects contained 
within it. 

2.5.3. Impact of sociality on cortisol titres 
Observational data collected during this study from individuals 

housed at Jersey Zoo has been previously used to construct weighted, 
directed social networks based on associative (i.e. nearest neighbour), 
affiliative, and aggressive interactions between P. livingstonii (Welch 
et al., 2020). Node metrics calculated from these networks, which 
describe the social position of each individual (Wey et al., 2008), were 
implemented to examine the relationship between cortisol titres and 
sociality in P. livingstonii. Please see Welch et al. (2020) for a detailed 
description of how these networks were constructed and how the cor-
responding node metrics were calculated. 

Each node metric describes a different aspect of an individual's role 
within its social environment during each data collection season 
(Webber and Vander Wal, 2019). Weighted degree, sometimes referred 
to as strength, indicates the number of connections an individual has 
within a network, corrected for the weight of those connections (Can-
deloro et al., 2016; Makagon et al., 2012). Closeness centrality describes 
the degree to which an individual is highly connected to other in-
dividuals that are also highly connected within a network (Bonacich, 
2007). Individuals with high closeness centrality typically have greater 
influence over group decisions and movement and are seen as leaders 
and policers (Sueur et al., 2011). Betweenness centrality refers to the 
extent to which an individual socially links disparate groups within a 
network that would otherwise be disconnected (Lusseau and Newman, 
2004). Individuals with high betweenness centrality play important 
roles in social transmission and group cohesion (Thierry et al., 2004). 

By examining the relationship between these metrics and the average 
cortisol concentration of samples collected from each individual, the 
potential physiological consequences experienced by P. livingstonii due 
to different social niches within a group can be illuminated. The concept 
of social buffering describes the phenomenon in which the presence of 
positively affiliated conspecifics mediates individual stress levels and 
physiological responses to stress, and therefore lowers cortisol (Kiyo-
kawa and Hennessy, 2018). If social buffering is occurring in the pop-
ulation of P. livingstonii housed at Jersey Zoo, we predict that individuals 
with high closeness centrality in the affiliation network, which have 
more high-quality, positive social relationships by definition, to have 
lower cortisol levels. Conversely, if social interaction increases indi-
vidual stress, then we would expect that individuals with high 
betweenness centrality would have higher cortisol levels, as these in-
dividuals interact more frequently with conspecifics from many 
different social subgroups. 

To explore the possible physiological effects of different social roles, 
a generalised linear model with Gaussian error structure and ‘identity’ 
link function (Faraway, 2016) was constructed using the R statistical 
package “glm2” (version 1.2.1) (Marschner et al., 2018). Only samples 
from Jersey Zoo were used in this section of the analysis, as social data 
were not collected on the population housed at Bristol Zoo. If multiple 
samples were collected from each individual during the same data 
collection period, then sample concentration was averaged before 
implementation into the model. The variables present in the model 
included normalised betweenness centrality, closeness centrality, and 
weighted degree from the association, affiliation, and aggression 
network constructed for the corresponding season in which that faecal 
sample was collected. Individual normalised David's scores, an indicator 
of dominance within a hierarchy constructed from aggressive- 
interaction based matrices (Bang et al., 2010), calculated previously 
(Welch et al., 2020), were included in the initial model. As there was a 
statistically significant seasonal difference in the mean closeness cen-
trality for each network type and in the mean David's score, season was 

controlled for in these metrics. The statistically relevant intrinsic factors 
identified in Table 2, sex, age and lactation status, were also included in 
the initial model. 

As described previously, the best fitting model was determined using 
a step-wise comparison of AIC, where the best fitting model/s was that 
which had the lowest AIC and was at least two delta AIC from all other 
models (Richards et al., 2011). The fit of this model was verified by 
examining residual vs. fixed effect and quantile-quantile (QQ) plots 
(Zuur et al., 2010). Co-linearity between variables was checked using 
variance inflation factors (VIF) in the R package “mctest” (version 1.3.1) 
(Ullah et al., 2019). The best fitting model was then re-run to establish 
effect size estimates, standard error, and statistical significance of the 
concomitant variables. 

2.5.4. Behavioural correlates of cortisol titres 
During sample collection at Jersey Zoo, the duration of behaviours 

performed by individuals was recorded during 10-minute focal obser-
vations (Altmann, 1974). The behavioural durations were subsequently 
used to construct activity budgets for each individual by dividing the 
amount of time they were recorded performing each behaviour by the 
total amount of time they were observed over the corresponding data 
collection season (Yazezew et al., 2020). Of the behaviours recorded, six 
behavioural categories were selected for correlation tests from the larger 
ethogram (as described by (Courts, 1996)), including vocalisation, vig-
ilance, foraging, self-directed grooming, locomotion and scent marking 
(Table 1). These behaviours were chosen as they have each previously 
been correlated to either captive animal welfare (i.e. vocalisation 
(Bright, 2008), vigilance (Larsen et al., 2014) and self-directed groom-
ing (Birkett and Newton-Fisher, 2010)), or HPA axis activation (foraging 
(Dallman et al., 1993), locomotion (Gerber et al., 2013) and scent 
marking (Barja et al., 2008)). Vocalisation frequency has also been 
linked to increased glucocorticoids in other Pteropus species (Freeman 
et al., 2018), as well as being used as an indicator of welfare in non-bat 
species (Bright, 2008). 

Table 1 
Ethogram of behavioural categories implemented in correlation tests between 
frequency of behavioural category and circulating cortisol level.  

Abridged P. livingstonii ethogram 

Behavioural 
category 

Definition Possible variation 

Vocalisation Emittance of sound from the 
mouth 

Copulatory calls, territory 
defence calls to ward off 
conspecifics 

Alert posture Hanging by hind limbs, eyes 
open 

Wings wrapped around ventral 
region of torso or held down 
laterally; Sniffing; Body turning 
from side-to-side; Head 
rotation 

Foraging Gathering, selecting and 
consuming feed or water  

Self-directed 
grooming 

Grooming one's own body by 
scratching, licking, biting, or 
urine washing 

May be directed at wings, head, 
limbs, or torso 

Locomotion Moving from one region of the 
enclosure to another 

Flight; Climbing vertically up 
or down enclosure mesh or 
ropes using fore and hind 
limbs; Horizontal crawling over 
enclosure mesh using fore and 
hind limbs; Rapidly using fore 
and hind limbs in succession to 
move horizontally across the 
floor (possibly assisted by 
wings) 

Scent marking Rubbing glandular regions on 
the lateral sides of the head 
and scapular region of the 
back on substrates within the 
enclosure 

Tongue may be out  

M.J. Edwards et al.                                                                                                                                                                                                                             



Hormones and Behavior 144 (2022) 105228

7

A series of generalised linear models, with binomial error structure 
and logit link function (Faraway, 2016), were constructed to identify 
potential relationships between the frequency at which individuals 
performed each of the six behavioural categories during each data 
collection season, and the average cortisol concentration of faecal 
samples produced by individuals during the corresponding season. 
These models also included any relevant demographic variables iden-
tified by the analysis described in Section 2.5.2 (results outlined in 
Table 2). Only samples collected at Jersey Zoo were used in this analysis, 
as behavioural data were not collected at Bristol Zoo. 

3. Results 

3.1. Assay validation 

3.1.1. Immunological validation 
The cross-reactivity of the DetectX cortisol assay to bind cortisol and 

other similar compounds was previously calculated by Arbor Assays to 
be cortisol: 100 %, dexamethasone: 18.8 %, prednisolone: 7.8 %, 
corticosterone: 1.2 %, cortisone: 1.2 %, progesterone: <0.1 %, and 
oestradiol: <0.1 %. Sensitivity of the assay, as determined by Arbor 
Assays, was 27.6 pg/ml. The concentrations of cortisol in serial dilutions 
of our representative pool were parallel to a standard curve of stock 
cortisol (F = 12.04, p = 0.096, where Ho = no significant difference 
between slopes). Recovery of a known concentration of our sample to 
standard preparations was 133 % +/− 18 %. Intra-plate CV was 8.05 % 
for the HQCs and 7.21 % for the LQCs (n = 6). Inter-plate CV for HQCs 
and LQCs were 19.47 % and 6.87 % respectively. 

3.1.2. Biological validation: circadian variation 
The cortisol concentration of samples collected at both institutions 

was assessed for circadian variation using a mixed-effects model. The 
best fitting model contained sample collection time as a fixed effect and 
zoo, season and individual ID (where multiple samples were collected 
from the same individual) as random effects. The time at which each 
sample was collected did not significantly influence the concentration of 
FGMs (β = − 87,277.58 pg/ml, SE = 55,639.41 pg/ml, p = 0.121, Fig. 2). 

3.1.3. Biological validation: demographic effects 
A linear mixed-effects model was created to assess the effect of 

physiological states on cortisol levels. Samples collected at both zoos 
were used. The initial model included the following fixed effects: sex, 
age, lactation status (female only), pregnancy (female only), individual 
weight, individual ID, sample collection date, sample collection time, 
sample wet weight (prior to extraction), and sample powdered weight. 
Collection season (Jersey Zoo only), enclosure (Bristol Zoo only), zoo, 
assay plate number and batch number were included as random effects. 

A best fitting model identified included the fixed effects sex, age, 

lactation (female only), individual weight and pregnancy (female only) 
(Table 2). This model also included the random effects individual ID, zoo 
and data collection season (Jersey Zoo only) (Table 2). If the individual 
that produced the sample was male (β = 24,099.39 pg/ml, SE =
11,218.63 pg/ml, p = 0.035) or lactating (female only) (β = 43,382.22 
pg/ml, SE = 23,677.46 pg/ml, p = 0.041), the sample had significantly 
higher cortisol concentration (Fig. 3). Age also had a statistically sig-
nificant effect on cortisol (β = 3113.84 pg/ml, SE = 1498.87 pg/ml, p =
0.042). There was a notable difference in the FGM concentration of 
samples collected at each zoo (Jersey Zoo mean concentration =
22,391.65 pg/ml, SD = 52, 767.33 pg/ml; Bristol Zoo mean concen-
tration = 5120.56 pg/ml, SD = 8234.69 pg/ml), as well as between 
samples collected at Jersey Zoo during different data collection seasons 
(Season One mean concentration = 35,388.97 pg/ml, SD = 74, 335.04 
pg/ml; Season Two concentration = 11,756.85 pg/ml, SD = 12,185 pg/ 
ml). 

3.2. Social effects on cortisol titres 

A generalised linear model was created to explore the influence of 
individual social roles on cortisol concentration. Only samples collected 
from Jersey Zoo were implemented in this analysis. The initial model 
included the following variables: association network-based weighted 
degree, affiliation network-based weighted degree, aggression network- 
based weighted degree, association network-based betweenness cen-
trality, affiliation network-based betweenness centrality, aggression 
network-based betweenness centrality, association network-based 
closeness centrality, affiliation network-based closeness centrality, 
aggression network-based closeness centrality, David's score (as an in-
dicator of dominance), sex, age and lactation status. All metrics were 
normalised to allow for inter-network comparison before implementa-
tion and all closeness centrality measures and David's score were 
controlled for by season, as previous analysis indicated a significant 
seasonal difference in these metrics. If more than one sample was 
collected from the same individual during a data collection season, the 
mean cortisol concentration for that season was calculated before 
implementation in the model. 

A best fitting model which included affiliation network-based 
betweenness centrality, aggression network-based betweenness cen-
trality and affiliation network-based closeness centrality from both 
seasons, was identified (Table 3). The variance inflation factors for each 
variable included in the best fitting model were below two, indicating 
that these variables were not colinear. High betweenness centrality, 
regardless of whether this metric was calculated from affiliative or 
aggressive interactions, significantly increased the cortisol concentra-
tion of samples (Affiliative Network: β = 213,253 pg/ml, SE = 88,262 
pg/ml, p = 0.02; Aggressive Network: β = 221,487 pg/ml, SE = 99,771 
pg/ml, p = 0.032). Conversely, high closeness centrality in the affilia-
tion network decreased the cortisol concentration of samples during 
both data collection seasons (Season One: β = − 6855 pg/ml, SE = 4658 
pg/ml, p = 0.047; Season Two: β = − 102,690 pg/ml, SE = 81,317 pg/ 
ml, p = 0.021). Being male and lactation (given female) also increased 
cortisol levels (male: β = 13,522, SE = 11,390, p = 0.035; lactation: β =
58,657, SE = 22,053, p = 0.11) (Table 3). 

3.3. Behavioural indicators of cortisol titres 

Only behaviour of individuals housed at Jersey Zoo was sampled, 
therefore faecal samples collected at Bristol Zoo were not utilised in this 
section of analysis. As above, if more than one faecal sample was 
collected from each individual during a data collection season, the mean 
cortisol concentration was calculated before implementation into the 
model. A generalised linear model was constructed for each behavioural 
category to determine the influence of cortisol titres, as well as relevant 
individual demographics (as identified in Table 2), on the mean 
behavioural frequencies displayed by individuals during each data 

Table 2 
Fixed and random effects included in the final model of demographic and 
environmental factors on the concentration of cortisol found in each sample. 
Statistically significant effects are shown in bold.  

Demographic effects on cortisol concentration 

Variables included 
in best model 

Type of 
effect 

Effect size 
estimate (pg/ml) 

Standard 
error 

p 
value 

Male Fixed 24,099.39  11,218.63 0.035 
Lactation (female 

only) 
Fixed 43,382.22  23,677.46 0.041 

Age Fixed 3113.84  1498.87 0.042 
Pregnancy (female 

only) 
Fixed − 22,511.01  30,526.05 0.463 

Individual weight Fixed − 47.75  48.3 0.328 
Individual ID Random 1.709  1.307  
Zoo Random 7.37 × 108  27,138.85 – 
Season Random 1.18 × 109  10,864.26 –  
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collection season (Table 4). The frequency of vocalisations was the only 
behaviour which significantly increased with cortisol concentration 
(given that the individual was male) (β = 2.33 × 10–7, SE = 1.03 ×
10–7, p = 0.03). Males additionally exhibited a higher frequency of self- 
directed grooming (β = 0.05, SE = 0.022, p = 0.032) and scent marking 
behaviours (β = 0.005, SE = 0.002, p value = 0.002). Older individuals 
also scent marked at a higher frequency than younger individuals (β =
0.001, SE = 0.0002, p = 0.002). 

4. Discussion 

Here, we have used faecal samples collected non-invasively from 
P. livingstonii housed at Jersey Zoo and Bristol Zoological Gardens to 
develop a novel extraction methodology and immunologically and 
biologically validate an enzyme-immunoassay for the measurement of 
faecal cortisol for the first time in this species. We found that lactating 
females and males had significantly higher cortisol titres than non- 
lactating females, and that host institution and sample collection sea-
son also influenced cortisol levels. Through the concurrent application 
of social network analysis, we found that P. livingstonii with high 
betweenness centrality had significantly higher cortisol titres and that 
P. livingstonii with high closeness centrality in an affiliation-based social 
network had significantly lower cortisol. Lastly, we found a significant 
positive correlation between the frequency of vocalisation and cortisol 
titres in male bats. 

4.1. Circadian variation 

We were unable to detect a statistically significant difference be-
tween the cortisol concentration of samples collected between the hours 
of 11:00 and 16:00. This does not necessarily indicate, however, that 
basal cortisol release does not follow a regular circadian pattern in this 
species. Bats have particularly short gut-passage times compared to most 
other mammals (Tedman and Hall, 1985). This allows them to digest 
food quickly, while maintaining the low body mass necessary for sus-
tained flight (Sibly, 1981). Kelm et al. (2016) suggests that, for insec-
tivorous bats like E. isabellus, this delay is approximately 2 h, similar in 
length to what is observed in small rodents (Touma et al., 2004). 
However, the gut-passage delay may be much shorter for frugivorous 
bats due to their higher metabolic rates (Voigt et al., 2006). Because feed 

was only offered to P. livingstonii at specific times, observers were only 
able to collect faecal samples in a limited window after feeding times. 
Without the possibility of 24-hour sampling in the captive population, it 
is difficult to calculate the gut-passage time delay in FGM secretion, and 
therefore describe the circadian pattern of basal cortisol release in 
P. livingstonii. 

In addition to having a short gut-passage delay, P. livingstonii are a 
cathemeral species, meaning that they are equally active during the 
night and day, but display bursts of activity at specific times, most often 
associated with peak foraging (Tattersall, 2006). They have been 
observed emerging from roost sites at midday, leaving entirely just 
before dusk to reach foraging sites (Trewhella et al., 2001; Young et al., 
1993). Flying and foraging activity reach a peak between 22:00 and 
2:00, with a slow decline until 4:00, by which time most individuals 
have returned to their roost sites (Trewhella et al., 1995; Trewhella 
et al., 2001). This unusual pattern of activity may influence basal 
cortisol release in a way that differs significantly from what is observed 
typically in diurnal and nocturnal species (Spencer and Deak, 2017; 
Widmaier and Kunz, 1993). Therefore, further study should focus on 
describing patterns of hormone release in wild populations, against 
which hormonal patterns displayed by captive populations may be 
compared. It may also be possible that circadian variation in basal 
cortisol release in this species could be more efficiently categorised 
using a more instantaneous sample type that is not impacted by the short 
gut-passage time delay of fruit bats, such as plasma or saliva (Sugaya 
et al., 2020; Verspeek et al., 2021). Future research should therefore 
consider measuring hormones using varied sample types. 

4.2. Physiological states 

As we sought to conduct this study in the most non-invasive manner 
possible, establishing biological validity through traditional means, such 
as an ACTH challenge (Palme et al., 2005; Wasser et al., 2000), saline 
injection (Stevenson et al., 2018) or subjecting individuals to inten-
tionally stressful events (e.g. restraint or transport) (Touma and Palme, 
2005), was impossible. To demonstrate that excreted FGMs were in fact 
representative of circulating cortisol levels, we instead compared 
observed cortisol levels to known physiological states that elevate 
cortisol in mammals, a methodology that has been presented as a sound 
alternative to more invasive means (Buchanan and Goldsmith, 2004; 

Fig. 2. FGM concentration (pg/ml) of each sample grouped by the nearest hour to when they were collected (standard error bars and mean concentration included). 
No significant difference was found between these groups. 
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Palme, 2019). Lactation is highly energetically demanding and therefore 
requires increased HPA axis activation for the mobilisation of nutrient 
stores (Brunton et al., 2008). Hence, elevated cortisol during lactation 
has been demonstrated in many species (Alekseeva et al., 2020; Kulski 
and Hartmann, 1981; Maestripieri and Georgiev, 2016), including bats 
(Allen et al., 2011; Reeder et al., 2004). Our results similarly show that 
female P. livingstonii have significantly higher levels of cortisol during 
lactation than non-lactating females, indicating that our assay measures 
biologically meaningful titres of glucocorticoids. 

Conversely, we were unable to identify a link between pregnancy 
and elevated cortisol levels in this species. This does not necessarily 
indicate that cortisol is not involved in P. livingstonii reproduction, as it is 
a critical component of the hormone cascade which induces parturition 
in mammals (Liggins et al., 1977). However, it may be that more 
intensive sampling is needed to detect the spike in cortisol characteristic 
of late term pregnancy based on results from other species (Edwards and 
Boonstra, 2018; Price et al., 2019). 

We did, however, find that sex and age significantly influenced 
cortisol levels in this population, with males and older individuals 
having higher cortisol than (non-lactating) females and younger bats. 
The sex differences observed here align with the vast majority of liter-
ature on sexually differentiated hormone differences (Palme, 2019; 
Touma et al., 2003). Many fruit bat species roost in harem-based com-
munities, where a single male controls access to several females and/or a 
resource patch in the wild (Welbergen, 2011). Because of the competi-
tive nature of this system, males spend more time vocalising, defending 
territory and engaged in potentially stressful agonistic interactions than 
females, all of which may increase cortisol levels in captivity (Freeman 
et al., 2018). There is also evidence to suggest that many male Pteropus 
species exhibit significant increases in testosterone and cortisol levels 
during the breeding season (Kunz and Jones, 2000; Reeder et al., 2006). 
This may be a response to the need to maximise nutrient deposition prior 
to mating (Welbergen, 2011), or an increase in the frequency of 
agonistic and territorial conspecific interactions associated with the 

Fig. 3. Boxplots of cortisol concentration of samples produced by (top) males vs. non-lactating females and (bottom) lactating females vs. non-lactating females.  
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mating season (Romero, 2002). The mating season for P. livingstonii 
occurs roughly between the months of October and January (Trewhella 
et al., 1995). It may be that elevated male cortisol recorded in season one 
at Jersey Zoo is related to the onset of this period. More research is 
needed to examine the nature of male physiology in this population, 
how it changes seasonally and how seasonal dependence might affect 
the behavioural patterns and cortisol levels of individuals. 

In addition to sex, we found that age significantly influenced the 
cortisol levels of P. livingstonii, with older individuals exhibiting higher 
titres. Adult bats of other species, Eptesicus isabellinus for example, have 
been shown to similarly possess significantly higher levels of faecal 
cortisol metabolites than juveniles of the same species (Kelm et al., 
2016). Individuals experiencing various stages of development and 
senescence may possess different biological imperatives and intrinsic 
factors that alter the way in which they produce glucocorticoids in 
response to stress (Aurich et al., 2015; Azevedo et al., 2019). This may be 
due, in part, to the continual development of the HPA axis in the early 
life of vertebrates (Wada, 2008), as well as adults potentially adapting 
heightened stress-responses as a result of their experiences (Lukkes 

et al., 2009; Meaney and Szyf, 2022). 
The result that there is sex and age-based differentiation in cortisol 

levels in the captive populations of P. livingstonii presents an important 
foundation for future studies into the endocrinology of this species. Not 
only should future experimental design include sex and age as potential 
explanatory variables, but our results suggest that further hormonal 
analysis methodologies should be validated separately on the basis of 
sex and age-class. The interpretation of such analysis may also benefit 
from a greater understanding of the effect of seasonality and how that 
may divergently affect the hormone production of each sex. 

As well as individual variables, the zoological institution from which 
samples were collected influenced cortisol concentration, a finding 
mirrored in captive primates housed in different environments (Fontani 
et al., 2014; Smith et al., 2015). There were population demographic 
differences, as well as a number of notable environmental and hus-
bandry differences between the two institutions that could account for 
the variance in cortisol levels in the separate populations. For example, 
there were no lactating females present at Bristol Zoo at the time of 
sample collection. As discussed previously, lactation has a strong 
elevating influence on cortisol in this and other species (Long et al., 
2021; Reeder et al., 2004). Therefore, the result that cortisol levels were 
higher at Jersey Zoo than Bristol Zoo could reflect the different repro-
ductive states of individuals housed at each institution. The diet (Sta-
chowicz and Lebiedzińska, 2016), feeding schedule (Manu et al., 2021), 
housing conditions (Pirovino et al., 2011), temperature (de Bruijn and 
Romero, 2018) and year, all of which can influence cortisol production 
(Palme, 2019), also varied between zoos. 

The finding that samples collected during season one at Jersey Zoo 
had higher cortisol levels than samples collected during season two from 
the same population could be similarly caused by the reproductive state 
of individuals present at those times. There were a higher number of 
lactating female P. livingstonii with dependent pups during the first 
season, which may have an elevating effect on group level average 
cortisol titre for this season in comparison to season two, where there 
were far fewer lactating individuals. The first season also had higher 
average temperatures than the second season (personal observation). 
Different ambient temperatures and weather conditions have been 
demonstrated to influence cortisol titres in other species (de Bruijn and 
Romero, 2018). Finally, the end of the first season also corresponded 
with the onset of the natural breeding season for this species (as 
mentioned previously) (Trewhella et al., 1995), which may cause social 
and hormonal fluctuations within the population (Freeman et al., 2018). 
As there could be many contributing factors to seasonal differences in 
cortisol titres, it may therefore be beneficial for future studies to collect 
samples over several years from different seasons to examine in greater 
detail the ecological nuance which produces seasonal changes in hor-
mone levels in this species. 

4.3. Social buffering 

We explored the influence of social roles on cortisol titres in 
P. livingstonii through the calculation of social network node metrics. 
High betweenness centrality in the aggression and affiliation networks 
was positively correlated with cortisol, whereas high closeness central-
ity in the affiliation network showed a negative correlation. In other 
words, we have demonstrated that the type and quality of social re-
lationships experienced by P. livingstonii in captivity influences their 
individual cortisol levels for the first time in a bat species. Individuals 
with high betweenness centrality link disparate social groups and are 
key to the social connectivity of populations (Croft et al., 2008). It may 
be that these individuals are experiencing a higher degree of competi-
tion, as they are involved in social interactions with many different 
subgroups. Prolonged social interaction with unfamiliar conspecifics has 
been shown to have an elevating effect on cortisol in species with 
competitive, hierarchy-driven social systems (Tea et al., 2019). We 
suggest heightened cortisol titres in high-betweenness P. livingstonii are 

Table 3 
Variables included in the best fitting model of social metrics on cortisol con-
centration. Significant effects are indicated in bold.  

Social effects on cortisol concentration 

Node metrics 
included in best 
model 

Origin network Effect size 
estimate (pg/ 
ml) 

Standard 
error 

p 
value 

Betweenness 
centrality 

Affiliation 
network  

213,253  88,262  0.02 

Betweenness 
centrality 

Aggression 
network  

221,487  99,771  0.032 

Closeness 
centrality 

Affiliation 
network 
(Season 1)  

¡6855  4658  0.047 

Closeness 
centrality 

Affiliation 
network 
(Season 2)  

¡102,690  81,317  0.021 

Male –  13,522  11,390  0.035 
Lactation –  58,657  22,053  0.011  

Table 4 
The variables included in the best fitting model of each behavioural frequency, 
their effect size estimate, standard error and significance level. Statistically 
significant results are denoted in bold.  

Behavioural correlates of cortisol 

Behavioural 
category 

Variables included in 
best fitting model 

Effect size 
estimate 

Standard 
error 

p 
value 

Vocalisation Cortisol concentration − 1.93 ×
10− 8 

6.64 ×
10− 8  

0.773  

Male 4.67 ×
10− 3 

6.1 × 10− 3  0.448  

Cortisol 
concentration (given 
male) 

2.33 £
10¡7 

1.03 £
10¡7  

0.03 

Vigilance Male − 0.02 0.02  0.315  
Lactation (given 
female) 

− 0.056 0.031  0.081 

Foraging Male − 0.037 0.026  0.164  
Lactation (given 
female) 

− 0.073 0.042  0.089 

Self-directed 
grooming 

Male 0.05 0.022  0.032  

Age 0.004 0.002  0.091 
Locomotion Cortisol concentration − 4.86 ×

10− 8 
1.8 × 10− 7  0.788  

Cortisol concentration 
(given lactation) 

3.3 × 10− 7 2.29 ×
10− 7  

0.155 

Scent marking Male 0.005 0.002  0.002  
Age 0.001 0.0002  0.002  
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similarly related to increased involvement in hierarchy maintenance 
and competitive social interactions. 

Further, individual bats may experience high betweenness centrality 
for a variety of reasons. Innate personality traits could drive certain 
P. livingstonii to socialise more gregariously with conspecifics from 
multiple subgroups. Being less socially accepted by others, and therefore 
chased away from resources by many different individuals, could also 
result in a bat having high betweenness centrality. Conversely, more 
dominant individuals engaged in territory defence, which involves 
actively chasing away subordinates from other social groups that may be 
attempting to access their resources (Courts, 1997), may also have high 
foraging network betweenness centrality. There are many possible ex-
planations for why individuals occupy specific social roles, some may 
provide fitness benefits (e.g. dominant bats defending resources) while 
others may potentially lead to suboptimal welfare states (e.g. being 
continually chased away by conspecifics as a subordinate). Hence, 
exploring the underpinnings of social role differentiation in captivity in 
this species through additional research may be necessary to fully un-
derstand the link between welfare and sociality in this species. 

The finding that P. livingstonii with high closeness centrality in the 
affiliation network have lower cortisol levels, is more straightforward to 
interpret. These individuals are highly central to a network based on 
positive conspecific interaction. They likely have significant sway in 
group movement and decision making (Sueur and Petit, 2008; Sueur 
et al., 2009), as well as extensive ties to other highly central individuals 
(Kanngiesser et al., 2011). Social buffering, a phenomenon where in-
dividuals experiencing affiliative conspecific relationships are able to 
mitigate the stress response more easily (Kiyokawa and Hennessy, 
2018), has been demonstrated to be an important feature of group living 
in many species (e.g. cichlids (Neolamprologus pulcher) (Culbert et al., 
2019), rats (Rattus norvegicus) (Kiyokawa et al., 2018), humans (Homo 
sapiens) (Gunnar and Hostinar, 2015), rhesus macaques (Macaca 
mulatta) (Gilbert and Baker, 2011), etc.). The result that high closeness 
centrality in an affiliation network is linked to lower cortisol levels in 
P. livingstonii suggests that social buffering is also a prominent feature of 
sociality in this species. 

Here, we have described the physiologically empirical finding that 
P. livingstonii cortisol production can be socially mediated for the first 
time in a bat species by combining social network analysis and hormone 
assessment, a cross-disciplinary methodology applied in only a few other 
studies (Boogert et al., 2018; Moyers et al., 2018). These findings sup-
port a growing body of evidence to support the conclusion that this 
species exhibits a complex social system (Courts, 1997; Welch et al., 
2020), and that, when populations are housed in captivity, the re-
lationships between individuals should be monitored closely with the 
goal of minimising aggressive encounters and facilitating affiliative 
bonds. 

The employment of social network analysis to monitor the behaviour 
and welfare of captive animals (as demonstrated here) has become 
increasingly practical, with unique applications leading to novel insights 
(Lewton and Rose, 2021; Webber and Vander Wal, 2019). This meth-
odology can facilitate evidence-based management decisions designed 
to optimise animal welfare, through quantification of the otherwise 
obscure underpinnings of sociality in group-living species (Kleinhappel 
et al., 2016). Sociality is innately linked to welfare because of its impact 
upon the ability of individuals to respond to stress (Hennessy et al., 
2009). Therefore, by examining the ecological drivers of social roles and 
social interaction, we can predict how individual variables will influence 
an animal's ability to thrive in a given setting and make reasoned choices 
to optimise the social environment for the well-being of all individuals 
(Rose and Croft, 2015). 

4.4. Visual indicators of cortisol 

Lastly, through a series of generalised linear models, we identified a 
significant positive correlation between the frequency of vocalisations 

and cortisol titres in male P. livingstonii. The result that we were unable 
to identify a statistically significant correlation between cortisol and 
locomotion, also presents an interesting finding. The use of cortisol as an 
indicator of animal welfare is sometimes inappropriate, as this hormone 
is also physiologically relevant to systems involved in general activity 
level (Gerber et al., 2013). By demonstrating that there is not a detect-
able relationship between cortisol and locomotion, we have potentially 
eliminated this concern and further validated the use of cortisol as an 
indicator of stress (and therefore welfare) in this species. 

The positive correlation identified here between vocalisation fre-
quency and cortisol titres in male P. livingstonii reflects the findings of 
Freeman et al. (2018), which describes a similar link between vocal-
isation frequency and urinary glucocorticoids in male Pteropus vampyrus 
at Disney's Animal Kingdom. Our results indicate that social roles, in 
particular those that involve participation in multiple social groups (as is 
characteristic of individuals with high betweenness centrality), may 
elevate individual cortisol levels. Male Pteropus sp. often ward off po-
tential competitors through vocalisation when their territory is 
encroached upon (Courts, 1996). The relationship between vocalisations 
and potentially stressful social interactions, such as those involved in 
territory defence and hierarchy maintenance (Fernandez et al., 2014), 
may explain why these behaviours appear to be correlated with stress- 
related hormones in male flying foxes. 

Though we have demonstrated that the social experience of 
P. livingstonii significantly influences stress-related hormone levels, we 
were unable to specifically identify any behavioural indicators of wel-
fare for females of this species. Because of the importance of captive 
breeding for safeguarding this threatened species, and the explicit link 
between female stress and reproductive success (Dulude-de Broin et al., 
2020; Vitousek et al., 2018), illuminating female-specific behaviours 
indicative of internal, hormonal states should be a primary focus of 
future research on this species. Additionally, the limited number of 
faecal samples produced by individuals may have caused potentially 
more subtle behavioural correlates of stress-related hormones in females 
more difficult to identify. Future studies could perhaps collect a greater 
number of samples from individuals, or explore the use of other sample 
types which can be collected at more regular intervals, such as saliva. 

5. Conclusion 

This study has described the validation and application of a novel 
glucocorticoid extraction procedure and faecal cortisol enzyme- 
immunoassay for non-invasively measuring cortisol in P. livingstonii for 
the first time. Mixed-effect modelling of the cortisol concentration of 
processed samples showed that lactating females and males displayed 
higher cortisol levels than non-lactating females, indicating the biolog-
ical relevance of our findings. Further, individuals that linked social 
groups (as defined by their betweenness centrality, using social network 
analysis) possessed higher than average cortisol, and individuals with 
high-quality, positive relationships had lower cortisol. This result sug-
gests that social roles can mediate the stress response and hence, social 
buffering is an important component of P. livingstonii behaviour in 
captivity. Finally, vocalisation frequency was found to be positively 
correlated with cortisol concentration in males, suggesting that this 
behaviour may be used by keepers as a non-invasive, visual indicator of 
the internal hormonal status and therefore welfare of male bats. Thus, 
the results of this research have produced applicable and novel insights 
into the physiological basis for welfare in this species as well as illu-
minated useful social and behavioural correlates of individual hormone 
levels. 
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Appendix A  

Ethogram of LFB behaviours 

Behavioural 
category 

Specific behaviour Definition 

Aggression - dyadic Open mouth Mouth open and directed at another individual in close proximity 
Food steal One individual takes food from another with force 
Lunge One individual lunges (either whole body or head) toward another 
Bite One individual's mouth makes forceful contact with any part of another (usually the head/neck) during an aggressive encounter 
Thumb jab The hook of the thumb is jabbed at another individual during an aggression encounter 
Wrestle Intense form of aggression involving biting, thumb jabbing, and attempts at connecting blows, one or both bats may lose their 

grip on the mesh, accompanied by vocalisations 
Double thumb jab/shove Both thumb hooks contact another individual during an aggressive encounter 
Chase One individual rapidly pursues another 
Displace An individual's approach along a path causes another individual to leave the area 
Flight-displaced by One individual flies away from a location in order to be out of the path of another approaching individual 
Mesh movement-avoid One individual moves horizontally along the mesh to get out of the way of or move away from another individual 
Climb-avoid One individual moves vertically along mesh or substrate to get out of the way of or move away from another individual 
Wing spread-social wing 
flick 

One or both wings vigorously flapped toward another individual and then withdrawn 

Wing spread-shaking Wings shaken repeatedly at another individual or threatening object/hazard, can be both together or alternating or with whole 
body movements 

Wing spread-marching Wings move back and forth alternately toward another individual or a threatening object/hazard 
Wing spread-rotating Whole body and wings moving 45 degrees either side of a threatening subject 
Wing clap Both wings rapidly drawn together in direction of another individual, making a clapping sound as they meet 
Wing ruffle Partially folded wings drawn together in direction of another individual, making a ruffling sound as they meet 

Affiliation - dyadic Roost in pair Hanging by hind limb(s), wings wrapped around ventral region or wings of other individual, muzzle usually tucked into chest, 
eyes closed, no ear movements 

Allogrooming-mutual Two animals simultaneously groom each other with licking, biting, or scratching of similar intensity 
Allogrooming-nonmutual One animal within a pair grooms the other by licking, biting, or scratching with no reciprocation 
Play Prolonged gentle wrestling, holding, mouthing, biting, and genital sniffing and grooming with no vocalisations, may lead to 

mounting 
Food share Involves one individual vigorously licking the mouth of another while they chew, the feeding individual usually holds the other 

behind the head or both individuals hold each other 
Follow One individual follows another, not the same as chase as both individuals often stay together once movement has ceased 
Approach without 
displacement 

One individual approaches another by climbing or flying without displacement 

Touch nose Two individuals make physical contact with their noses 
Body/genital sniff One individual sniffs the body, genitals, or air around another individual 
Pre-copulation Involves sniffing, genital allogrooming, mutual jabbing and light wrestling 
Copulatory mount Male with an erect penis mounts a female, male grips female from behind, male restrains females' forelimbs with his own and 

holds the scruff of her neck in his mouth 
Air sniff An individual smells the air around another by directing its head and nose 
Hook One individual hooks onto or touches another with its thumbs down, gentler than thumb jab 
Intervene in aggression A third individual attempts to break up a bout of wrestling or fighting between two other individuals, this can halt the fight, 

cause one or both animals to move off, or initiate aggression directed at the third party 
Lean toward Movement of body only toward another individual when in the hanging position 

Vocalisation Cluck Repetitive, deep monotone noise; heard only when being caught 
Copulatory Low-pitched rasping noise punctuated by high-pitch screeches made by females during copulation 
Squeak Made during aggressive encounters or by subordinate individuals as a sign of alarm 
Cackle Made during aggressive encounters to ward off others; more repetitive than squeak and louder than chatter 
Chatter Low monotone sound made by males when approaching females 
Call A two-tone sound predominantly made by males during territory defence; directed at intruder often with wings spread 

Locomotion Flight Sustained flight from one section of the enclosure to another 

(continued on next page) 
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(continued ) 

Ethogram of LFB behaviours 

Behavioural 
category 

Specific behaviour Definition 

Climb vertically Using fore and hind limbs to climb vertically up or down mesh walls 
Horizontal crawl Using fore and hind limbs to crawl horizontally along the ceiling; upside down movement 
Floor crawl Using fore and hind limbs to crawl horizontally along the floor of the enclosure; often assisted by wings 
Climb across Using fore limbs to reach across a gap and transfer body from one substrate to another; often performed on ropes 

Grooming - singular Body groom Grooming of an individual's own body via scratching, licking or biting 
Wing groom Grooming of an individual's own wings via licking; tongue may be out 
Mouth groom Hind claws used to clean portions of the mouth in a controlled scratching motion 
Genital groom Grooming of an individual's own genitals via licking 
Urine wash Urine is spread over the body and wings after the head is rubbed from side to side over the genitals during grooming 

Foraging - singular Forage The act of selecting and gathering food items for consumption 
Feed Consuming selected food; done while hanging upside down 
Drink Lapping water from a cup or licking moisture off of substrate with tongue 

Alert posture Bipedal hang Hanging by hind limbs with eyes open; wings may be wrapped ventrally or held loosely at the sides; possible head movement; 
possible body rotation; possible sniffing 

Quadrupedal hang hanging by hind and fore limbs with eyes open; possible head movement; possible body rotation; possible sniffing 
Temperature 

regulation 
Shiver Constant vibration of the entire body; performed in colder temperatures, when nervous or ill 
Fan Regular movement of one or both wings in front of the body whilst hanging; performed in warmer weather 
Pant Repeated wide opening and closing of the mouth; performed in warmer weather 

Elimination Urinate Individual hangs from forelimbs to urinate; followed by vigorous shaking of the body; individual then returns to inverted 
position 

Defecate Individual hangs from forelimbs to defecate; followed by vigorous shaking of the body; individual then returns to inverted 
position 

Other - enclosure 
scratch 

Enclosure scratch Using a substrate within the enclosure to scratch oneself 

Other - scent 
marking 

Scent mark Rubbing glandular regions on the lateral sides of the head and scapula on substrates within the enclosure to mark territory 

Roosting Wrapped Hanging by a single hind limb or both hind limbs; wings wrapped ventrally; muzzle usually tucked into chest; eyes closed; no 
ear movement 

Non-wrapped Hanging by a single hind limb, both hind limbs, both hind and one fore, or all four limbs; wings not wrapped; muzzle usually 
tucked into chest; eyes closed; no ear movement; often seen in warmer weather  
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2014. Fitting Linear Mixed-effects Models 
Using lme4. arXiv preprint arXiv:1406.5823.  

Beaulieu-McCoy, N.E., Sherman, K.K., Trego, M.L., Crocker, D.E., Kellar, N.M., 2017. 
Initial validation of blubber cortisol and progesterone as indicators of stress response 
and maturity in an otariid; the California Sea lion (Zalophus californianus). Gen. 
Comp. Endocrinol. 252, 1–11. 

Bell, E., Price, E., Balthes, S., Cordon, M., Wormell, D., 2019. Flight patterns in zoo- 
housed fruit bats (Pteropus spp.). Zoo Biol. 38 (3), 248–257. 

Birkett, L.P., Newton-Fisher, N.E., 2010. Recognising Psychological Abnormality in 
Chimpanzees (Pan troglodytes) Using Human Psychiatric Principles. 

Bonacich, P., 2007. Some unique properties of eigenvector centrality. Soc. Netw. 29 (4), 
555–564. 

Boogert, N.J., Lachlan, R.F., Spencer, K.A., Templeton, C.N., Farine, D.R., 2018. Stress 
hormones, social associations and song learning in zebra finches. Philos. Trans. R. 
Soc. B: Biol. Sci. 373 (1756), 20170290. 

Bright, A., 2008. Vocalisations and acoustic parameters of flock noise from feather 
pecking and non-feather pecking laying flocks. Br. Poult. Sci. 49 (3), 241–249. 

Broom, D.M., Johnson, K.G., Broom, D.M., 1993. Stress and Animal Welfare, 993. 
Springer. 

Brunton, P., Russell, J., Douglas, A., 2008. Adaptive responses of the maternal 
hypothalamic-pituitary-adrenal axis during pregnancy and lactation. 
J. Neuroendocrinol. 20 (6), 764–776. 

Buchanan, K.L., Goldsmith, A.R., 2004. Noninvasive endocrine data for behavioural 
studies: the importance of validation. Anim. Behav. 67, 183–185. 

Busch, D.S., Hayward, L.S., 2009. Stress in a conservation context: a discussion of 
glucocorticoid actions and how levels change with conservation-relevant variables. 
Biol. Conserv. 142 (12), 2844–2853. 

Caillaud, D., 2016. Animal Observer. Dian Fossey Gorilla Fund International. 
Candeloro, L., Savini, L., Conte, A., 2016. A new weighted degree centrality measure: the 

application in an animal disease epidemic. PloS one 11 (11). 
Carroll, J., Thorpe, I., 1991. The conservation of Livingstone's fruit bat Pteropus 

livingstonii gray 1866: a report on an expedition to the Comores in 1990. Dodo 27, 
26–40. 

Carvalho, R.R., Palme, R., da Silva Vasconcellos, A., 2018. An integrated analysis of 
social stress in laying hens: the interaction between physiology, behaviour, and 
hierarchy. Behav. Process. 149, 43–51. 

Citron, L.E., Weinstein, N.M., Littman, M.P., Foster, J.D., 2020. Urine cortisol-creatinine 
and protein-creatinine ratios in urine samples from healthy dogs collected at home 
and in hospital. J. Vet. Intern. Med. 34 (2), 777–782. 

Clark, K., Carroll, J.B., Clark, M., Garrett, S., Pinkus, S., Saw, R., 1997. Capture and 
survey of Livingstone's fruit bats Pteropus livingstonii in the Comoros Islands: the 
1995 expedition. Dodo 33, 20–35. 

Corbeil, R.R., Searle, S.R., 1976. Restricted maximum likelihood (REML) estimation of 
variance components in the mixed model. Technometrics 18 (1), 31–38. 

Courts, S., 1996. An ethogram of captive Livingstone's fruit bats Pteropus livingstonii in a 
new enclosure at Jersey wildlife preservation trust. Dodo 32, 15–37. 

Courts, S., 1997. General behaviour and social interactions in a group of Livingstone's 
fruit bats Pteropus livingstonii at Jersey wildlife preservation trust. Dodo 33, 154. 

Croft, D.P., Morrell, L., Davis, A., Faria, J., Dyer, J., Piyapong, C., Krause, J., 2008. Does 
defection during predator inspection affect social structure in wild shoals of guppies? 
Anim. Behav. 75 (1), 43–53. 

Culbert, B.M., Gilmour, K.M., Balshine, S., 2019. Social buffering of stress in a group- 
living fish. Proc. R. Soc. B 286 (1910), 20191626. 

M.J. Edwards et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333528393
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333528393
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326296007
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326296007
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326296007
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333516309
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333516309
https://www.arborassays.com/product/k003-h-cortisol-eia-kit/
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333506446
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333506446
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333506446
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333422402
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333422402
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333422402
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326389471
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326389471
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326389471
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333274491
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333274491
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333274491
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326401191
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326401191
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240326401191
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333263415
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333263415
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333263415
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333220079
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333220079
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328347021
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328347021
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328347021
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240336500544
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240336500544
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240332094878
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240332094878
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240332094878
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240332094878
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333142419
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333142419
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240336092415
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240336092415
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240332145119
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240332145119
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333199651
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333199651
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240333199651
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331528711
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331528711
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328507442
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328507442
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328523926
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328523926
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240328523926
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331526674
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331526674
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331525268
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331525268
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331525268
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240335463136
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331519481
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331519481
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329030294
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329030294
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329030294
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331518075
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331518075
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331518075
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331514014
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331514014
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331514014
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329080981
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329080981
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329080981
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329111549
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329111549
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329184425
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240329184425
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240358254686
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240358254686
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240358312641
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240358312641
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240358312641
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331505277
http://refhub.elsevier.com/S0018-506X(22)00122-2/rf202206240331505277


Hormones and Behavior 144 (2022) 105228

14

Dallman, M.F., Strack, A.M., Akana, S.F., Bradbury, M.J., Hanson, E.S., Scribner, K.A., 
Smith, M., 1993. Feast and famine: critical role of glucocorticoids with insulin in 
daily energy flow. Front. Neuroendocrinol. 14 (4), 303–347. 

Daniel, B.M., Green, K.E., Doulton, H., Salim, D.M., Said, I., Hudson, M., Houmadi, A., 
2017. A bat on the brink? A range-wide survey of the critically endangered 
Livingstone's fruit bat Pteropus livingstonii. Oryx 51 (4), 742–751. 

Dawkins, M., 2004. Using behaviour to assess animal welfare. Anim. Welf. 13 (1), 3–7. 
de Bruijn, R., Romero, L.M., 2018. The role of glucocorticoids in the vertebrate response 

to weather. Gen. Comp. Endocrinol. 269, 11–32. 
Dickson, K.V., Davies, C.W.T., Routh, A., Killick, R., Barbon, A.R., 2016. Radiographic 

cardiac silhouette measurement in captive Livingstone's fruit bats (Pteropus 
livingstonii). J. Zoo Wildl. Med. 47 (4), 963–969. 

Dulude-de Broin, F., Hamel, S., Mastromonaco, G.F., Côté, S.D., 2020. Predation risk and 
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