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Captive‑raised western ringtail 
possum (Pseudocheirus 
occidentalis) with a bold 
personality have higher survival 
rates when released into the wild
Sara Corsetti 1*, Brian Chambers 2, Dominique Blache 1 & Roberta Bencini 1

We tested if the personality of captive‑raised western ringtail possums (Pseudocheirus occidentalis), 
and the impact of other variables would influence their survival after release using radiotelemetry. 
We hypothesised a greater survival for individuals: (i) bold; (ii) habituated in advance to food 
collected from the release area; (iii) juveniles instead of adults, because more easily tolerated by 
wild individuals, and (iv) released in new dreys (nests) as they would not have the strong odour of 
old dreys and would be less attractive to foxes. After 3 months of radio tracking, out of 143 possums 
released, 79 died: 51 (64.6%) were preyed upon by European red foxes (Vulpes vulpes). Bold or female 
individuals had higher survival rates than shy or male individuals (survival rate bold: 53%, shy: 41%, 
p = 0.046, hazard ratio = 0.352, 95% CI HR [0.126, 0.979]; survival rate females: 44%, males: 35%, 
p = 0.007, hazard ratio = 2.811, 95% CI HR [1.322, 5.976]). Shooting was a more effective fox control 
strategy to improve survival compared to baiting (p = 0.019, hazard ratio = 0.167, 95% CI HR [0.038, 
0.742]). Our results demonstrate that the control of introduced predators is critical for the success of 
reintroductions of this critically endangered species.
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The introduction of invasive species in Australia (especially foxes, Vulpes vulpes, and cats, Felis catus) has strongly 
impacted native species’  populations1–3. To date, about 100 Australian species of plants, birds, amphibians, mam-
mals and invertebrates are extinct, and mammals are the most  impacted4,5.

To support wild populations, many studies have tried to identify the most appropriate conservation actions, 
including rehabilitation and  reintroduction6–10. Several variables can influence the success of releases of ani-
mals, such as, for example, health screening, physiological checks, parasites, animal habituation to humans and 
 personality6. Evaluating the personality of animals before their release is considered important for the success 
of reintroduction, because it can affect  survival11–14.

In vertebrate species, personality varies along an axis, with extremes defined as ‘bold’ and ‘shy’15,16, with bold 
individuals dispersing and exploring more, and coping better with new and stressful situations. Although this 
risk-taking may lead to danger or encounters with predators, it may also help them to find additional trophic 
resources necessary for survival. Conversely, shy individuals are neophobic: dispersing and exploring less, and 
preferring to adapt to a new, stressful situation, rather than changing the  situation15,17–19. Personality, by defini-
tion ‘a set of multidimensional traits characteristic of an individual, stable across time and situations within the 
same individual’, influences the animal’s response to new  stimuli20. Thus, it is possible to assess the personality 
of an animal and predict its response by exposing it to a new challenging  environment11,22.

A widely adopted method to assess the personality of laboratory and wild animals, including possums, is 
the open field test (e.g.14). During the test, the animal is placed in a bare enclosed arena and allowed to move 
freely for a predetermined amount of time. The behaviour inside the arena reflects the individual’s reaction to 
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stressful events, and consequently its behavioural patterns in response to, for example, social interactions or the 
presence of  predators23.

A major factor impacting the success of reintroductions of native species in Australia is predation by the 
European red fox and the  cat24,25. The predation rate exerted by these predators is much higher than that of 
native predators, which is why in many projects animals were released into predator-free sites, such as islands 
or effectively fenced  areas26,27. Predator-free areas, however, are insufficient to sustain all populations of threat-
ened native species, and it is therefore necessary to release animals in areas where predators are present while 
implementing predator  control28.

An environmental variable that is not often considered during reintroductions is acclimation to new food 
sources present at release sites. During the period of adjustment after their release, the animals must learn how to 
find adequate food and their gut flora needs to adjust to the change in diet (e.g.29,30). Gut pathogens, phenotypic 
plasticity of the gastrointestinal system and healthy digestion by microbes or symbionts are all food-linked factors 
that can influence the outcome of  translocations31,32. For example, peninsular bighorn sheep (Ovis canadensis) 
fed with high-quality food and native vegetation prior to the release did not survive after being released in the 
harsh environment of Southern  California33. Therefore, it is critical to investigate how the source of food impacts 
the survival of individuals to establish a successful re-introduction or release.

Among the species currently experiencing a decline, is the western ringtail possum, Pseudocheirus occidentalis, 
a species endemic to the southwest of Western Australia, recently classified as critically  endangered5. Because 
of its limited distribution and recent dramatic population decrease, it is important to increase our knowledge of 
this species to implement appropriate conservation strategies and improve its conservation  outlook4,34. Under-
standing the factors that most impact the survival of this species could optimise the outcome of translocations 
and increase the size and genetic diversity of the wild population.

In this study, we tested if the personality of captive-raised western ringtail possums and other environmental 
factors including acclimation to a novel food source, releasing juveniles instead of adults, releasing animals in 
a new drey (nest) to avoid attracting foxes with the strong odour of the old dreys and releasing them at first in 
a predator-proof area would influence survival rates of the animals after their release. We hypothesised higher 
chances of survival for bold individuals, for animals that were accustomed to the food found at the release sites, 
for juveniles compared to adults because they would be tolerated by resident wild possums, and for animals 
released in new dreys compared to those released in old dreys.

The western ringtail possum is particularly prone to fox predation, especially when burdened by radio trans-
mitter collars heavier than 20  g35. Therefore, we were required to release the possums with radio collars weighing 
less than 20 g and in areas with existing fox control in place, so we did not expect that predation would impact 
the survival of the released individuals.

Materials and methods
Animals and housing
The sample consisted of 143 western ringtail possums, released in 7 separate cohorts. All possums were orphans 
raised by volunteer carers from the organization Fostering and Assistance for Wildlife Needing Aid (FAWNA) 
Inc. When the possums reached a weight of at least 600 g and at least six weeks before being released, they were 
transferred from the homes of the carers to a pre-release facility at the former Iluka Capel Wetlands site in Capel 
(Western Australia). Additional information about the pre-release conditions can be found in the Supplementary 
Material (S1).

Personality test
We used an open field test to assess the personality of the possums. The test arena measured 200 × 200 cm and 
was surrounded by walls 120 cm tall. The floor was marked with tape to subdivide it into 9 equal size squares, 
each being about three times the size of the test subject. The test subject was introduced into the arena through a 
hatch and filmed with a GoPro camera for 10 min (Hero4, Woodman Labs, Inc, San Mateo, California). Explora-
tory behaviours (locomotion, location and time in each square including crossing square, jumping, walking 
and placing the paws on the wall) and other behavioural patterns (defecation, urination, self-grooming) were 
blinded analysed by an observer using specialised software (Boris v.8.27.1, Friard & Gamba, Department of Life 
Sciences and Systems Biology University of Torino, Italy; https:// www. boris. unito. it/ ). The test was not repeated 
to avoid habituation. At the end of the test, the animal was placed into a calico bag and returned to its enclosure. 
Since ringtail possums are nocturnal, the test was conducted during the day when they are less active, to make 
capture less stressful for the animals, and at least two hours before sunset to avoid a bias in individual activity.

Anaesthesia and radio‑collaring
Animals were anaesthetised by a veterinarian through use of isoflurane gas inhalation to be handled and fitted 
with radio transmitter collars to ensure minimum stress and optimum collar fit.

During the anaesthesia, animals were weighed and measured (pes, head length, body length, tail length, neck 
circumference, testes width and length for males) and fitted with a radio-collar. The radio-collars were expandable 
drop-off collars (custom VHF core, model CCC000052; Lotek, Havelock North, New Zealand) with mortality 
function (activated after 4 h of inactivity) weighing a maximum of 20 g, as recommended by  Yokochi35,36 so as 
not to affect the survival of the animals. The collars were made of leather with a 10 mm section of elastic that 
could expand to 20 mm allowing for growth, escape if entangled and it also degraded over time so that collars 
that could not be retrieved eventually dropped off. For the first release collars weighed around 20 g due to the 
weight of the battery, which had a life of 5 months. For subsequent releases, lighter collars weighing 13–15 g were 
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used and they were programmed with a duty cycle of 9 h on and 15 h off to extend the battery life and radio-track 
animals for a minimum of 12 weeks.

In addition to fitting the radio-collar and collecting standard measurements, we microchipped each pos-
sum, collected a tissue sample for future genetic analysis and attached a reflective tag (Monel Style #1005–1, 
to which we added a strip of reflective tape sealed with heat shrink) on the left ear for males and on the right 
ear for females to facilitate identification after release. A blood sample was collected by the veterinarian from 
the lateral tail vein and sent to VetPath Laboratory Services (1 Sabre Cres, Jandakot Western Australia) for the 
analysis of haematocrit (HCT), red blood cells (RBC), mean corpuscular volume (MCV), mean corpuscular 
haemoglobin concentration (MCHC), mean corpuscular haemoglobin (MCH), white blood cells (WBC), Band 
cells (BANDS), monocytes (MONO), basophils (BASO), lymphocytes (LYMPH), neutrophils (NEUTRO) and 
eosinophils (EOSINO). The analysis of these variables served to assess the overall physiological situation of the 
animals before release, as already used for this and other species (e.g.19,25).

Release site selection
Three release areas were selected during the three years of this project (Table 1). Additional information on area 
selection protocol and selected sites can be found in Supplementary Material (S2).

All possums were released in their own dreys by hanging each drey containing a possum on tree branches 
3–4 m above the ground during the early afternoon, when animals are usually asleep, so that they could make 
their way out of the dreys at nightfall.

Environmental variables affecting survival
Food source
The first group of 20 possums released in Wyadup was tested to determine if feeding western ringtail possums 
with food sourced from the release site would increase survival of released animals. Half of the possums (10) 
were fed with food collected from the area surrounding the pre-release facility, while half of the possums (10) 
were fed with food collected from the release site. To check if there was a preference in food consumption, we 
selected four species of trees that were common in the area and known to be eaten by western ringtail possums: 
peppermint (Agonis flexuosa), marri (Corymbia calophylla), jarrah (Eucalyptus marginata) and flooded gum 
(Eucalyptus rudis). Branches of these plants were placed in the enclosures’ food holders (described in Supple-
mentary Material, S1). Individuals were weighed once a week to monitor changes in weight.

Juveniles/adults
The first group of possums released in Wyadup experienced territorial conflicts with wild possums: four females 
were observed with wounds on the body and on the tail. Introduced possums were forced to move away from 
the release site due to these territorial conflicts and then they may have been preyed upon. Following a sugges-
tion from the carers, in the second release we released 10 juveniles and 10 adults on the same property to test 
if juveniles would be more easily accepted by wild possums and if this reduced predation rates. Because all the 
animals involved in the study were orphan pouch young when moved into captivity, we knew the age of the 
animals. All adults had reached sexual maturity at the time of release.

Dreys
Because predation rate was high in the first two releases, and it was possible for us to smell a possum when walk-
ing in the bush during radio-tracking, we supposed that releasing 20 animals 20/30 m apart from each other and 
in dreys previously utilised in the pre-release facility could attract foxes to the area due to the strong odour of 
these old dreys. Considering this possibility, in the third and fourth releases in Glenbourne, we released half of 
the animals (10 each time, 20 in total) in new dreys, spaced approximately 40 m apart from each other, and half 
of the animals (10 each time, 20 in total) in the dreys previously utilised by the animals in the pre-release facility.

Predator‑proof area
Since in the first four releases most of the animals that died were preyed upon by foxes in the first four weeks, 
we tested if releasing animals in a predator-proof area first and then moving them outside of the predator-proof 
area would improve survival. So, we released 20 animals in the predator-proof area located at 5566 Caves Road, 
Gracetown. After four weeks, we trapped 7 possums and released them in the second and third sites located at 
110 and 111 Ellenbrook Rd, outside of the predator-proof area. Ten additional possums were released at 110 and 
111 Ellenbrook Rd and four more inside the fenced area as control groups.

Table 1.  Area (ha), number of western ringtail possums (Pseudocheirus occidentalis) released and fox control 
strategy used for each release site. All sites were in southwest Western Australia.

Wyadup Gracetown Yalgorup

Total Area (ha) 19 120 12,888

Possums released 20 + 20 20 + 20 + 34 29

Fox control Baiting + shooting Shooting Baiting
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Radio‑tracking
Radio-collared animals were monitored for at least three months after release.

Each individual was located in the following way:

• Week 1 – once every 24 h, alternating day and night locations.
• Weeks 2–5 – Every 2nd or 3rd day for survival, either by triangulation or by homing if the collar had shifted 

to mortality mode. One precise day time and one night location were collected each week for calculation of 
home ranges.

• Week 6–12 – Weekly, one day and one night location to monitor movements, dispersal, mortality and to 
calculate home ranges.

Day locations were collected between 9:00 and 13:00 h for the releases conducted in Wyadup, and between 
13:00 and 18:00 for all other sites. Night locations were collected between 20:00 and 1:00. For each location, we 
recorded the GPS coordinates, the height above the ground where the possum was located, the height of the 
vegetation at that point, the species of plant the animal was on and if there were other western ringtail possums 
or brushtail possums (Trichosurus vulpecula) within 5–6 m radius.

After three months, animals that still had their collars on were captured to remove the collars using wire cage 
traps (22 × 22 × 45 cm, Sheffield Wire Products, Welshpool Western Australia) baited with fruit and strategically 
placed on  branches37. Each possum was weighed and the pouches of females were inspected for the presence 
of pouch young.

Mortality and survival
When a collar was detected on mortality mode indicating that a possum had died or that it had dropped its 
collar, we homed on the signal to retrieve either the body or the collar. Retrieved bodies were necropsied when 
possible. Conditions of carcasses and collars were observed to spot signs of wounds or teeth marks. If found, we 
used a sterile swab to collect traces of predator saliva from the collar or the carcass. The presence of predators’ 
DNA was detected through melt curve  analysis38 by Helix Molecular Solutions (PO Box 155 Leederville, Western 
Australia 6153). The test detects the presence of DNA from fox, cat, dog (Canis lupus familiaris) or chuditch 
(Dasyurus geoffroii, a native predator).

Statistical analyses
Three possums were excluded from the analyses: one individual was found with a severe injury during the radio-
tracking and was brought back into care; two other possums disappeared immediately after being released and no 
data could be collected from these possums. So, the total sample consisted of 140 individuals. We used Principal 
Component Analysis (PCA) with VARIMAX rotation to analyse the behaviours recorded during the open field 
test and during the radio-tracking.

We developed a personality index to assess personality. This was calculated by summing the individual values 
for the first two factors from the PCA on the whole sample (F1 and F2) for each animal. We ranked animals from 
the highest to the lowest value: a high value of the sum (F1 + F2) indicated a bold animal.

Since there is a lack of knowledge of behaviours related to the personalities of western ringtail possums, we 
correlated the factors of the PCA to other variables that have been found to be linked to boldness or shyness in 
other  species39. We used the Pearson correlation when the variables had a normal distribution, or a Spearman 
rank correlation coefficient when the normality of the distribution of the variables was violated.

Because some animals died within few days after release, and some of the blood samples could not be ana-
lysed, we did not have all the information for all the variables for all the animals, so we ran different PCAs (with 
VARIMAX rotation) for each set of complete data. We run a PCA on animals for which we had the home range 
and core areas, a PCA on animals for which we had the HCT value and another PCA on animals for which we 
had the physiological variables measured in the blood samples.

Home range area and core area of the individuals (respectively 95 and 50 percentiles) were calculated with 
the kernel density estimator through QGis (Geographic Information System, version 3.32, QGIS Association. 
http:// www. qgis. org). We removed the data for the first three weeks from the calculation, because during this 
time the animals were dispersing and had not yet established their home ranges.

To evaluate dispersal from the point of release, we calculated the distance between the release point and the 
farthest location recorded for each animal. The effect of gender on dispersal was tested using a one-way ANOVA 
to identify if males dispersed more than females from the release site as observed in similar  species40.

The effect of personality on home range, core areas and height in the vegetation where the animal was located 
was analysed using a one-way ANOVA.

The analyses on survival involved 128 possums; because 11 animals lost their collar (e.g. the collars were found 
on branches or on the ground) and one had a collar whose frequency had a strong interference, probably due to 
a source of radio waves in the area, we had no information about the fate of those animals, so they were excluded 
from the analyses and we run another PCA on the remaining animals. The personality index was calculated as 
described above by summing the individual scores of the resulting factors of the PCA (F1 and F2) and ranking 
them from high (bold) to low (shy), following a similar procedure used in  dogs19.

Since we tested a different variable in each release, we ran four different Chi-square tests of independence to 
check whether survival was increased by:

• Feeding possums with food collected from the release site;

http://www.qgis.org
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• Releasing juveniles or adults;
• Releasing animals in new, clean dreys;
• Releasing animals in a predator-proof area for four weeks and then moving them outside.

A Cox Regression survival analysis was used to assess the variables hypothesised to influence survival in the 
whole sample (personality, sex, the different releases, average height on the vegetation, maximum distance from 
release point, season, home range 50th percentile, home range 90th percentile). A backward stepwise regression 
was run to exclude irrelevant variables and improve the strength of the model. The criteria to remove a variable 
was a probability of F > 0.100. The remaining variables were analysed using the Cox Regression survival analysis.

All the analyses were performed using the IBM SPSS software (Version 28.0. Armonk, NY: IBM Corp; https:// 
www. ibm. com/ spss ).

Animal ethics
The Animal Ethics Committee of The University of Western Australia approved all the procedures described 
in this article (RA/3/100/1610). We conducted our fieldwork following The Australian Code of Practice for the 
Care and Use of Animals for Scientific Purposes endorsed by the National Health and Medical Research Coun-
cil of Australia (NHMRC, 2004), and following the Department of Biodiversity, Conservation and Attractions’ 
(DBCA) Standard Operating  Procedures41.

This study was reported in accordance with ARRIVE guidelines.

Results
Personality test
In all the PCAs performed, the behaviours were clustered in a similar fashion. We extrapolated two factors for 
each PCA (Supplementary Material, Tables S1, S2, S3 and S4). The cumulative variance for all possums was 
62.46% in the first PCA (N = 140), 63.71% in the second PCA (80 possums with home range), 62.39% in the third 
PCA (138 animals for which we have measured the HCT) and 62.42% in the fourth PCA (116 animals for which 
we had data for the haemogram and the white blood cell counts). Correlations of 0.31 and above were considered 
significant. The first factor (F1) was positively correlated with the number of squares crossed, jumping, time spent 
walking and placing the paws on the wall, all measures of activity during the open field test. The first factor was 
defined as ‘Activity’: possums with a high score were very active during the open field test. The second factor 
(F2) was positively correlated with time spent in the centre and side squares, and negatively correlated with the 
time spent in a corner square and scratching the wall. The second factor was defined as ‘Bravery’: possums with 
a high individual score with this factor appeared to be less scared as they spent more time in the central square 
where they would be more exposed to potential threats; they also scratched the walls less.

We determined that the two factors were related to bold personalities.
The sum of the individual scores for F1 and F2 of the first PCA (N = 140) was normally distributed. The per-

sonality typology was classified using percentiles: 35 possums with a F1-F2 sum that fell in the 25th percentile 
were defined as ‘Shy’, 71 possums with a F1-F2 sum that fell in between the 25th and the 75th percentile were 
defined as ‘intermediate’ and 34 possums with a F1-F2 sum that fell in between the 75th and the 100th percentile 
were defined as ‘Bold’ (Table 2).

The results of the PCAs used to link behaviours to bold personalities are described below.
Sixty individuals died or went missing during the first three weeks of radio-tracking, so a total of 80 indi-

viduals were included in the calculation of the core area and home range. The average core area was 0.072 ha 
(95% CI [± 0.013 ha]) and the average home range was 0.270 ha (95% CI [± 0.035 ha]). Females and males had 
similar mean values for core areas and home range areas (core areas  xf = 0.074 ha,  xm = 0.070 ha; home range 
areas  xf = 0.279 ha,  xm = 0.259 ha).

The second factor of PCA (F2: ‘Bravery’) was correlated with the core area (Spearman rank correlation, N = 80, 
two-tailed p-value = 0.014, rho = 0.274).

Females seemed to disperse, on average, more than males from the release site (average dispersal females: 
664 m, average dispersal males: 318 m), even if the difference was not significant (one-way ANOVA:  F1,138: 1.410, 
p = 0.237).

The sample size (N), mean, median and standard deviations of HCT, RBC, MCHC, MCH, WBC, BANDS 
BASO, NEUTRO and EOSINO are summarised in the Supplementary Material (Table S5).

There was a positive correlation between F1 (‘Activity’) and haematocrit (Pearson correlation, N = 138, 
r = 0.175, p = 0.040): animals with a higher F1 value had a higher haematocrit level.

Table 2.  Classification of personality for western ringtail possums (Pseudocheirus occidentalis) based on the 
distribution of the values of F1 + F2 obtained from a PAC analysis of the behaviour of possums during the open 
field test (N = 140): number of individuals for each group of possums, reference percentile, relative F1 + F2 sum 
values related to the percentile and personality.

Number of individuals Percentiles F1 + F2 values related to the percentile Personality

35 0—25 From − 2.94 to − 0.89 Shy

71 25–75 From − 0.89 to 0.90 Intermediate

34 75—100 From 0.90 to 4.04 Bold

https://www.ibm.com/spss
https://www.ibm.com/spss
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We found a positive correlation between F1 and mean corpuscular volume and between F2 (‘Bravery’) and 
red and white blood cells; a negative correlation between F1 and mean corpuscular haemoglobin concentration 
and between F2 and mean corpuscular haemoglobin; a positive correlation between F1 and band cells, monocytes 
and basophils; and a negative correlation between F1 and lymphocytes (Supplementary Material, Table S6).

Survival and ecology
Baiting as a strategy to control foxes was not effective in this study: no fox ate the poisoned eggs laid for them 
in the first release at Wyadup and the survival rate of possums was 5%. In the second release, after the shooter 
eliminated four foxes, the survival rate of possums increased to 20%. In the releases at Gracetown, the survival 
rates increased to 25% in 2021 after the shooter eliminated 40 foxes and to 64% in 2022, after the shooter elimi-
nated > 80 foxes. During the last release in Yalgorup National Park in which 15 of the 29 possums received fox 
awareness training before the release the survival rate was 44% (Table 3).

There was a difference, but not significant, in the average home range and core area between bold (mean core 
area: 0.087 ha, mean home range: 0.312 ha), intermediate (mean core area: 0.076 ha, mean home range: 0.258 ha) 
and shy possums (mean core area: 0.055 ha, mean home range: 0.252 ha; one-way ANOVA on core areas: N = 79, 
 F2,77: 1.741, p = 0.182; one-way ANOVA on home ranges: N = 79,  F2,77: 0.986, p = 0.378). The difference remained 
not significant when we compared only bold and shy individuals (one-way ANOVA on core areas: N = 46,  F1,45: 
3.568, p = 0.065; one-way ANOVA on home ranges: N = 46,  F1,45: 1.585, p = 0.215). Similarly, there was a differ-
ence in the maximum distance from the release point among the three personalities, but the difference was not 
significant, even removing the intermediates from the test (one-way ANOVA between bold, shy and intermediate 
on dispersal: N = 135,  F2,133: 1.544, p = 0.217; one-way ANOVA between bold and shy on dispersal: N = 66,  F1,65: 
1.084, p = 0.302;). There was also no difference in the average height of animals in the vegetation, which was 
about 5.5 m for bold, intermediate and shy animals (one-way ANOVA between bold, shy and intermediate on 
average height: N = 46,  F2,133: 0.021, p = 0.979; one-way ANOVA between bold, shy and intermediate on average 
height: N = 66,  F1,65: 0.039, p = 0.843: Supplementary Material, Table S7).

The first two factors of the PCA made on the possums whose fate we knew at the end of the three months of 
radio-tracking (N = 128) explained 62.46% of the total variance. The variables were grouped in the same way as 
the PCAs described above, so the definition of the factors remained the same: F1 was defined as ‘Activity’ and 
F2 was defined as ‘Bravery’. The behavioural categories of this new PCA and relative loadings are summarised 
in Supplementary Material, Table S8.

Similarly to the PCAs used to determine personality of all the possums (see section "Personality test"), the 
sum of the individual scores of both F1 and F2 of the PCA made on the 128 possums whose fate we knew was 
calculated and it was normally distributed. The percentiles were utilised to classify the personality: 32 possums 
with a F1-F2 sum that fell in the 25th percentile were defined as ‘Shy’, 64 possums with a F1-F2 sum that fell in 
between the 25th and the 75th percentile were defined as ‘intermediate’, 32 possums with a F1-F2 sum that fell 
in between the 75th and the 100th percentile were defined as ‘Bold’ (Table 4).

At the end of the radio-tracking across all seven releases combined, 79 possums died and 49 survived (32 
females, 17 males). Fifty-eight died by predation (51 by foxes, four by carpet pythons, Morelia spilota; two by 
cats; one by a bird of prey) and two by drowning (in a dam and a stream respectively), while the cause of death 
of the remaining 19 could not be determined.

The backward stepwise regression excluded season, the average height of the animal on the vegetation, area of 
the core home range (50th percentile) and maximum distance from the release point as relevant variables. Then, 
the new model included: personality (p = 0.020), sex (p = 0.029), home range (95th percentile) (p = 0.066) and the 
different releases (p = 0.039). The Cox Regression run on these variables showed that bold animals had a higher 
survival rate than shy individuals (survival rate bold: 53%, shy: 41%, p = 0.046, hazard ratio = 0.352, 95% CI HR 
[0.126, 0.979], Fig. 1a) and females had a higher survival rate than males (survival rate females 44%, males: 35%, 
p = 0.007, hazard ratio = 2.811, 95% CI HR [1.322, 5.976], Fig. 1b). The possums released in the fifth and sixth 

Table 3.  Number of western ringtail possums (Pseudocheirus occidentalis) released at each site, type of fox 
control conducted, number of foxes killed, predation rate and survival rate of the possums.

Release Date Location
Possums released 
(N) Fox control Foxes killed (N) Fox predation (%)

Possum survival 
(%)

1 Oct-19 Wyadup 20 Buried eggs 0 85 5

2 Oct-20 Wyadup 20 Professional 
shooter 4 45 20

3 May-21 Gracetown 20 Professional 
shooter  ~ 20 50 25

4 Jun-21 Gracetown 20 Professional 
shooter  ~ 20 50 25

5 Apr-22 Gracetown 20 Professional 
shooter  > 40 2 65

6 May-22 Gracetown 14 Professional 
shooter  > 40 4 64

7 Nov-22 Yalgorup 29
Baiting by DBCA
 + fow awareness
training

Unknown 2 44
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groups in Gracetown in 2022 and in the seventh group in Yalgorup in 2022 had higher survival rates compared 
to the possums released in the first group in Wyadup in 2019 (respectively: p = 0.019, hazard ratio = 0.167, 95% 
CI HR [0.038, 0.742]; p = 0.016, hazard ratio = 0.130, 95% CI HR [0.025, 0.686] Fig. 1c).

Our results did not identify any effects of environmental factors on the possums’ survival (food sources: 
N = 25, χ2 = 1.053, df = 1, p = 0.305; juveniles vs adults: N = 18, χ2 = 0.055, df = 1, p = 0.814; old dreys vs new dreys: 
N = 39, χ2 = 0.208, df = 1, p = 0.648; pre-release in a predator-proof area: N = 34, χ2 = 0.273, df = 1, p = 0.601).

Discussion
Our results demonstrated that the personality of western ringtail possums can be evaluated with an open field 
test and support the hypothesis that bold individuals would have greater survival rates than shy individuals.

Our findings show that the open field test is a valid method to assess personality in the western ringtail pos-
sum, as already demonstrated in many species, including other  marsupials14,42 and confirm the wide use of the 
open field test to assess personality, and the possibility of adapting this test from one species to another.

The PCA analysis of behavioural data collected in the open field test identified two main factors, that we 
defined as ‘Activity’ and ‘Bravery’. Personality is a complex set of multidimensional traits and cannot be reduced 
to only part of the behaviours exhibited by the  individual20. We calculated the sum of the individual scores on 
both F1 and F2 to combine the different aspects of the personality of the animals and consequently the best way 

Table 4.  Classification of personality based on the distribution of the variable F1 + F2 on all western ringtail 
possums (Pseudocheirus occidentalis) with a known fate (N = 128): number of individuals for each group of 
possums, reference percentile, relative F1 + F2 sum values related to the percentile and personality.

Number of individuals Percentiles F1 + F2 values related to the percentile Personality

32 0—25 From − 2.88 to − 0.98 Shy

64 25–75 From − 0.98 to 0.94 Intermediate

32 75–100 From 0.90 to 4.05 Bold

Figure 1.  Cumulative survival for western ringtail possums (Pseudocheirus occidentalis) after release: a) shy 
(in orange) compared to bold (in red); b) males (in blue) compared to females (in pink); and c) first release (in 
bright red) compared to fifth and sixth release (in azure) and seventh release (in green), during which animals 
received an fox awaress training (see the information about the release sites in the Supplementary Materials 
section, S2).. A vertical drop in the curves indicates an event of death.
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to assess their personality. Clearly, this approach to assess personality was shown to be valid since the behaviours 
clustered in the same way in all the PCAs performed in the study.

Not surprisingly, we found that physiological variables measured in the blood samples were related to per-
sonality: HCT was positively correlated with the factor ‘Activity’. HCT is higher in animals or species that require 
greater storage of blood oxygen or more resistance, or in situations where the oxygen demand is increased like 
migration or physical exertion. Exercise, movement or dehydration can cause a subsequent increase in  HCT43,44. 
This may be the case for the western ringtail possum, which is an endemic species of Western Australia, where 
water is often scarce and even the foliage, which is the possums’ main source of sustenance including water, has 
a low water content. Similarly, dehydration might explain the positive correlation between the factor ‘Activity’ 
(F1) and MCHC, as shown in humans (e.g.45).

Individuals can be adversely affected by stress depending on their  personality16,19,46–49. Shy individuals do not 
cope well with stress, and they often develop stress-related diseases. This is reflected in the physiological state of 
the  individual50. The positive correlation between the F1 and white blood cell counts (WBC) suggests that the 
individuals with a low individual score for F1 could be more vulnerable to infections and stress. Similarly, F2 
and WBC were positively correlated, suggesting that individuals with a low score for F2 may have leukopenia, a 
condition where the number of white blood cells is not sufficient to cope with a possible  infection51.

The values of the physiological variables measured in the blood samples fall within the range of values for 
the species available in the literature, suggesting that the health status of the animals was not  compromised52.

Survival
Our results showed that, for captive-raised western ringtail possums, bold individuals are more likely to survive 
when released into the wild, if environmental variables, and in particular the presence of introduced predators, 
are not too unfavourable for survival. Being shy increases the risk of death by 35% compared to being bold. Simi-
lar results have been found in other projects on different species of mammals including marsupials (for example 
11,53) and indeed a similar result was obtained in the brushtail possums, a closely related  species54. An increase 
in exploratory behaviour in bold individuals would allow them to discover more or better trophic resources 
by increasing foraging opportunities, as previously showed in common brushtail  possums54. In our study, the 
height at which the animal was located on the vegetation was not different between bold and shy individuals, 
which suggests that both groups use the canopy for feeding in a similar manner. Furthermore, we were not able 
to relate boldness to the home range or core area size, although the literature indicates that personality influ-
ences the use of resources, and consequently the use of space and dispersal (e.g.55,56). Surprisingly, in our study 
shy individuals dispersed more than bold, although not significantly: when experiencing territorial conflicts, 
shy possums probably moved and tried to find a different area with less competition, even if that led them to 
establish home ranges in sub-optimal  habitats57. Bold individuals, instead, could have opted to stay and defend 
their newly established territories, as already reported in other  species58.

Our study demonstrated that males had a risk rate of death 280% greater than females. The effect of sex on 
survival has already been described in marsupials. In reintroduced endangered eastern quolls (Dasyurus viver-
rinus), females were more likely to survive than males even in a predator-proof  sanctuary27. In that study females 
also dispersed less than males, possibly because of the absence of resident quolls, so the competition was lower 
than in our study, where possums had to deal with already established wild individuals. We do not have enough 
data to suggest if females have greater survival rates only in marsupials, since in eutherian mammals males have 
higher survival  rates59,60.

Despite our findings, releasing only bold and female individuals would not be ethical or ecologically viable. 
Genetic and behavioural diversity are essential for wild populations to cope with different contexts and prob-
lems, especially in a species where fragmentation has been identified as a major threat in the species’ recovery 
 plan4. Behavioural diversity has also been found to be related to animal  welfare61. Lastly, personality has a 
low heritability  (h2 < 0.2), which allows inter-generational behavioral fluctuations that promote adaptation to 
environmental  changes62. Behavioural personalities do have a genetic component, but also a responsiveness to 
environmental variation. For these reasons, reintroduction projects should consider personality only to better 
match the individuals to the characteristics of the release site: bold individuals are better suited to more chal-
lenging environments.

Home ranges, territorial conflicts and dispersal
The home ranges of the possums involved in this study were similar to those previously reported by Yokochi 
et al.36. However, in our study females had a slightly larger home ranges then males, in contrast to reports for this 
and other species of possums, as well as other  marsupials24,36. Dimorphism in western ringtail possum is not very 
pronounced: males on average are only slightly larger than females, and this may explain why home ranges were 
similar. Many characteristics can influence the size of the home range in the western ringtail possum, like habitat 
quality, population density and competition for  resources36. During the radio-tracking, we found females with 
wounds and scars suggesting that they had been in fights, but not males. These observations suggest that the wild 
females of this species are territorial, and defended their territories against the released females, while tolerating 
males probably because in the wild males move between the territories of different females in search of mates, as 
described in other  marsupials63. The difference in dispersal between females and males that we observed, seems 
to support this hypothesis, even if the difference failed to reach significance. Introduced females were chased 
away by resident wild females to areas with a lower density of individuals. In the present study, many possums, 
after moving away from the release site, established home ranges in sub-optimal habitat, where competition 
was probably  lower57. Males, on the other hand, did not disperse so much as they probably experienced fewer 
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territorial conflicts. As shown in other species of marsupials by the overlapping of home ranges, male western 
ringtail possums are likely to tolerate other  males63.

Our results for the home ranges of the females are similar to those found by Yokochi et al.36, confirming that 
the species has small home ranges, but not for males, reported to have larger home ranges than females. It is 
possible that the number of locations collected for the males was not sufficient to accurately determine the home 
range, since the males died more frequently and often earlier. Some males, however, even though they survived, 
had extremely small home range values: within the 17 males that survived, five had a home range value smaller 
than 0.07 ha, and three of them smaller than 0.035 ha. This could suggest that the difference in home range size 
between our study and the literature could be due to the permanence in captivity of the animals before the release, 
and not to a bias in our data collection.

Effective predator control is essential
Contrary to our initial expectation, fox predation strongly impacted the survival of released individuals, and 
effective fox control increased the survival of the released possums.

The difference in survival between the various releases in our study can be attributed to differences in effec-
tiveness of fox control. For the first release, the site was baited with 1080 poisoned eggs, but the foxes ignored the 
bait and consumed most of the released possums instead. In the second and third releases, the shooter killed four 
and 40 foxes respectively. Although the predation rate was reduced and survival increased, predation rate was 
still high, so there was no difference in survival between both the second and third release and the first one. In 
the fifth and sixth releases, the elimination of 120 foxes reduced fox predation rate to 28% and increased survival 
to 64–65%. Predation has led many reintroductions to fail (e.g.24,25), so effective fox management is critical to 
improve the survival of released western ringtail possums and to provide management agencies with the oppor-
tunity to pursue successful conservation projects. During the last release, providing fox awareness training to half 
of the cohort increased drastically the survival of trained  individuals64, explaining the increased survival despite 
the absence of a professional shooter eliminating foxes. On the contrary of what is reported in literature, WBC 
did not directly affect survival in the possums released in this  study24. In addition, our data did not demonstrate 
any effect on survival of the other variables evaluated in the study (different sources of food, releasing juveniles 
instead of adults, releasing animals in new and less smelly dreys, releasing animals in a predator-proof area). The 
presence of a predator as efficient as the fox might have limited the influence of other environmental variables 
on survival. However, during the releases and especially in the release in the predator-proof area, the deaths of 
some individuals was attributed to unknown causes that were unrelated to predation. Had they been in an area 
with foxes present, foxes might have scavenged on these animals resulting in ‘false positive’ DNA tests; in other 
words, our DNA data only shows that foxes interfered with the possums, but not that they actively killed all of 
them. At the same time, we are quite certain that many possums were killed by foxes due to observing them alive 
and well one day and finding them dead with clear signs of fox predation the next. It has been suggested that fox 
predation can have a compensatory effect where foxes might prey on animals that were going to die anyway for 
other  causes65, therefore masking the impact of some variables.

In conclusion, we demonstrated that bold individuals had higher survival rate than shy individuals, and that 
females had higher survival rates than males. Our results strongly stressed the importance of an effective fox 
control strategy to improve the survival rate of the individuals. These findings will be useful in future reintroduc-
tion projects and in management strategies for the western ringtail possums and other species.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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