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Simple Summary: Koala (Phascolarctos cinereus) is an iconic marsupial native to Australia, but is
vulnerable to high mortality when admitted to wildlife hospitals. As a result, a large number of
koala joeys need to be hand reared at rehabilitation centres. The hypothalamic—pituitary—adrenal
(HPA) axis plays a vital role in mediating stress (by producing glucocorticoids such as cortisol) as-
sociated with inherently stressful environments of rehabilitation centres. However, there are no
studies quantifying glucocorticoids in koala joeys under rehabilitation. In this study, we use mini-
mally invasive techniques to quantify faecal cortisol metabolites (FCM) in seven orphaned rescued

koala joeys undergoing rehabilitation. Sampling occurred every morning during routine cage clean-
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wildlife hospitals are deceased, either due to natural causes, or have to be euthanized. Thus, or-
phaned koala joeys constitute a substantial number of wildlife rescues, and mortality is also preva-
lent in koala joeys being hand reared/rehabilitated, with little knowledge about the causes of such
high rates of mortality. Wildlife hospitals/rehabilitation centres are inherently stressful, and alt-
hough the hypothalamic—pituitary—adrenal (HPA) axis plays a vital role in mediating the stress en-
docrine function (by producing glucocorticoids such as cortisol), there are no studies quantifying
glucocorticoids in koala joeys. To contribute to this dearth of research, we sampled a total of seven
individuals residing at Port Macquarie Koala Hospital, and noted their clinical information. Faecal
samples were collected from all seven koala joeys during routine cage cleaning. In total, 123 faecal
samples were collected, processed and analysed for cortisol using enzyme-immunoassay (EIA). We
used the iterative baseline approach to determine baseline and peak concentrations of FCM in koala
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Healthy individuals displayed relatively consistent FCM concentrations, whereas, diseased individ-
uals displayed a significant increase in FCM concentrations over time. Our study provides the first
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record of baseline and peak FCM concentrations in rescued koala joeys with their associated clinical
condition. Future studies can use the iterative baseline approach to determine FCM concentration
in wild koala joeys that can serve as a baseline to compare glucocorticoid levels of rescued joeys.
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1. Introduction

Wildlife around the world are facing ever-increasing coercion from anthropogenic
induced environmental factors, resulting in pernicious impacts and menacing the future
persistence of native fauna in the wild (Charalambous and Narayan, 2020, Molina-Lopez
et al., 2011, Schenk, 2017, Garcés et al., 2019, Gallini et al., 2021). Humans are the chief
culprits of extreme environmental change, since anthropogenic activities substantially
alter ecosystems, resulting in catastrophic impacts on biodiversity (Goudie, 2018). Eco-
systems are modified by humans in a variety of ways, including habitat clearing and
fragmentation, grazing and cultivation, urbanisation, introduction of invasive species
and contributions to global warming (Hautier et al., 2015). For most organisms, such
anthropogenic activities may have severe potential ramifications, particularly for those
that are strictly dependent on specialised habitat conditions (Parmesan, 2006). In partic-
ular, habitat loss and fragmentation (induced due to population growth, increasing ur-
banisation and agricultural advancement, climate change, sea-level rise and sedimenta-
tion, pollution, expansion of roads, and excessive tourism) is the principal factor leading
species towards extinction (Pardini et al., 2017, Machado et al., 2017, Rytwinski and
Fahrig, 2012, Short and Burdick, 1996, Valiela et al., 2018, Mantyka-pringle et al., 2012,
Coverdale et al., 2013, Gaston et al., 2003). In strictly ecological terms, it can be inferred
that there is interspecific competition (Crombie, 1947) between humans and wildlife for
resources, particularly land.

The koala (Phascolarctos cinereus; Goldfuss 1817) is an iconic folivorous marsupial
native to the sclerophyll forests and woodlands of Australia, and is classified as ‘Vulner-
able’ by the International Union for Conservation of Nature (IUCN) due to the afore-
mentioned anthropogenic induced environmental threats (Woinarski and Burbidge,
2020). In addition, diseases such as chlamydia and oxalate nephrosis are also prevalent
in koalas requiring clinical care (Speight et al., 2014, Speight et al., 2016, Fabijan et al.,
2019). Wildlife retrospective studies from Australia (QLD, NSW and VIC) highlight that
over the years more and more koalas are being rescued and admitted to wildlife hospi-
tals for veterinary attention (Burton and Tribe, 2016, Gonzalez-Astudillo et al., 2017,
Griffith et al., 2013, Taylor-Brown et al., 2019) and it has been noted that the clinical out-
come for majority of koalas admitted at the wildlife hospitals is either natural death or
they need to be euthanized due to their critical condition (Taylor-Brown et al., 2019, Bur-
ton and Tribe, 2016, Gonzalez-Astudillo et al., 2017). Increased mortality rates are a re-
sult of constant exposure to anthropogenic induced environmental factors, that act as
‘stressors’ and have a deleterious impact on various biological systems of the animal
(Narayan and Williams, 2016). Higher mortality of adult koalas causes higher rescues of
young orphans (joeys and juveniles) requiring intensive hand-rearing, for example, a
recent study by Taylor-Brown et al. (2019) indicated that ‘orphaned’ individuals were
the second leading cause of admission among wildlife. Marsupials alone contributed
>50% to this category, and among marsupials, koalas were the second largest group (af-
ter possums) that were rescued as orphans. At birth, joeys are extremely small ranging
from about 2cm long and 1g in weight. Birth is followed by pouch occupancy for 5-7
months during which joeys are transported by and given sustenance by their mothers
until the first year (Kalman and Levigne, 2002, Gipp, 2004). During this extensive de-
pendant period, maternal milk, eucalyptus and ‘pap’ constitute the diet of joeys (Morris
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et al., 2016, Barker et al., 2013). ‘Pap’ feeding is of crucial importance to the growth of the
immune system and allow the joeys to gain microbial flora which will increase the diges-
tion of poor-quality foliage when the koala is independent (Barker et al., 2013, Polking-
horne et al., 2013). Orphaned joeys in care are not able to mature their immune systems
in the same way as they do not have the required maternal interactions which is only
available from a mother koala, thus making them particularly vulnerable to diseases
(Morris et al., 2016, Barker et al., 2013). When orphaned, of course, this process needs to
be replicated by humans and requires extensive care, close proximity and handling.
Gipp (2004) indicates that 90% of orphaned koalas in care do not survive since it is ex-
tremely challenging to hand raise koalas (relative to other marsupial species), however,
the underlying cause of mortality is unknown.

By converging literature from various fields of research, we predict that high mor-
tality rates are due to chronic levels of stress associated with epigenetic transfer of stress
from the mother to joey (Pfeiffer et al., 2018), physiological stress associated with han-
dling (Narayan et al., 2013) and immunosuppression due to chronic stress (Old and
Deane, 2000). To our knowledge there is a dearth of research on koala joeys, specifically
in terms of quantifying glucocorticoids (GC) to assess physiological stress, since there
are no studies quantifying GC’s in koala joeys. There is a substantial delay in GC release
and gut transit time in koalas because strictly folivorous and consume eucalyptus leaves
that are high in fibre content (Keay et al., 2006). As a result of their prolonged gut transit
time (excretory lag-time of over 9 days) faecal based hormone monitoring technique is
highly suitable for koalas, since the initial faecal sample can provide us an estimate of
stress experienced by koalas several days before arrival to the hospital (Narayan and
Vanderneut, 2019).

The primary aim of this study was to use non-invasive hormone monitoring tech-
niques to quantify cortisol (primary GC in mammals) by measuring concentrations of
faecal cortisol metabolite (FCM) in orphaned koala joeys under rehabilitation. We then
applied the iterative baseline approach to determine the baseline and peak levels of FCM
for each joey involved in the study, to compare FCM concentrations associated with
their clinical condition.

2. Materials and Methods
2.1 Approval

Research was performed in accordance with relevant guidelines and regulations.
Formal approval was granted by The University of Queensland Ethics (ACEC) Commit-
tee (approval number: AE000045).

2.2 Study site, animals and sample size

The research study was conducted in collaboration with the Port Macquarie Koala Hos-
pital located in Roto House Historic Site, Lord St, Port Macquarie, New South Wales,
2444 (GPS coordinates: 31°26'35” S, 152°55’11” E). A total of seven koala joeys [namely
Maria River Road Jan (MRR]), Koala Street Keli (KSK), Pixie (P), Kooloonbung Close
Trevor (KCT), Warialda Elizabeth (WE), Slade Collin (SC) and Delung Geoff (DG)] were
admitted at the Port Macquarie Koala Hospital and were sampled for this study. The
total number of faecal samples from all individuals accounted for N = 123, with the fol-
lowing number of samples acquired from each individual - MRR]J (n = 59), KSK (n = 40),
P (n=13), KCT (n=7), WE (n=2),SC (n=1), and DG (n=1).

2.3 Faecal sample collection

d0i:10.20944/preprints202110.0173.v1
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Faecal samples were collected from all seven koala joeys admitted to the Port Mac-
quarie Koala Hospital during the period of study. During routine cage cleaning, 1-5
fresh pellets were collected from each koala joey daily at the same time period in the
morning to avoid potential influence of circadian rhythms on FCMs. Fresh pellets were
identified by intensity of smell, mucous covering and lack of dehydration. Samples were
placed into resealable bags, and labelled with the animal's name, date, identification
number, and time of sample collection. Samples were stored at —20°C, until they were
sent to the laboratory on ice via overnight freight. Upon delivery, the fresh faecal sam-
ples were immediately frozen to minimize effects of sample age on FCM levels. All sam-
ples were analysed within one month of collection.

2.4 Faecal sample processing and hormone extraction

Frozen faecal samples were weighed and then dried in an oven at 65°C for a 24 h
period, or until completely dried. Once completely dry, the samples were ground into a
fine powder using a mortar and pestle. 10% ethanol was used to clean the mortar and
pestle between individual sample processing to avoid cross-contamination. The ground
up powder was sifted through a fine mesh strainer to remove all coarse particles. A 0.2
grams (g) +/— 0.001g sample of sifted product was weighed out into a labelled test tube
and then stored in a -20°C freezer until use.

For hormone extraction, samples were removed from the -20°C freezer and 2 milli-
litres (mL) of 90% ethanol solution was added to the test tube. Tubes were vortexed at
medium-high speed on an Eppendorf mini-spin centrifuge for a minimum of 30 s to
thoroughly mix the solution. Tubes were then placed into a water bath (>60°C) for 30
min to allow hormones to dissolve in the solution. Whilst in the bath, tubes were gently
shaken to ensure faeces stayed submerged in ethanol and did not spill over the top of
the tube. After 30 min, the supernatant was transferred into an Eppendorf tube, closed
and then centrifuged at 10,000 revolutions per minute (RPM) for 5 min to separate any
solid faecal residue. If the sample looked turbid or had suspended particles, tubes were
centrifuged again for 5 minutes and then pipetted into a new and clean labelled Eppen-
dorf tube. Following this, 25 microliters (uL) was aliquoted into a new, clean, labelled
Eppendorf tube to which 475 uL of assay buffer (39 mM NaH:POs, 15 mM NaCl and
0.1% bovine albumin, pH 7.0) was added to obtain a final volume of 500 pL (or 0.5mL).
Tubes were vortexed at medium-high speed on an Eppendorf mini-spin centrifuge for a
minimum of 30 s to ensure mixing of the assay buffer and ethanol extract.

2.5 Hormone analysis

The study used commercially available DetectX® Cortisol Enzyme Immunoassay
(EIA) Kit from Arbor Assays (K003-H1/H5, Ann Arbor, MI) to estimate FCM from each
faecal extract sample. Each faecal extract sample was assayed in duplicate following the
manufacturer’s protocol. The kit has a cross-reactivity of 100% with cortisol, 18.8% with
dexamethasone, 7.8% with prednisolone (1-Dehydrocortisol), 1.2% with corticosterone
and cortisone, and < 0.1% with other reactants at the 50% binding point. For quality con-
trol, the study re-ran all samples for which the duplicates had a coefficient of variation
(CV) > 20 in the initial assay, and only retained for analyses samples with a CV < 20.
Each sample was corrected for the dilution factor and the mean concentration of each set
of duplicates was expressed as nanograms of cortisol per gram of faeces.

2.6 Determining baseline and peak FCM concentrations
The iterative baseline method, as described by Fanson et al. (2017) was used to de-

termine the baseline and peak levels of FCM concentration of all joeys under rehabilita-
tion at Port Macquarie Wildlife Hospital. The mean and standard deviation (SD) was
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calculated using Microsoft Excel 2021©. The baseline levels for each individual were cal-
culated by using an iterative approach, where all concentrations greater than ‘(mean + 2
SD)" are excluded, and the mean of remaining concentrations are considered to indicate
the baseline concentration. All excluded concentrations (i.e. > mean + 2 SD) are consid-
ered as peaks.

2.7 Statistical analysis

Statistical analysis was performed in Microsoft Excel 2021© using a Single Factor
ANOVA to compare the level of significant difference (p < 0.05) in hormone levels be-
tween different individuals, and within individuals over the duration of the study. Hor-
mone analysis yielded glucocorticoid results represented as cortisol nanogram per gram
(ng/g). Faecal glucocorticoid results over the period of data collection were graphed in a
box and whisker plot for each koala with more than one faecal sample. Faecal glucocorti-
coid results for SC and DG were plotted as individual points, since only one sample
could be obtained from these individuals.

3. Results

3.1 Indexing baseline and peak FCM concentrations amongst joeys

By using the iterative baseline approach, the following baseline and peak levels of
FCM for each of the seven koala joeys under rehabilitation were determined (Table 1).
Statistical analysis indicated that there was a significant difference in FCM concentrations
amongst individuals (p < 0.05).

Table 1. Baseline and peak FCM concentrations in koala joeys under rehabilitation at Port
Macquarie Koala Hospital.

Minimum | Maximum | Average Minimum | Baseline
Koala | Sample
FCM FCM FCM Variance SD 2*SD | peak FCM FCM
name count
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
MRR] 59 7.50 37.80 14.84 29.22 541 10.81 25.65 14.11
KSK 40 7.95 43.42 15.76 38.29 6.19 12.38 28.14 15.06
P 13 12.33 20.64 15.99 5.55 2.36 4.71 20.70 15.99
KCT 7 13.22 54.38 28.13 202.39 14.23 28.45 56.58 23.75
WE 2 35.37 4291 39.14 28.37 5.33 10.65 49.79 39.14
DG 1 46.11 46.11 46.11 N/A N/A N/A N/A 46.11
SC 1 55.10 55.10 55.10 N/A N/A N/A N/A 55.10

3.2 Comparing FCM concentrations with health condition of joeys
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The average faecal cortisol results for all individuals and their respective health con-
ditions are presented below (Figure 1). The average FCM concentration for MRR] (which
was a relatively healthy individual) was 14.84 ng/g. The bottom whisker for MRR] meas-
ured 7.50 ng/g, and the top whisker measured 21.38 ng/g. The average FCM concentration
for KSK (who had scabby lesions and a fungal skin infection) was 14.29 ng/g. The bottom
and top whisker for KSK measured 7.94 ng/g and 25.19 ng/g respectively. The average
FCM concentration for P (clinical diagnosis unknown) was 16.16 ng/g, whereas, the bot-
tom whisker measured 12.33 ng/g, and the top whisker measured 20.63 ng/g. The average
FCM concentration for KCT (who had an ecto-parasitic infestation) was 26.19 ng/g,
whereas, the bottom whisker and top whisker measured 13.21 ng/g and 54.37 ng/g respec-
tively. The average FCM concentration for WE (who tested positive for chlamydia) was
39.14 ng/g, whereas, the bottom whisker measured 35.37 ng/g, and top whisker measured
42.90 ng/g. Box-whisker plots could not be created for DG and SC, since only one sample
each could be acquired from these individuals. FCM concentration for DG (clinical diag-
nosis unknown) was 46.11 ng/g, and that for SC (who had a hind-limb femoral fracture)
was 55.10 ng/g. A concise health summary for each individual joey was created based on
clinical diagnosis and the information provided by the veterinarians which included basic
body condition of the joeys, behaviour, and general health condition (see supplementary
material — Table S1).

60

+
Hind limb
50 fracture

— e
° Unknown

40

° Chlamydia

30
X

. o
°
20 T
Unknown  Ecto-
10 parasitic

Healthy ~Fungal ticks
skin

Cortisol concentration (ng/g)

infection

B MRR) BKSK P @KCT mWE mDG mSC
Figure 1. Individual variation and respective health condition for all orphaned koala joeys
under rehabilitation at Port Macquarie Koala Hospital.

3.3 Assessing intra-individual differences in FCM concentrations

Two individuals, namely MRR] and KSK, for which extensive longitudinal clinical
information was available, were chosen to assess intra-individual differences in FCM con-
centrations. The rest (P, KCT, WE, DG, SC) were excluded because there very only a few
scat samples obtained from these individuals and there was a dearth of longitudinal clin-
ical information for these individuals. For MRR]J, (who was reported healthy) average
FCM concentration were low and relatively consistent, and showed no significant differ-
ence (p > 0.05) over the study period (Figure 2).
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Figure 2. Variation in FCM concentration of MRR] over sampling period

On the other hand, for KSK (who was reported with a fungal skin infection), average
FCM concentration were low and similar to MRR] initially, but showed a significant in-
crease (p < 0.001) over the study period (Figure 3).
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Figure 3. Variation in FCM concentration of KSK over sampling period.
4. Discussion

FCM concentration and the characteristic health feature for each of these individuals
is illustrated in Figure 1, and it can be noted that there are substantial inter-individual
differences based on different health condition of the joeys. MRR] was brought into the
care of Port Macquarie Koala Hospital in March 2019 for eye infection. The faecal samples
analysed for FCM quantification for this individual were from June-July 2019, during
which the individual was reported to be healthy and with improving body condition. KSK
was admitted during September 2019 for fungal skin infection with scabby/crusty lesions
on the body. The faecal samples analysed for FCM quantification for this individual were
from September-November 2019 and the individual was deceased in April 2020. KCT was
admitted during January 2019 with infestation of ecto-parasitic ticks. The faecal samples
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analysed for FCM quantification for this individual were from March 2019. WE was ad-
mitted during March 2019 and was tested positive for chlamydia. The faecal samples an-
alysed for FCM quantification for this individual were from the same period. SC was ad-
mitted during late December 2019 with femoral fracture and the samples analysed for
FCM quantification were from March 2020. Health data for two of seven individuals (P
and DG) was unavailable, and thus, excluded from the discussion.

To our knowledge, currently there are no studies that use non-invasive biomarkers
such as faeces to quantify GC’s as means of assessing physiological stress in koala joeys.
As a result, there are no baseline GC concentrations to compare these results with. Using
the iterative baseline approach is only a step towards establishing baseline levels of glu-
cocorticoids in rescued koala joeys, however, since rehabilitation sanctuaries are inher-
ently stressful (Charalambous et al., 2021), these indices for rescued joeys are likely to be
different relative to their wild-counterparts. It can be noted in Figure 1 that average FCM
concentrations for MRR] are relatively low compared to other individuals. This can be
attributed to relatively healthy condition of MRR] from the period when samples were
analysed for FCM quantification. Furthermore, the FCM concentrations for MRR] were
consistent throughout the period of sampling reinforcing the healthy condition of MRR]
(Figure 2). Since MRR] was admitted in March 2019 and had been a resident of Port Mac-
quarie Koala Hospital since 3 months (until sampling), the effect of stress associated with
handling during rehabilitation, can also be ruled out because of potential habituation of
the joey to handling, by the staff. Therefore, since MRR] was the only healthy individual
with lowest baseline and peak values (Table 1), FCM concentrations of MRR] was consid-
ered as a baseline for comparison of with other individuals.

Faecal samples for KSK were from the period when it was admitted at the Port Mac-
quarie Koala Hospital and had a fungal skin infection. The average FCM concentration
for this individual were similar to MRR]J, however, these values increased substantially
over the period of sampling (Figure 3). Furthermore, (a) baseline FCM concentration, (b)
maximum FCM concentration recorded, and (c) minimum peak FCM concentration, de-
termined by iterative baseline approach, for KSK, were all higher compared with MRR].
KSK was deceased in April 2019 after spending 6 months at the hospital. We believe that
a significant increase in FCM concentration over time was an indication of sub-clinical
symptoms of stress experienced by the joey, and that FCM concentrations would have
increased to chronic levels eventually resulting to the death of the joey. Unfortunately,
scat samples were not collected from KSK closer to the time of death, and thus, this spec-
ulation cannot be confirmed.

However, other individuals (KCT and WE) were also presented with diseases/infec-
tions, and depict relatively high concentrations of average FCM (Figure 1) as well as high
baseline and peak FCM concentrations, indicating signs of chronic stress. Diseases such
as chlamydia, and clinical and sub-clinical cryptococcosis (fungal skin infection), are
highly prevalent in koalas (and their joeys), and stress is likely to cause recrudescence of
disease even after its been treated (Schmertmann et al., 2018). As explained by Old and
Deane (2000), koala joeys do not have an adaptive immune system when they are born
and instead, the maturation of immune tissue occurs during the pouch stages, completing
the process that is known as ‘immune competency’. Since the period of immune compe-
tency is abruptly interrupted in orphan koala joeys, they are likely to have a weak immune
system, and are thus more vulnerable to diseases. The association of stress with immuno-
suppression is well established, and further increases the risk of exposure of joeys to dis-
eases (Johnston et al., 2013, McCallum et al., 2018). An adult free-ranging female koala
was diagnosed with disseminated cryptococcosis (eventually euthanized), and the joey
was hand reared (Schmertmann et al., 2018). At a later stage, routine blood sampling per-
formed on the joey diagnosed it with cryptococcosis but since it displayed no clinical
signs, subclinical cryptococcosis was suspected (eventually confirmed) (Schmertmann et
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al., 2018). This serves as just one example for prevalence of vast number of subclinical
stressors in koalas (Speight et al., 2016, Patterson et al., 2015, Schmertmann et al., 2018).
Since diseases are a prevalent cause of mortality in adult koalas (Charalambous and
Narayan, 2020, Gonzalez-Astudillo et al., 2017, Griffith et al., 2013, Burton and Tribe,
2016), and given the potential impact of maternal stress on offspring (Pfeiffer et al., 2018,
Stead et al., 2021), it is extremely important to monitor physiological stress in koala joeys
under rehabilitation. Future studies assessing physiological stress can verify if sub-clinical
symptoms of stress are evident in glucocorticoid concentrations of koala joeys, which can
potentially serve as an early detection to prevent mortality in joeys.

5. Conclusions

The primary aim of this study was to quantify FCM concentrations in orphaned res-
cued koala joeys undergoing Koala rehabilitation. It was hypothesised that FCM concen-
trations between joeys would differ based on their clinical condition. Statistically, there
was a significant difference between all joeys, and their faecal cortisol responses associ-
ated with their clinical condition. Overall, healthy joey (MRR]) had low average, low base-
line and low peak levels of FCM concentration. Impaired joeys i.e. joeys with diseases
(KSK, KCT, WE) had varying levels of FCM concentrations but were relatively higher
compared to healthy individuals. Intra-individual variation indicated that healthy indi-
vidual displayed consistency in FCM concentrations, whereas, diseased individuals dis-
played a significant increase in FCM concentrations over time, potentially portraying sub-
clinical symptoms of stress.

This study was restricted by the number of faecal samples obtained from certain joeys
and the lack of information about clinical diagnosis of certain other joeys. This emphasises
the need for rigorous, accurate and detailed data collection. Furthermore, since there are
no studies determining glucocorticoid levels in koala joeys, there is no data to compare
the baseline results with and the iterative approach to calculate baseline is a step towards
indexing baseline glucocorticoid levels in koala joeys. Future studies should focus on in-
dexing glucocorticoid levels in healthy wild koala joeys that can serve as a baseline to
compare glucocorticoid levels of rescued joeys.
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