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Simple Summary: Bushfires are a regular occurrence in the Australian landscape. The 2019/20
megafires were unprecedented in intensity and scale, impacting many native species. Koalas were
particularly impacted by the fires, with many of those coming into care requiring extensive rehabilita-
tion and treatment. Very little is known about the health parameters of rehabilitated koalas following
their release and how these parameters may differ between individuals living in a burnt landscape
compared to those in an unburnt landscape. This study tested haematological and serum biochemical
parameters, chlamydial shedding and body condition scores of rehabilitated koalas and non-rescued
residents living in burnt and unburnt habitats. All koalas received a health check 5–9 months post-fire
and one 12–16 months post-fire. Rehabilitated koalas also received a health check when coming into
care initially. While some variation in parameters was recorded, the majority of measurements in
each koala group fell within the normal reference ranges, suggesting that resident and rehabilitated
koalas were in good health at the time of release and when recaptured. These results show that koalas
can be supported in burnt landscapes (provided there is adequate nutrition) and that the health of
rehabilitated koalas is not compromised by returning them to burnt habitats.

Abstract: Many koalas (Phascolarctos cinereus) required rehabilitation after the 2019/20 Australian
megafires. Little is known about how the post-release health of rehabilitated koalas compares to
non-rescued resident koalas. We evaluated health parameters in rehabilitated koalas and resident
koalas in burnt and unburnt habitat in southern New South Wales, Australia. Health checks were
undertaken within six weeks of fire (rehabilitated group), 5–9 months post-fire and 12–16 months
post-fire. Body condition improved significantly over time in rehabilitated koalas, with similar
condition between all groups at 12–16 months. Rehabilitated koalas therefore gained body condition
at similar rates to koalas who remained and survived in the wild. The prevalence of Chlamydia
pecorum was also similar between groups and timepoints, suggesting wildfire and rehabilitation
did not exacerbate disease in this population. While there was some variation in measured serum
biochemistry and haematology parameters between groups and timepoints, most were within normal
reference ranges. Our findings show that koalas were generally healthy at the time of release and
when recaptured nine months later. Landscapes in the Monaro region exhibiting a mosaic of burn
severity can support koalas, and rehabilitated koala health is not compromised by returning them to
burnt habitats 4–6 months post-fire.
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1. Introduction

Fire is a natural and often essential part of the Australian landscape, with the dry
sclerophyll forests in the south-east region considered to be one of the most fire-prone
regions in the world [1–3]. Australia has experienced many wildfires throughout history;
however, the 2019/20 bushfire season was unprecedented in both severity and scale [4].
Between August 2019 and March 2020, 12.6 million hectares burnt on the eastern side of
Australia across the states of Victoria, New South Wales (NSW), Queensland and South
Australia [4,5]. The effects on native wildlife were significant, with losses estimated in the
billions [6].

The koala (Phascolarctus cinereus) accounted for about 75% of the wildlife brought into
emergency triage units in Victoria [7]. Hundreds of koalas were also rescued in NSW [8]
and South Australia [9], with rescue efforts continuing for weeks to months after the fires.
There is no uniform approach to releasing fire-affected koalas after rehabilitation; some
are returned to their rescue locations in burnt habitats while others are translocated to
nearby unburnt habitats [7–9]. Both approaches have risks that have not been adequately
quantified. For example, translocated koalas often move further from their release sites
relative to koalas that remain in situ, which can place them at greater risk of predation
and vehicle strikes [10,11]. In contrast, burnt habitats may be lower quality with less food
available and increased exposure to predators [12,13].

Koalas are dependent on Eucalyptus trees for both food and shelter [14,15], and these
resources are often depleted or patchily distributed in burnt areas [16]. Many eucalypt
species can regenerate from epicormic buds on branches and stems relatively quickly after a
fire [17–21]. However, it is unclear how these changes affect habitat quality for koalas, and
hence whether fire influences the longer-term health of individuals and populations living
in burnt habitats. For example, in some unburnt areas, diseases such as chlamydiosis and,
potentially, koala retrovirus (KoRV) can have substantial impacts on animal health, breeding
success and population density [22]. Chlamydial infertility in particular is considered to
play a major role in the decline in some koala populations [23,24]. Environmental stressors,
such as bushfires, have been hypothesised to further exacerbate disease, as well as to
influence susceptibility to infections in wildlife in general [25]. Given the extent of the
2019/20 megafires (e.g., more than 3.5 million hectares (or 25%) of suitable koala habitat
burnt in NSW [5]) and that fires are predicted to become more common and extreme with
climate change [26], there is a critical need to understand whether there are longer-term
health risks for rehabilitated koalas released into burnt habitats and whether the health of
koalas in burnt habitats differs from those in unburnt habitats.

During and following the 2019/20 megafires, community members and volunteers
rescued 33 koalas from fire-impacted areas in the NSW Snowy Monaro Shire [8], of which
31 had initial health data available for this study. Koalas that recovered after being in
care were predominantly released at their rescue location into a burnt habitat. A third of
these koalas were also fitted with GPS tracking collars as part of a post-release monitoring
program, along with 25 non-rescued resident koalas from the same vicinity. The resident
koalas occupied a mosaic of burnt and unburnt habitats, providing a unique opportunity to
compare the health of rehabilitated koalas before and after release with their non-rescued
counterparts. Where possible, we collected data on body condition, chlamydial shedding
and blood biochemistry and haematology at three timepoints for rehabilitated koalas: the
time of rescue (January to March 2020), the time of release (June to December 2020) and
the time of collar removal (February to June 2021). We collected the same data for resident
koalas during the latter two time periods.

The comparative health data collected in this study provide a novel opportunity to
address a key gap in our understanding of whether rehabilitated koalas should be returned
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to burnt habitats after their recovery. Furthermore, the study provides important baseline
information about the general health and background levels of disease in a significant but
understudied koala population, as well as improving the knowledge base about disease
prevalence and severity across the distribution of the koala [22,27]. Many koala populations
across south-eastern Australia are in decline due to a combination of habitat destruction,
fragmentation, wildfire, vehicle strikes, dog attacks and disease [12,22,28,29]. Accordingly,
koalas are federally listed as ‘Endangered’ in Queensland, NSW, and the Australian Capital
Territory [30]. This data will also provide important information about the management
implications of rescuing and rehabilitating koalas after fire.

We expected that rehabilitated koalas would be in poorer body condition when they
were first rescued but would recover to a similar or possibly better condition at their
time of release compared to resident koalas living in a fire-impacted landscape. We also
anticipated that koalas in a burnt habitat (rehabilitated or resident) would be in poorer
body condition than koalas in an unburnt habitat if food quantity or quality were limiting.
If fire or rehabilitation affected koala condition, we also expected to see indicators of poorer
health in blood biochemistry and haematology parameters. Finally, we expected that there
may be differences in the prevalence or the severity of symptoms of chlamydial disease
between koalas in burnt and unburnt habitats.

2. Materials and Methods
2.1. Study Area

The Snowy Monaro Shire in NSW, Australia, incorporates the sub-alpine region that
extends from the Australian Capital Territory in the north to the Victorian border in the
south, west to the Kosciuszko Ranges and east to the Kybeyan range. Within the Snowy
Monaro Shire, there are three main bioregions, including the South Eastern Highlands (59%),
Australian Alps (23%) and the South East Corner Region (18%) [31]. Koalas are known
to occur in the Macanally–Numeralla Ranges, east of the Monaro tableland, within the
South Eastern Highlands bioregion [32]. These areas are comprised of north–south ridges
with steep sloping terrain and an elevational range of 800–1233 m. The main vegetation
class in the area is Southern Tablelands dry sclerophyll forest, which is dominated by
red stringybark (Eucalyptus macrorhyncha) and scribbly gum (E. rossii) [13]. Brittle gum
(E. mannifera) and broad-leaved peppermint (E. dives) are also abundant in this area [33].
Ribbon gum (E. viminalis) and candlebark (E. rubida) are present in creek lines, and snow
gums (E. pauciflora) are found on slopes at higher elevations [34,35]. Understory vegetation
is dominated by Acacia spp. [36].

2.2. Koala Groups

Following bushfires in late January 2020, we obtained health data from 31 koalas
(15 males, 16 females) that were rescued from Peak View (36.07◦ S, 149.38◦ E), Numeralla
(36.17◦ S, 149.33◦ E) and Countegany (36.18◦ S, 149.45◦ E) in the Snowy Monaro Shire
(Figure 1). After veterinary triage (described in more detail in the “data collection” section)
and initial care at the Australian National University, the koalas were transported to
licensed local wildlife carers, where their care continued until release. Twelve of these
koalas were also selected for post-release GPS monitoring (the “rehabilitated” group; nine
males and three females). Release of these koalas began in June 2020, with all koalas being
released at their rescue locations by December 2020.

Between May and September 2020, additional non-rescued resident koalas were
located and captured in Peak View (n = 9) and Numeralla (n = 16). Koalas were located
either by daylight ground-based searches, or by a drone fitted with a thermal imaging
camera [37]. They were captured using the noose and flag method described in work
by Madani et al. [38] and, after being examined by an experienced wildlife veterinarian
(see “data collection” section) and fitted with a LiteTrack 60 VHF/GPS tracking collar
(Lotek, Havelock, New Zealand), were released on the same day. The koalas captured
at Numeralla were found in unburnt habitat, approximately 4 km from the nearest fire
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ground (the “unburnt resident” group; 5 males and 11 females), while those captured in
Peak View were in a habitat within the burn scar (the “burnt resident” group; 4 males and
5 females) (Figure 1). All koalas who retained their collar were recaptured eight to nine
months later for collar removal and a final veterinary check (see “data collection” section).
The Supplementary Material (Table S1) contains a full list of koalas assessed at each point
in the study.
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habitat (pink) or unburnt habitat (red) against the 2019–2020 fire scar (orange) [39]. The inset shows
the location of the study site in south-eastern Australia.

2.3. Data Collection

Health data were collected from each koala at up to three different timepoints depend-
ing on their group (Table 1). These timepoints were:

• Rescue: an initial health check within 24 h of rescue for the rehabilitated group only.
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• Pre-release: a pre-release check (5–9 months after rescue) for rehabilitated koalas who
were selected for post-release monitoring, and a pre-collaring check for burnt resident
and unburnt resident koalas captured for the monitoring study.

• Recapture: a final check up to nine months after the pre-release check for all monitored
koalas who retained their tracking collars.

Table 1. Number of koalas given each health check from each group. The groups are rehabilitated
koalas (note that only a subset of individuals was tracked post-release and therefore received a
pre-release and recapture check), resident koalas (individuals caught, collared and released on the
same day) in burnt habitat and resident koalas in unburnt habitat (see Table S1 for a full list of the
individual koalas used in this study).

Health Check (Timeframe) Rehabilitated Non-Rescued Residents in
the Burnt Habitat

Non-Rescued Residents in
the Unburnt Habitat

Rescue (23 January 2020–13 March 2020) 31 NA NA
Pre-release (25 May 2020–18 December 2020) 12 9 16

Recapture (5 February 2021–16 May 2021) 4 8 6

Health checks were conducted by wildlife veterinarians under heavy sedation or
general anaesthesia (see Appendix A (A1) for Koala Health Hub’s koala health protocol
for sampling of koalas following capture and restraint). Premedication with Alfaxalone
(Jurox 10 mg/mL; up to 3 mg/kg intramuscular) was followed by maintenance on oxygen
delivered by a face mask and/or isoflurane (VCA 1 mL/mL at 1–3% to effect) with an
oxygen flow of 2 L/min. Koalas were maintained in lateral recumbency, with sponta-
neous breathing and relaxed muscle tone for the physical examination and data collection.
Anaesthesia was monitored with heart rate, respiratory rate and temperature taken at
regular intervals and depth assessed via palpebral and withdrawal reflexes. Koalas were
checked for the presence of burns or any other clinically important findings, and a variety
of general parameters were recorded, including sex, presence of pouch young (for females),
age (from tooth wear score) and weight. Tooth wear score was determined by assessing the
wear of the fourth upper premolars according to [40]. Veterinarians also assessed physical
condition, looking at abdominal fill status and aural health. Body condition was assessed
by one of two wildlife veterinarians using a standardised technique of palpation of the
muscles on either side of the protruding ridge of bone on the scapula (spine of the scapula),
and was scored out of 5 [9,41–43].

Blood was collected from the cephalic vein into serum and EDTA tubes for haematol-
ogy, biochemistry and genetic analysis, and blood smears were made in the field. During
cold conditions, blood draw was assisted by wrapping the forelimb in a warm towel. Ocu-
lar swabs were collected by gently and carefully rolling the swab (premoistened with sterile
saline) across conjunctiva on both eyes, while urogenital swabs were collected from the
urogenital sinus (females) or penile urethra (males). In the first health check only (rescue or
pre-release check depending on koala group), an ear tissue biopsy was collected in 80%
ethanol, a microchip (Trovan, UK) placed subcutaneously within the intrascapular space
and an individually numbered plastic ear tag (3.5 cm × 1 cm) placed into the right pinna
of females and left pinna for males, using an aseptic technique. At the pre-release check,
koalas were also fitted with a LiteTrack 60 VHF/GPS tracking collar (Lotek, Havelock,
New Zealand) that weighed 80 g around the neck, with at least two finger widths of space
between the neck and collar. Each collar had a unique frequency that was tested prior to
releasing the koala. An elastic weak link was incorporated into each collar to ensure release
in the event of snagging.

2.4. Sample Processing

After collection, blood and swab samples were transported to the Australian National
University. Upon arrival, 0.5 mL blood in EDTA was pipetted into a new vial for haema-
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tological analysis. Serum tubes were centrifuged at 6500× g for 10 min and the serum
was transferred to a new vial for biochemical analysis. Blood and serum samples were
refrigerated at 4 ◦C for up to 48 h and swabs were stored at ambient temperature for up
to five days, pending analysis at the Sydney School of Veterinary Science, University of
Sydney. Haematological parameters measured included PCV (packed cell volume), TPP
(total protein), haemoglobin, erythrocytes, MCV (mean corpuscular volume), MCHC (mean
corpuscular haemoglobin concentrations), MCH (mean corpuscular haemoglobin), platelet
count, leukocytes, neutrophils, lymphocytes, neutrophil/lymphocyte ratio, monocytes,
eosinophils and basophils. Haematocrit and total plasma protein were determined by
capillary tube centrifugation and refractometer, respectively. White cell count was deter-
mined using a Sysmex haematological analyser (XN-1000RF Vet, Roche Diagnostics, Basel,
Switzerland) and differential counts obtained by light microscopy.

Biochemical parameters measured included urea, creatinine, AST (aspartate amino-
transferase), ALP (alkaline phosphatase), GGT (gamma-glutamyl transferase), bilirubin,
phosphate and ALT (alanine transaminase). Serum biochemical analysis was conducted on
a Konelab Prime biochemistry analyser (30i, Thermo Fisher Scientific Oy, Vantaa, Finland).

Chlamydial detection was conducted using an established qPCR [44] for chlamydial
23S, ompB and koala beta-actin as a sample quality control, following DNA extraction on a
magnetic bead-based 96-well extraction system (Kingfisher Flex, Thermo Fisher Scientific)
with positive and negative controls.

2.5. Genetic Sample Extraction and Sequencing

As a part of the koala whole genome survey, genomic analysis was conducted on
20 koalas from the Snowy Monaro Shire [45]. DNA was extracted from 200 µL of whole
blood from koalas in Peak View (residents in the burnt: n = 5, rehabilitated: n = 6) and
Numeralla (residents in the unburnt: n = 9) using the standard MagAttract HMW DNA
kit (QIAGEN, Hilden, Germany) protocol with elution in 60 µL buffer AE. The quantity of
DNA was determined by Qubit 2.0 (Thermo Fisher Scientific) and the quality was assessed
through 0.8% agarose TBE gel stained with SYBR Safe (Life Technologies, Thermo Fisher
Scientific), where 2 µL of DNA was stained with 4 µL of 10% loading dye (Bioline, London,
UK). DNA was separated alongside a 1-kb size standard (Bioline) for 30 min at 90 V, bands
were visualised using a Gel Doc XR + (Bio-Rad, Hercules, CA, USA) under ultraviolet light
and images were analysed with ImageLab (Bio-Rad). DNA samples underwent additional
QC, Illumina DNA PCR-free library preparation (Illumina, San Diego, CA, USA) and whole
genome sequencing (WGS) at the Ramaciotti Centre for Genomics (UNSW). Samples were
sequenced as 150 bp paired ends on a Novaseq S4 flowcell obtaining ~30× coverage per
sample. Resequencing data from the 20 koalas were aligned with the reference genome
(GCA_002099425.1_phaCin_unsw_v4.1_genomic.fasta (Johnson et al., 2018)) and variants
were called using the DRAGEN Germline platform v3.8.4 (Illumina) [46]. Joint genotyping
across all samples was performed using DRAGEN JointGenotyping v3.8.4.

2.6. Population Genetic Analysis

Variants were restricted to biallelic SNPs using GATK v4.2.0.0 [47], any sites with
missing data were removed using vcftools v0.1.14 [48]. SNPs were further filtered on a
minor allele frequency (MAF) of 0.08 to ensure an SNP was seen in at least 2 individuals
(3/2N). Linked SNPs were removed with PLINK v1.90 [49] using an R2 of 0.4, a window size
of 50 SNPs and a step of five SNPs. Using R v4.1.1 [50], the vcf file was then transformed to
a genind object using the adegenet package v2.4.1 [51] and a PCoA analysis was conducted.
Using the set of SNPs filtered only on missing data, we estimated the runs of homozygosity
using the homozyg function in PLINK. We used a sliding window of 50 SNPs with regions
considered as homozygous if they were at least 100 kb and 100 SNPs. We allowed for
one heterozygous SNP per window and five SNPs per ROH. In order to call a run of
homozygosity (ROH), we required at least one SNP per 50 kb and the maximum gap
between two SNPs was 200 kb and at least 5% of windows were required to contain a
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homozygous SNP to be considered an ROH. Heterozygosity and Fis were calculated using
the populations command in Stacks v2.2 [52] using biallelic sites only with no additional
filtering as to not bias heterozygosity estimates.

2.7. Data Analysis

Four of the biochemical and haematological parameters (urea, AST, ALT and MCV)
were log transformed prior to statistical analysis as they were not normally distributed. We
used the lme4 package (version 1.1.31) [53] in R (v3.6.3) [50] to test whether body condition
and each of the biochemical and haematological parameters differed between koala groups
and/or health checks. For each model, the health parameter was the dependent variable
and koala group, health check and the interaction between the two were the fixed effects.
We also included the individual koala identifier as a random effect because some koalas
received multiple health checks. If effects were significant (p < 0.05), we used the emmeans
package (v1.6.3) [54] to conduct pairwise t-tests to determine which treatments differed
from others. We used the same packages to test for differences in each health parameter
between koalas that tested either positive or negative to Chlamydia. We did not test for
differences in infection rates with ocular Chlamydia due to the small number of positive
cases. Urogenital Chlamydia status was a fixed effect and individual koala was a random
effect. No haematological data were available for any rehabilitated koalas for the recapture
check due to unexpected degradation of the blood samples during transportation. This
means that haematological comparisons are only between rescue and pre-release health
checks for rehabilitated koalas.

We investigated differences between rehabilitated koalas that lived or died by con-
ducting logistic regressions of survival against individual health parameters. It was only
feasible to test one health covariate at a time because of missing values in these covariates
and the small number of individuals that died (n = 7).

3. Results
3.1. Survival Rates

Of the 56 koalas that received a health check, 10 koalas died or were euthanized. This
included 7 of the 31 koalas that were rescued post-fire, with a 78% survival rate in care
for the rehabilitated koalas. Post-mortems on five of these koalas showed evidence of
starvation, poor body condition and a large tapeworm burden in one individual. The
other two koalas were euthanized due to multiple contributing factors that made them
unreleasable, such as large cysts in the reproductive tract and crepitus in the joints.

After release, two of the twelve rehabilitated koalas that were monitored with GPS
collars died during the study (i.e., 17%). One sustained a bite injury two months after
release, possibly from another male, and was recaptured and treatment attempted but later
died. On post-mortem, a sinus was found at the left ventral thigh extending to the greater
trochanter of the femur, with necrosis of the bone present. The other koala died seven
months post-release, but the cause of death is unknown. No collared koalas in either the
burnt or unburnt resident groups died during the study. However, an emaciated koala of
advanced age with poor dental condition (worn down teeth due to age) was captured in
the unburnt landscape during the pre-release checks and was euthanised due to welfare
concerns.

The tracking signal on two of the GPS collars failed after deployment, but one of the
koalas was able to be located again during the study and the collar was removed. Another
13 koalas dropped their collars before the completion of the study.

3.2. Burn Injuries

Only three out of thirty-one rescued koalas had superficial burn injuries, although
there were also changes in the skin compatible with healing soft tissue injuries on the
extremities of two of the rescued koalas that died. One of the burn injuries in the surviving
koalas required regular bandaging and prevented that individual from climbing for a few
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weeks. The others were treated for burns but did not require bandaging. All three koalas
made a full recovery. Interestingly, two resident koalas captured ~4 months post-fire for
the monitoring study had evidence of healed burns on their footpads (patches of pale pink
skin) and scars without fur around their ear margins.

3.3. Body Condition Score

At the initial health check, many of the rehabilitated koalas had a very low body
condition score (BCS), with the average being 1.3 ± 0.14 (SE) out of 5. BCS differed between
health checks (F2, 79 = 26.81, p < 0.001), particularly between the rescue and pre-release (p <
0.001) and rescue and recapture health checks (p < 0.001) for rehabilitated koalas (Figure 2).
At the pre-release and recapture health checks, koalas from all groups were in similar body
condition (p > 0.05; Figure 2).
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the pre-release check is due to one individual of advanced age who was in very poor condition and
was subsequently euthanized on welfare grounds. The points outside the boxplots show outliers
(individuals who had higher or lower BCS that fell outside the range).

3.4. Overall Health and Chlamydia Status

Of the 24 adult female koalas examined in this study, 13 had pouch and/or back young
present between January and September 2020. This equated to 44% of female rehabilitated
individuals, 40% of female burnt residents and 36% of female unburnt residents. Two
rehabilitated koalas and one unburnt resident lost their pouch young during the study,
while all others reared them to independence.

Only 3 of the 56 individual koalas examined tested positive for ocular Chlamydia
pecorum at any of the three health checks (Table 2) and all three were asymptomatic juvenile
individuals who were rescued from the fire grounds. Ocular Chlamydia pecorum was not
detected in the seven koalas that presented with eye abnormalities, including discharge,
corneal ulceration and opacity. In contrast, urogenital shedding of C. pecorum was detected
in 31 of 56 koalas (55%; Table 2). This included the mothers of two of the juveniles with
ocular chlamydial shedding. None of the koalas involved in the post-release monitoring
program were treated for chlamydiosis even if they tested positive. Koalas in which
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urogenital chlamydial shedding was detected at their first health check were also positive
at other health checks. Likewise, koalas that were negative tested negative throughout the
study. Signs of disease typically associated with urogenital C. pecorum were also very low,
with 48/56 koalas at their first health check having a rump score of 0/7, which indicates
normal fur, normal cloaca and no evidence of wet bottom [55]. A total of seven koalas
scored 1/7 (slight discoloration and mild urine leakage). The highest rump score was 3/7
for one female koala in the unburnt area, which indicates discoloration of the tail area fur
and stronger ‘wet bottom’ smell. For all koalas that received a health check at recapture,
eight scored 0/7, nine scored 1/7 and one scored 1.5/7.

Table 2. Number of koalas shedding Chlamydia pecorum in each group.

Number of Individuals with
Ocular Chlamydia Only

Number of Individuals with
Urogenital Chlamydia Only

Number of Individuals with
both Ocular and Urogenital

Chlamydia

Rehabilitated koalas (n = 31) 2 17 1
Residents in the burnt habitat

(n = 9) 0 4 0

Residents in the unburnt
habitat (n = 16) 0 10 0

3.5. Blood Biochemistry

There were no significant differences detected between serum creatinine (Figure 3a)
and ALP (Figure 3b) concentrations for different koala groups or health checks (p > 0.05 for
all tests). While we observed some differences in blood biochemistry results between koala
groups and/or health checks for other parameters (described below), most individuals
were within the published reference ranges [9,56] (Figure 3).

For phosphate, there was a significant interaction between group and health check
(F2, 19.73 = 4.86, p = 0.019), likely because phosphate concentrations decreased between
the pre-release and recapture checks in rehabilitated koalas but increased in the resident
koalas in burnt habitats (Figure 3c). A post hoc analyses showed that, at the pre-release
check, phosphate levels were significantly higher (and above the reference range for many
individuals) in rehabilitated koalas compared to koalas in the burnt (p < 0.001) and unburnt
(p = 0.003) resident groups (Figure 3c). There was also a near significant group x health
interaction for GGT (F2, 27.26 = 3.24, p = 0.054; Figure 3d), with mean values lower at pre-
release compared to recapture in rehabilitated koalas but not in other groups. Furthermore,
GGT concentrations were lower for koalas in the rehabilitated group at the pre-release
check relative to all other checks for all koala groups (p < 0.05 for all pairwise comparisons)
but were within the reference range (Figure 3d).

There were significant differences in the concentrations of both ALT (F2, 36.88 = 7.15,
p = 0.002; Figure 3e) and AST between health checks (F2, 18.46 = 8.65, p = 0.002; Figure 3f).
ALT concentrations were significantly lower at the final recapture check compared to the
pre-release check in both residents in the burnt (p = 0.008) and unburnt landscape (p = 0.025;
Figure 3e). For AST, concentrations were significantly higher in rehabilitated koalas at the
rescue check compared to pre-release (p = 0.003; Figure 3f).

There was a significant difference in urea concentrations between koala groups
(F2, 55.15 = 4.13, p = 0.021), with resident koalas in the unburnt landscape having significantly
lower concentrations of urea at the pre-release check compared to residents in the burnt
landscape (p = 0.005) and rehabilitated koalas (p = 0.016; Figure 3g).

There were also differences in bilirubin concentrations between koala groups (F2, 61.05 = 3.54,
p = 0.035) and health checks (F2, 36.41 = 3.36, p = 0.046; Figure 3h). Bilirubin levels were
higher in residents in the burnt landscape at the pre-release check compared to both
rehabilitated koalas (p = 0.02) and residents in the unburnt landscape (p = 0.007; Figure 3h).
Bilirubin concentrations were also higher in rehabilitated koalas at rescue compared to
pre-release (p = 0.002; Figure 3h).
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For most biochemical parameters, values were similar regardless of whether koalas
tested positive or negative to urogenital C. pecorum. The exceptions were for ALP (F1, 70.38 = 11.85,
p < 0.001) and phosphate (F1, 64.711 = 6.36, p = 0.014), with concentrations for both con-
stituents lower in koalas that tested positive to urogenital chlamydia.
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We found a statistically significant negative association between survival and the
log of ALT, suggesting that koalas with high ALT were less likely to survive. Although
statistically significant, this finding is considered tentative due to the small number of
observations involved (only five koalas where ALT was measured died).

3.6. Haematology

Similar to the blood biochemistry, the haematological results for most individuals
were within the published reference ranges [9,56] (Figure 4). There were no significant
differences between the koala groups or the health checks for PCV, TPP, haemoglobin,
MCHC, platelet count, leukocytes, monocytes, eosinophils or basophils (p > 0.05 for all
tests; Figure 4a–h). A figure for basophils has not been included as most values were 0.

Concentrations of nucleated red blood cells (NRBCs) differed between health checks
(F2, 27.35 = 5.79, p = 0.008; Figure 4i) and were significantly higher at the pre-release check for
residents in the burnt landscape compared to residents in the unburnt landscape (p = 0.039).
NRBCs were also significantly higher at the recapture check compared to the pre-release
check in residents in the unburnt landscape (p = 0.048).

There were significant differences between koala groups for MCV (F2, 59.53 = 3.54, p = 0.035;
Figure 4j), MCH (F2, 59.70 = 6.003, p = 0.004; Figure 4k) and neutrophils (F2, 48.48 = 4.65,
p = 0.014; Figure 4l), and there was also a trend for erythrocytes to differ between groups
(F2, 59.25 = 3.006, p = 0.057; Figure 4m). MCV was significantly higher at the recapture health
check compared to the pre-release check for residents in the burnt landscape (p = 0.045) and
significantly higher at recapture in residents in the burnt landscape compared to residents
in the unburnt landscape (p = 0.011; Figure 4j). MCH was significantly higher at both the
pre-release and recapture checks in residents in the burnt landscape compared to residents
in the unburnt landscape (p = 0.011 and p = 0.002, respectively; Figure 4k). At the pre-release
check, neutrophils were above the reference range in almost half of the residents in the
burnt landscape and were higher on average than both residents in the unburnt landscape
(p = 0.01) and rehabilitated koalas (p = 0.003; Figure 4l). However, at recapture, neutrophils
for residents in the burnt landscape were significantly lower than at pre-release (p = 0.036)
and most were within the reference range (Figure 4l).

There were significant differences in lymphocytes for both koala groups (F2, 55.43 = 4.96,
p = 0.01) and health checks (F2, 24.91 = 13.46, p < 0.001; Figure 4n). At pre-release, lympho-
cytes in residents in the burnt landscape were significantly lower than both unburnt
residents (p = 0.011) and rehabilitated koalas (p = 0.008) during this check. At recapture,
lymphocytes were also significantly lower in burnt residents compared to unburnt res-
idents (p = 0.05). Finally, in rehabilitated koalas, lymphocyte values were significantly
higher at pre-release compared to their first health check at rescue (p < 0.001). There
were no significant differences detected in either koala group or health check for the
neutrophil/lymphocyte ratio.

There were no significant differences observed between any of the haematological
parameters and Chlamydia status, or between koalas that lived or died (p > 0.05 for all tests).
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3.7. Genetic Analysis

All 20 samples passed quality control and were sequenced with an average 36.4X
coverage (range 29.2–49.3) with a total of 18,953,300,000 paired end reads. After filtering on
missingness and MAF, there were 9,988,662 SNPs, and after removing linked SNPs there
were 948,924 SNPs for downstream analysis.

PCoA showed minimal population structuring among individuals from Peak View
and Numeralla, with the majority of individuals clustering together (Figure 5). Observed
heterozygosity was similar between the two groups (Numeralla 0.172 ± 0.053, Peak View
0.174 ± 0.053), as was expected heterozygosity (Numeralla: 0.157 ± 0.035, Peak View:
0.160 ± 0.035). Fis for both populations was close to zero (Numeralla: −0.005 ± 0.047,
Peak View: −0.0091 ± 0.047). The majority of the ROH were small with the average length
of ROH at 196 kbp across all individuals, with the longest ROH identified as 2.79 Mbp
(Figure 6).
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4. Discussion

This is the first research on the impacts of bushfires and rehabilitation and release into
bushfire-affected areas on the overall health, chlamydial shedding and biochemical and
haematological parameters of koalas. This previous knowledge gap hampered decisions
about whether to return koalas rescued from fire-affected areas to burnt habitats or whether
to translocate them to nearby unburnt habitats. Our results showed that body condition
significantly improved in rehabilitated koalas over time, and they were in similar body
condition to koalas living in fire-affected and unburnt landscapes at their time of release.
Unexpectedly, there was no difference in body condition between koalas in burnt and
unburnt habitat, suggesting there was a sufficient quantity and quality of food available
to sustain their body conditions in burnt areas. However, more studies are needed to
determine whether this pattern is consistent across other koala populations post-fire. While
there were detectable differences in some of the measured biochemical and haematological
parameters between koala groups and/or health checks, there was no evidence that fire
and rehabilitation had any consistent biologically significant effects on the general health
of koalas or on the signs or prevalence of disease. Thus, our study suggests that, within the
study timeframe, the health of rehabilitated and resident koalas in burnt habitats was not
disadvantaged compared to koalas in unburnt habitats.

4.1. Body Condition and Overall Health

As expected, koalas rescued from fire grounds were in very poor body condition, with
an initial mean score of 1.3 out of 5, where 1–2 is considered emaciated or poor condition, 3
is healthy/adequate and 4–5 is very good/excellent [9,41–43,55]. After their time in care,
the BCS of koalas in the rehabilitated group had increased and was similar to resident
koalas in the burnt and unburnt group at both the pre-release and final recapture health
checks. Koalas in care and after release therefore did not gain or lose body condition at
a substantially different rate than koalas who remained and survived in the wild. This
means that within four months of fire there were sufficient resources in burnt habitats to
support healthy koalas. It also may be worthwhile considering other measures of health
prior to release, as Leigh et al. [57] found that both BCS and climbing ability were important
determinants of acute survival following release from rehabilitation, with koalas with
stronger climbing abilities and higher body condition scores more likely to survive. This
suggests that release should be considered if suitable habitat is present and koalas are in
good physical condition.

Landscapes typically burn with a mosaic of fire severity due to variation in weather
and topography, and the fire in the study region was no exception. Thus, fire severity
ranged from low (only understorey burnt) to extreme (full canopy consumption) in patches
across the burnt area inhabited by koalas in our study. We do not know whether the koalas
in our study relied on trees with intact canopies or whether they extensively utilised the
widespread epicormic regrowth. It is likely that they used both given that rehabilitated
koalas were willing to eat epicormic regrowth from some eucalypt species alongside mature
foliage while in care (Lane et al. submitted). Nevertheless, future studies should attempt to
better understand the value of epicormic growth as food for koalas and how it may shape
the way that koalas use fire-impacted landscapes and their health.

Drought conditions are known to negatively impact koala populations, affecting
mortality rates, breeding success and dispersal of individuals [58,59]. It is possible that the
initial poor condition and some of the wide variation in values recorded in the biochemical
and haematological parameters in the rescued koalas could be due to the extreme drought
conditions and heat that were prominent in the lead up to the fire in addition to fire effects.
For example, several rehabilitation groups reported that drought conditions had greater
impacts on the koalas that came into care during 2019–2020 than the fires [8]. Droughts and
heatwaves can trigger leaf fall and foliage damage, causing a reduction in the availability
of sufficient food, ultimately leading to malnutrition, dehydration and possible death in
koalas [60,61]. A reduction in available browse also creates other indirect consequences for
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koalas, including increased competition, lower breeding success and higher susceptibility
to disease [62]. These drought events can also compound the effects of fire and other habitat-
altering events (e.g., logging) [63], making koalas weaker and more susceptible when there
is a major bushfire event. It is important to consider that with a changing climate [26], more
koalas may be displaced or disrupted by both droughts and fire. Understanding how their
physiology is affected will be important for future rehabilitation efforts and knowing when
to release them.

4.2. Burn Injuries

The number of fire-related injuries observed in koalas rescued from the Monaro region
was relatively low (only three of thirty-one) compared to rescue efforts in other areas.
For example, Parrott et al. [7] reported that 20% of koalas rescued in Victoria during the
megafires were euthanised due to fire-related injuries. Likewise, 67.4% of koalas that came
into triage units on Kangaroo Island, South Australia, were suffering from burn injuries,
and 45.6% died or needed to be euthanised [9]. The lower numbers in our study may
have been due to a combination of relatively low encounter rates between searchers and
koalas due to low densities [33], higher mortality rates from intense fires or difficulties with
access to remote areas and restricted fireground access. Despite this, the results from all
three studies demonstrate that many more koalas would likely have perished without the
necessary care provided by veterinary teams and wildlife carers post-fire. Our findings
provide additional data to show that koalas who survive the initial fire event and are later
released can live and maintain health in a burnt landscape.

4.3. Chlamydia Status

In this study, shedding of C. pecorum, an intracellular bacterium that is widespread
throughout most koala populations [23,64], was detected in 59% of koalas. Interestingly,
very few of the Monaro koalas exhibited clinical signs of disease during any health check,
with only one koala in the rehabilitation group euthanised and two requiring antibiotic
treatment due to the presence of mild paraovarian cysts. Furthermore, 44% of the adult
females who were infected with C. pecorum in our study had pouch or back young. These
findings place the Monaro koalas in line with other populations that appear to have a
low prevalence of clinical disease. C. pecorum can cause a range of diseases, with the
most common being conjunctivitis and urogenital disease, the latter of which can lead to
infertility in females [15,24,58,65,66]. Koalas from the Monaro region showed higher rates
of chlamydial shedding and urogenital disease relative to ocular sites, which is consistent
with other populations in both Queensland [67,68] and Victoria [42]. C. pecorum has also
been detected in most koala populations, with the prevalence and severity of C. pecorum
varying significantly between populations [23,64], infecting individuals without causing
outward and obvious symptoms or disease [69]. For example, in a koala population in
south-eastern Queensland, 71% of koalas tested positive for C. pecroum; however, only 9% of
individuals showed overt clinical disease [70]. Furthermore, 82% of females had either back
young or pouch young, despite 67% being infected [70]. In another Queensland population,
of the 67% of males that tested positive to urogenital Chlamydia, only one-third showed
clinical symptoms [64]. A low prevalence of clinical disease has also been observed in
South Australian populations including in the Mount Lofty Ranges and at Cleland Wildlife
Sanctuary [23].

Rates of chlamydial shedding were similar between rehabilitated koalas and resident
koalas in burnt and unburnt habitats. Furthermore, we did not observe any changes either
in the presence of chlamydial infection or the clinical signs of disease in individuals across
the course of the study, even though environmental stressors such as bushfire have the
potential to exacerbate clinical disease [25]. These results further support the idea that
neither fire nor rehabilitation have major effects on chlamydial status in koalas in the Snowy
Monaro region. It also supports the idea that there were limited negative health impacts of
releasing rehabilitated koalas into burnt habitats in the Monaro region, even with untreated
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chlamydial infections. It is important to note, however, that C. pecorum is primarily sexually
transmitted in koalas [23,24], although it can also be transmitted from mother to young
during pap feeding [23,67]. Sexual transmission of Chlamydia may potentially be lower in
burnt landscapes, as there may be fewer individuals to interact with due to lower densities.
This has not been tested but should be considered.

4.4. Genetics

Using a whole genome sequencing (WGS) approach, we assessed the genetic health
of koalas from the Monaro region of NSW and report the first genetic analysis of this
population of koalas. We show that this population of koalas displays diversity comparable
to other populations of koalas [71,72]. An analysis of ROH is able to give insights into
inbreeding history of an individual, with long ROH segments reflecting recent inbreeding
events and shorter ROH segments reflecting historical inbreeding that has been broken by
recombination [73]. The majority of the ROH were <0.4 MBp in length and only eight ROH
segments were larger than 1.6 MBp, indicating some recent inbreeding in those individuals.
On average, the lengths of ROH in this koala population were lower than other wildlife
species including killer whales and rhinoceros [74,75]. Population structuring indicates
higher variation amongst individuals from Numeralla with some mixing between the two
sites, which is to be expected as the sites are only 15 km apart. The WGS data here provide
a baseline with which to compare the genetic health of Monaro koalas in the future and
also add to the growing body of genomic data becoming available for koalas.

4.5. Biochemical and Haematological Parameters

Although we detected some differences in haematological and biochemical parame-
ters between koala groups, health checks, Chlamydia status and age classes, values were
predominantly within the published reference ranges [9,56]. While this suggests that the
differences noted are unlikely to be biologically meaningful, perhaps reflecting normal vari-
ation between and within individuals, it should also be considered that wildlife reference
ranges are generated on small sample sizes and either for captive koalas of known health
status or wild koalas, the health and stress status of which can only be partially assessed,
and so may be broader than true ranges.

Most of the differences observed between biochemical and haematological parameters
cannot be easily explained, but some results provide possible insight into the effects of fire
and rehabilitation on koala health. The first is for urea. Blood urea and creatinine levels
assist with assessment of renal function [76–78]. Both rehabilitated koalas and residents
in the burnt landscape had higher concentrations of urea 4–6 months after fire at the pre-
release check compared to residents in the unburnt area, but the difference disappeared by
the final recapture check 8–9 months later. There could be several reasons for this. Firstly,
koalas living in the burnt area may be more dehydrated due to ingestion of leaves with
a lower moisture content compared to those in the unburnt area. However, preliminary
data suggest that post-fire epicormic regrowth on eucalypts contains more moisture than
mature leaves in the canopy [79]. Furthermore, since creatinine, which can be used with
urea to assess dehydration, was not elevated in burnt residents at the pre-release health
check and values were mostly within the reference range for both urea and creatinine,
the results may not indicate dehydration. An alternative may be related to urea as an
indicator of protein status and thus nutrition [80]. For example, low creatinine and urea
concentrations observed in tammar wallabies (Macropus eugenii) were linked to nutritional
stress [80]. Similarly, red-necked pademelons (Thylogale thetis) had higher plasma urea
levels with a higher consumption of nitrogen in the diet [81]. The epicormic regrowth from
some eucalypt species can contain relatively high concentrations of nitrogen (a proxy for
protein) (Lane et al. submitted). It is plausible that koalas in care or living in burnt habitat
may have been eating diets higher in protein prior to their pre-release check and that this
may have contributed to the difference in urea status. Future studies could investigate links
between dietary protein intake and levels of urea in koalas.
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A number of enzymes found predominantly in the liver can be indicators of hepatocel-
lular damage and disease [82–86]. These include AST, ALT, ALP and GGT. These enzymes
can be non-specific and so should be observed in conjunction with one another and with
clinical signs [87,88]. Elevated levels of AST and GGT have been associated with lym-
phosarcoma and liver disease in koalas [56,89], as well as diabetes mellitus [90] and oxalate
nephrosis, a prevalent disease in South Australian koalas [91]. A study on chlamydiosis in
koalas also found elevated AST and ALT levels; however, this was during treatment with
subcutaneous injections and the results could potentially have been explained by localised
myopathy [92]. We found no differences in AST and ALT levels between Monaro koalas
that tested either negative or positive for C. pecorum. Furthermore, mean values for all
liver enzymes were within the reference ranges for both negative and positive cases of
Chlamydia. This may not be surprising given that most infections were subclinical.

Elevated AST can also be attributed to haemolysis and liver and muscle damage [93,94].
It is likely that the elevated levels in rehabilitated koalas at their rescue health check were
associated with impacts of poor nutrition and stress metabolism on hepatocyte integrity,
rather than primary liver disease. Elevated AST has been associated with stress in a
variety of marsupials, including capture stress in western ringtail possums (Pseudocheirus
occidentalis) [19], trauma from fighting in hairy-nosed wombats (Lasiorhinus latifrons) [95]
and oxalate nephrosis [91]. Bilirubin, a bile pigment formed when haemoglobin breaks
down and important in liver metabolism [96–98], was higher in rehabilitated koalas when
they came into care compared to when they were released. In horses, which are hindgut
fermenters like koalas, elevated bilirubin can be associated with fasting [99]. It is possible
that this could also have been an indication that rescued koalas did not have access to
sufficient food in the wild.

Leukocytes (white blood cell count (WBC)) form a major part of the immune sys-
tem [100], and include lymphocytes, neutrophils, monocytes, eosinophils and basophils [100].
While differences were detected in lymphocyte and neutrophil concentrations, most val-
ues were within reference ranges, and the higher values observed in some resident
koalas in the burnt area at pre-release were within the reference range at recapture.
The neutrophil/lymphocyte ratio (N:L) is sometimes used to assess inflammatory re-
sponse [101,102], with an elevated neutrophil/lymphocyte ratio associated with stress and
illness in laboratory animals and domestic pets [103–105]. In this study, we found no signif-
icant differences between koala groups or health checks for the N:L ratio. Although linked
to stress and disease, Canfield and O’Neill [56] found that neutrophil and lymphocyte
proportions and ratios can be highly variable in healthy koalas.

Variation was also observed in nucleated red blood cells (NRBCs), with significant
differences detected between health checks, though the reason for this is unclear. NRBCs are
immature red blood cells [106] and their presence in the bloodstream can be associated with
bone marrow damage and a number of diseases in people [106,107]. In koalas, however,
NRBCs are relatively common and are not always indicative of disease [56,108–110]. Refer-
ence ranges for NRBCs have been reported to be between 0 and 8–10 for koalas [110,111].
Higher NRBCs have been linked with disease in koalas, for example, Fabijan et al. [112]
found that koalas with neoplasia had significantly higher counts of NRBCs and koalas
with ocular Chlamydia also had higher NRBC counts compared to those who had urinary
tract and reproductive disease, though the mechanism for this is unclear. Higher counts of
NRBCs have also been documented in koalas with anaemia [110]. The values observed in
the koalas from the Southern Tablelands are much higher and more variable than reports
from other studies. While this could suggest underlying health issues, their body condition
and other results suggest that they are otherwise in a good health condition. While the
presence of NRBCs in these koalas could suggest regenerative anaemia, young koalas can
also have higher counts of NRBCs.
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5. Conclusions

This study provides important baseline health data for the Snowy Monaro population
of koalas. Koalas in the Monaro region of NSW appear to be in good health, with low
prevalence of clinical Chlamydia and relatively high proportions of adult females with
joeys. The study population had adequate to excellent body condition by the completion of
the project, even though 19 of the 32 tracked koalas were living in burnt habitats. From a
management perspective and given the health status of koalas in this region, it is important
to try and conserve this seemingly healthy population and the valuable habitat that can
support them. Due to the steep and rocky terrain, it is unlikely to be an area that will be
developed in the future, and, therefore, conserving this population may be more promising.

This is the first study to demonstrate that the general health indicators of koalas living
in burnt habitat between 4 and 16 months after fire were similar to koalas living in unburnt
habitat during the same time period. The health and trajectory of koalas released into burnt
habitats after rehabilitation mirrored that of koalas that remained in situ after fire in both
burnt and unburnt habitats. These findings suggest that, in the Monaro, uninjured koalas
do not need to be removed from burnt habitats and rehabilitated koalas can be released
into fire-impacted areas, provided there is access to patches of trees with canopy cover or
epicormic growth. However, more research is needed in this area to determine at what point
there is too little food, and the other implications of rehabilitation, such as movements and
habitat use. Many of the koalas in this study were living within the fire scar and utilising
burnt areas. In the future, it would also be important to look at the home ranges of koalas
and the nutritional composition of the landscape to better understand how koalas are using
fire-impacted areas. Future research could also explore whether the findings from this study
are consistent across other regions and koala populations. Retaining uninjured koalas in
the landscape alleviates resources needed to maintain animals in care and enables them to
recover in their natural environment, which may be less stressful overall. Inevitably, there
will be more bushfires in the Australian landscape, and the implications of this study have
direct applications to management decisions and rehabilitation efforts for koala populations
post-fire.
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Appendix A

A1: sampling of koalas following capture and restraint from the Koala Health Hub:
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(accessed on 25 May 2020).
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73. Curik, I.; Ferenčaković, M.; Sölkner, J. Inbreeding and runs of homozygosity: A possible solution to an old problem. Livest. Sci.
2014, 166, 26–34. [CrossRef]

74. Foote, A.D.; Hooper, R.; Alexander, A.; Baird, R.W.; Baker, C.S.; Ballance, L.; Barlow, J.; Brownlow, A.; Collins, T.; Constantine, R.
Runs of homozygosity in killer whale genomes provide a global record of demographic histories. Mol. Ecol. 2021, 30, 6162–6177.
[CrossRef]

75. Liu, S.; Westbury, M.V.; Dussex, N.; Mitchell, K.J.; Sinding, M.-H.S.; Heintzman, P.D.; Duchêne, D.A.; Kapp, J.D.; Von Seth, J.;
Heiniger, H. Ancient and modern genomes unravel the evolutionary history of the rhinoceros family. Cell 2021, 184, 4874–4885.e16.
[CrossRef]

76. Braun, J.-P.; Lefebvre, H.; Watson, A. Creatinine in the dog: A review. Vet. Clin. Pathol. 2003, 32, 162–179. [CrossRef] [PubMed]
77. Finco, D.R. Kidney function. In Clinical Biochemistry of Domestic Animals; Elsevier: Amsterdam, The Netherlands, 1997; pp. 441–484.
78. Yakubu, M.T.; Musa, I.F. Liver and kidney functional indices of pregnant rats following the administration of the crude alkaloids

from Senna alata (Linn. Roxb) leaves. Iran. J. Toxicol. 2012, 6, 615–625.
79. Natural Resources Commission, NSW Government. Summary Paper: Koala and Habitat Response after the 2019-20 Wildfires in North

East NSW; Natural Resources Commission: Sydney, Australia, 2022.
80. Robert, K.A.; Schwanz, L.E. Monitoring the health status of free-ranging tammar wallabies using hematology, serum biochemistry,

and parasite loads. J. Wildl. Manag. 2013, 77, 1232–1243. [CrossRef]
81. Dellow, D.; Hume, I. Studies on the Nutrition of Macropodine Marsupials. 2. Urea and Water Metabolism in Thylogale Thetis

and Macropus Eugenii; Two Wallabies from Divergent Habitats. Aust. J. Zool. 1982, 30, 399–406. [CrossRef]
82. Kaplan, M.M. Alkaline phosphatase. Gastroenterology 1972, 62, 452–468. [CrossRef]
83. Sherman, K.E. Alanine aminotransferase in clinical practice: A review. Arch. Intern. Med. 1991, 151, 260–265. [CrossRef]
84. Stojević, Z.; Piršljin, J.; Milinković-Tur, S.; Zdelar-Tuk, M.; Beer Ljubić, B. Activities of AST, ALT and GGT in clinically healthy

dairy cows during lactation and in the dry period. Vet. Arh. 2005, 75, 67–73.
85. Whitehead, M.; Hawkes, N.; Hainsworth, I.; Kingham, J. A prospective study of the causes of notably raised aspartate amino-

transferase of liver origin. Gut 1999, 45, 129–133. [CrossRef]
86. Whitfield, J. Gamma glutamyl transferase. Crit. Rev. Clin. Lab. Sci. 2001, 38, 263–355. [CrossRef]
87. Bennett, M.D.; Woolford, L.; O’Hara, A.J.; Nicholls, P.K.; Warren, K.S. Clinical chemistry values and tissue enzyme activities in

western barred bandicoots (Perameles bougainville). Vet. Clin. Pathol. 2008, 37, 221–224. [CrossRef]
88. Center, S.A. Interpretation of liver enzymes. Vet. Clin. N. Am. Small Anim. Pract. 2007, 37, 297–333. [CrossRef]
89. Spencer, A.J.; Canfield, P.J. Lymphoid neoplasia in the koala (Phascolarctos cinereus): A review and classification of 31 cases. J. Zoo

Wildl. Med. 1996, 27, 303–314.
90. Hemsley, S.; Govendir, M.; Canfield, P.; Connolly, J. Diabetes mellitus in a koala (Phascolarctos cinereus). Aust. Vet. J. 1998, 76,

203–208. [CrossRef]
91. Speight, K.N.; Haynes, J.I.; Boardman, W.; Breed, W.G.; Taggart, D.A.; Rich, B.; Woolford, L. Plasma biochemistry and urinalysis

variables of koalas (Phascolarctos cinereus) with and without oxalate nephrosis. Vet. Clin. Pathol. 2014, 43, 244–254. [CrossRef]
92. Griffith, J.E. Studies into the Diagnosis, Treatment and Management of Chlamydiosis in Koalas. Ph.D. Thesis, The University of

Sydney, Sydney, Australia, 2010.
93. Kaneko, J.J.; Harvey, J.W.; Bruss, M.L. Clinical Biochemistry of Domestic Animals; Academic Press: Cambridge, MA, USA, 2008.
94. Letendre, C.; Sawyer, E.; Young, L.J.; Old, J.M. Immunosenescence in a captive semelparous marsupial, the red-tailed phascogale

(Phascogale calura). BMC Zool. 2018, 3, 10. [CrossRef]

https://doi.org/10.1111/j.1751-0813.2011.00827.x
https://doi.org/10.1371/journal.pone.0190114
https://www.ncbi.nlm.nih.gov/pubmed/29281731
https://doi.org/10.1071/WR9940041
https://doi.org/10.7882/AZ.2016.025
https://doi.org/10.7589/0090-3558-24.2.282
https://www.ncbi.nlm.nih.gov/pubmed/3373633
https://doi.org/10.1038/s41437-018-0144-4
https://doi.org/10.1007/s10592-015-0784-3
https://doi.org/10.1016/j.livsci.2014.05.034
https://doi.org/10.1111/mec.16137
https://doi.org/10.1016/j.cell.2021.07.032
https://doi.org/10.1111/j.1939-165X.2003.tb00332.x
https://www.ncbi.nlm.nih.gov/pubmed/14655101
https://doi.org/10.1002/jwmg.561
https://doi.org/10.1071/ZO9820399
https://doi.org/10.1016/S0016-5085(72)80154-9
https://doi.org/10.1001/archinte.1991.00400020036008
https://doi.org/10.1136/gut.45.1.129
https://doi.org/10.1080/20014091084227
https://doi.org/10.1111/j.1939-165X.2008.00040.x
https://doi.org/10.1016/j.cvsm.2006.11.009
https://doi.org/10.1111/j.1751-0813.1998.tb10130.x
https://doi.org/10.1111/vcp.12145
https://doi.org/10.1186/s40850-018-0036-3


Animals 2023, 13, 2863 23 of 23

95. Gaughwin, M.; Judson, G. Haematology and clinical chemistry of hairy-nosed wombats (Lasiorhinus latifrons). J. Wildl. Dis. 1980,
16, 275–280. [CrossRef] [PubMed]

96. Bosma, P.J. Inherited disorders of bilirubin metabolism. J. Hepatol. 2003, 38, 107–117. [CrossRef] [PubMed]
97. Stocker, R.; Yamamoto, Y.; McDonagh, A.F.; Glazer, A.N.; Ames, B.N. Bilirubin is an antioxidant of possible physiological

importance. Science 1987, 235, 1043–1046. [CrossRef]
98. Wolf, P.L. Biochemical diagnosis of liver disease. Indian J. Clin. Biochem. 1999, 14, 59–90. [CrossRef]
99. Gronwall, R.; Mia, A.S. Fasting hyperbilirubinemia in horses. Am. J. Dig. Dis. 1972, 17, 473–476. [CrossRef] [PubMed]
100. Janeway, C.A., Jr.; Travers, P.; Walport, M.; Shlomchik, M.J. The components of the immune system. In Immunobiology: The Immune

System in Health and Disease, 5th ed.; Garland Science: New York City, NY, USA, 2001.
101. Faria, S.S.; Fernandes, P.C., Jr.; Silva, M.J.B.; Lima, V.C.; Fontes, W.; Freitas-Junior, R.; Eterovic, A.K.; Forget, P. The neutrophil-to-

lymphocyte ratio: A narrative review. Ecancermedicalscience 2016, 10, 702. [PubMed]
102. Forget, P.; Khalifa, C.; Defour, J.-P.; Latinne, D.; Van Pel, M.-C.; De Kock, M. What is the normal value of the neutrophil-to-

lymphocyte ratio? BMC Res. Notes 2017, 10, 12. [CrossRef] [PubMed]
103. Hickman, D.L. Evaluation of the neutrophil: Lymphocyte ratio as an indicator of chronic distress in the laboratory mouse. Lab

Anim. 2017, 46, 303–307. [CrossRef] [PubMed]
104. Swan, M.P.; Hickman, D.L. Evaluation of the neutrophil-lymphocyte ratio as a measure of distress in rats. Lab Anim. 2014, 43,

276–282. [CrossRef] [PubMed]
105. Neumann, S. Neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios in dogs and cats with acute pancreatitis. Vet. Clin.

Pathol. 2021, 50, 45–51. [CrossRef]
106. Constantino, B.T.; Cogionis, B. Nucleated RBCs—Significance in the peripheral blood film. Lab. Med. 2000, 31, 223–229. [CrossRef]
107. Schaefer, M.; Rowan, R. The clinical relevance of nucleated red blood cell counts. Sysmex J. Int. 2000, 10, 59–63.
108. Hajduk, P.; Copland, M.D.; Schultz, D.A. Effects of capture on hematological values and plasma cortisol levels of free-range

koalas (Phascolarctos cinereus). J. Wildl. Dis. 1992, 28, 502–506. [CrossRef]
109. Bolliger, A.; Backhouse, T. The blood of the koala (Phascolarctos cinereus). Aust. J. Zool. 1960, 8, 363–370. [CrossRef]
110. Spencer, A.; Canfield, P. Bone marrow examination in the Koala (Phascolarctos cinereus). Comp. Haematol. Int. 1995, 5, 31–37.

[CrossRef]
111. Spencer, A.; Canfield, P. Enhanced Heinz body formation, cell lysis and anaemia in a koala (Phascolarctos cinereus). Comp. Haematol.

Int. 1994, 4, 114–117. [CrossRef]
112. Fabijan, J.; Sarker, N.; Speight, N.; Owen, H.; Meers, J.; Simmons, G.; Seddon, J.; Emes, R.; Tarlinton, R.; Hemmatzadeh, F.

Pathological findings in koala retrovirus-positive koalas (Phascolarctos cinereus) from Northern and Southern Australia. J. Comp.
Pathol. 2020, 176, 50–66. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7589/0090-3558-16.2.275
https://www.ncbi.nlm.nih.gov/pubmed/7431528
https://doi.org/10.1016/S0168-8278(02)00359-8
https://www.ncbi.nlm.nih.gov/pubmed/12480568
https://doi.org/10.1126/science.3029864
https://doi.org/10.1007/BF02869152
https://doi.org/10.1007/BF02231301
https://www.ncbi.nlm.nih.gov/pubmed/5024989
https://www.ncbi.nlm.nih.gov/pubmed/28105073
https://doi.org/10.1186/s13104-016-2335-5
https://www.ncbi.nlm.nih.gov/pubmed/28057051
https://doi.org/10.1038/laban.1298
https://www.ncbi.nlm.nih.gov/pubmed/28644453
https://doi.org/10.1038/laban.529
https://www.ncbi.nlm.nih.gov/pubmed/25050728
https://doi.org/10.1111/vcp.12979
https://doi.org/10.1309/D70F-HCC1-XX1T-4ETE
https://doi.org/10.7589/0090-3558-28.3.502
https://doi.org/10.1071/ZO9600363
https://doi.org/10.1007/BF00214488
https://doi.org/10.1007/BF00368278
https://doi.org/10.1016/j.jcpa.2020.02.003
https://www.ncbi.nlm.nih.gov/pubmed/32359636

	Introduction 
	Materials and Methods 
	Study Area 
	Koala Groups 
	Data Collection 
	Sample Processing 
	Genetic Sample Extraction and Sequencing 
	Population Genetic Analysis 
	Data Analysis 

	Results 
	Survival Rates 
	Burn Injuries 
	Body Condition Score 
	Overall Health and Chlamydia Status 
	Blood Biochemistry 
	Haematology 
	Genetic Analysis 

	Discussion 
	Body Condition and Overall Health 
	Burn Injuries 
	Chlamydia Status 
	Genetics 
	Biochemical and Haematological Parameters 

	Conclusions 
	Appendix A
	References

