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Abstract

Koalas are now under threat of extinction from anthropological environmental change and the impacts of koala retrovirus (KoRV) induced
immunosuppression and chlamydiosis, with these disease and environmental threats potentially interconnected through the effects of physiological stress.
In this study, we investigated the associations among glucocorticoid metabolites (FGMs: cortisol, corticosterone and tetrahydrocortisol), KoRV load,
chlamydiosis and two koala herpes viruses (PcGHV-1 and 2) across a landscape gradient of human modification/activity on the mid-north coast of NSW,
Australia. Contrary to previous studies, FGM levels were not significantly correlated with any disease measures, which may be related to small sample sizes
and baseline differences between individuals in hormone concentrations due to proposed intrinsic and extrinsic factors identified here. Also contrary to
previous studies, KoRV load was not significantly correlated with Chlamydia score or body condition, potentially due to spatial variation in chlamydia
prevalence. KoRV load was significantly correlated with adjusted tetrahydrocortisol levels and covaried with faecal corticosterone metabolites across the
region. We found that koalas on private properties in rural/agricultural areas had significantly higher faecal corticosterone metabolite levels than koalas
captured in peri-/urban areas, with the same trend seen for faecal cortisol metabolites. Koalas from peri-/urban areas had lower Chlamydia scores than those
in national parks and koalas further from population centres had higher KoRV loads. Together these findings suggest that koalas may have the capacity to
cohabitate with humans in the peri-/urban space, where sufficient suitable habitat is provided, despite the presence of conspicuous threats. Furthermore, the
lower rates of disease observed in peri-/urban koalas suggests that wildlife hospitals can potentially make a meaningful difference to local wildlife
population health.

INTRODUCTION

Koalas are now under threat of extinction, with wild populations in the Australian states of New South Wales (NSW) and Queensland (QLD) in steep decline’.
The primary driver of this decline is anthropological environmental change, including habitat loss, habitat fragmentation, increased interaction with livestock
and domestic animals, as well as climate change that has led to an increased severity in stochastic events such as bushfires, heatwaves, and droughts. In
NSW and QLD, koala populations are also heavily impacted by Chlamydia-induced disease, that threaten population viability through high rates of infertility
and mortality?. Koala retrovirus (KoRV) is endemic throughout these populations and KoRV plasma RNA load is strongly associated with the disease
pathologies afflicting koalas®*. We hypothesize that environmental stressors affecting koalas are intrinsically interlinked to KoRV load and disease,
indicating the need for a holistic approach to conservation management of the species.

KoRV plasma RNA load can vary between koalas by 6-orders of magnitude®. As with other retroviruses®, viral replication is suppressed by pre- and post-
transcriptional silencing® and stimulated by transcription factors. For other retroviruses these transcription factors include a glucocorticoid response
element that is heightened by physiological stress®’. We have recently shown that this glucocorticoid response element is present in the KoRV proviral
genome and that average KoRV plasma RNA load is correlated with average faecal cortisol and corticosterone metabolite levels, which have been used as
indicators of physiological stress and are involved in homeostasis®. Thus, environmental factors leading to chronic physiological stress? likely impair the
koala’s ability to control KoRV replication resulting in immune depletion and the manifestation of disease. Further, chronic stress can directly lead to immune
suppression and an increased susceptibility to infectious diseases® 1. As such, KoRV likely amplifies the direct negative effects of environmental stresses
on koala health'?. In this study, we investigated whether faecal glucocorticoid metabolites (FGMs: cortisol, corticosterone and tetrahydrocortisol) were
associated with KoRV load and disease across a landscape gradient of human modification/activity.

Physiological stress in koalas has previously been assessed by faecal glucocorticoid metabolites (FGM) that provide an integrated measure of adrenal
function and glucocorticoid production over days®'3. In one study examining FGM levels in koalas brought in for rehabilitation, elevated FGM levels were
associated with clearance of Eucalyptus habitat, bushfire-related factors (dehydration and burns injury) and physical injury caused by vehicle collision or dog
attacks®. This suggests that koalas living in peri-/urban landscapes that are exposed to vehicles, dogs and reduced tree cover may also experience a higher
prevalence of chronic stressors than those living in undisturbed habitat. However, to date FGM levels have not been systematically tested between koalas
living in areas with different levels of human association or variation in environmental factors to determine what constitutes an environmental stressor to a
koala.

In our previous work on the phylogeography of KoRV across the koala’s natural range, we determined that different KoRV subtypes are found in different
regions', likely due to the short range dispersal of kin producing positive spatial genetic structure’®' and limiting the spread of locally generated subtypes.
KoRYV exists as both an endogenous virus, integrated into the koala germline, and as a wide diversity of exogenous subtypes that are primarily acquired from
the mother at an early age'”~"°. The exogenous KoRV subtypes are correlated with KoRV plasma RNA load and both KoRV load and the exogenous subtypes
are independently associated with disease in northern koala populations®. As such, koala populations in different regions may have differing KoRV loads,
irrespective of the extent of environmental stress, due to differing subtype profiles. Therefore, we focused our comparisons on koalas from a single region,

the mid-north coast of NSW, Australia.

Wild koala populations on the NSW mid-north coast are facing some of the highest rates of decline due to the black summer fires in 2020 as well as their
proximity to human populations. We compared KoRV load, FGM levels, and Chlamydia infection and disease between koalas living in: (/) minimally disturbed
forest habitat of national parks; (ii) agricultural/rural properties with low exposure to humans, primarily constituting grazing pasture with small stands of
forest, (iii) those in peri-urban and urban environments which have more regular interactions with human-related activities, (iv) exhibit koalas at Port
Macquarie and Port Stephens Koala Hospitals that were wild born but non-releasable and now habituated to captivity, and (v) koalas rescued from dangerous
situations (on roads or in yards with dogs etc.) and brought to Port Macquarie Koala Hospital for assessment and treatment where needed. We also tested
the wild caught koalas (cohorts i - iii) for phascolarctid gammaherpesvirus 1 and 2 (PcGHV-1 and PcGHV-2), which are recently characterised koala
pathogens whose role in koala disease is beginning to be better appreciated?°~2°. In this study, we (1) investigated how FGM levels, KoRV and disease
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(Chlamydia or herpes viruses) differed with the level of human activity (measured by category and distance to population centres); (2) determined if FGM
levels and KoRV load are related on the regional level; and (3) assessed if KoRV load and disease (Chlamydia or herpes viruses) are related on the regional
scale. In a preliminary analysis, we also investigated which fine-scale environmental factors were associated with higher FGM levels and KoRV load, as well
as higher rates of chlamydial disease (see supplementary material).

RESULTS
Koalas

A total of 100 koalas (females = 56, males = 42, unknown = 2) were sampled as part of this study. Of these, 54 were wild caught on the NSW mid-north coast
and included in the association analysis, 14 were exhibit koalas at Port Macquarie Koala Hospital or Port Stephens Koala Hospital and 32 were koalas
rescued from danger in the Port Macquarie region. All wild caught and exhibit koalas were sampled outside the koala breeding season (March-July), while 24
of the koalas rescued from danger were sampled during the breeding season (September-March). The full range of tooth wear classes (1 to 7) were observed
across the study koalas with 21 juveniles (tooth wear class 1-2) and 11 aged koalas (tooth wear 6—7) sampled. Overall, the majority of koalas were in
moderate condition (average body condition score = 3.6 out of 5), although there were 7 koalas in very poor condition (BCS: 1-2). These poor condition
koalas were found in or to the north of Port Macquarie, while koalas in fair and good condition were found across the study region (Figure S1).

FGM levels and disease prevalence

FGM levels

There are three FGM assays that have been used to assess putative stress levels in koalas that target different glucocorticoid metabolites; cortisol,
corticosterone and tetrahydrocortisol. All these assays have been validated in different ways as indicators of changes in glucocorticoids (see methods) yet
given their differing targets may show different responses to koala physiological states. As such, we used all three assays in this study to gain a
comprehensive picture of koala glucocorticoid profiles across a range of human associations and disease states. Faecal cortisol metabolite concentrations
ranged from 33.8 to 250.3 ng/g across the sampled koalas, while faecal corticosterone metabolites varied from 89.3 to 723.2 ng/g. Faecal tetrahydrocortisol
ranged from 8.6 to 463.1 ng/g. However, there were two koalas from different national parks that had outlying high values for tetrahydrocortisol (463.1 and
217.8), which were removed from further analyses as they skewed the data distribution. After removal of these outliers the maximum value for

26.27 and males in this

tetrahydrocortisol was 158.2. Sex differences in faecal tetrahydrocortisol concentrations have previously been reported for koalas
study also had significantly higher faecal tetrahydrocortisol concentrations than females (t-test, p < 0.001). The full range of all FGMs was observed across

the study region (Figs. 1A, S2 and S3).

Koala Retrovirus

KoRV RNA load in plasma ranged from 108 to 108 copies per ml across all samples with the full range observed over the study area. The distribution of
values observed in the Port Macquarie exhibit koalas accorded well with that observed among the wild caught koalas in Port Macquarie (Fig. 2A). The koalas
rescued from danger had significantly higher KoRV loads than the wild caught koalas from the local area (p = 0.007). However, this may have been the result
of those samples being collected during the breeding season, which we have previously found to be associated with elevated KoRV loads 3. KoRV load was
generally low (Log10 KoRV load: 3.46—5.34) among the exhibit koalas from Port Stephens.

KoRV-A was detected in all koalas tested and ranged in relative abundance from 0.05% to 100%. Notably, all exhibit koalas from Port Stephens Koala Hospital
only carried KoRV-A. KoRV-D was found in 60 of the koalas and reached high relative abundances of up to 99.95% in some koalas. KoRV-D was found
throughout the study region (Figure S4). KoRV-B was detected in 33 koalas across the entire study region (Figure S5) and reached high relative abundances
in some koalas of up to 96.9%. KoRV-M was found in eight koalas, that included two koalas from Port Macquarie Koala Hospital and six wild koalas captured
between Port Macquarie and Kempsey (Fig. 3A). KoRV-M reached a maximum relative abundance of 90.5%. KoRV-H was detected in two koalas that were
located inland from Coffs Harbour (Fig. 3A) and reached a maximum relative abundance of 23.7%. No other KoRV subtypes were detected in the region.

Chlamydia pecorum infection and chlamydiosis

C. pecorum was detected in the ocular swabs of 20 of the 73 (27.4%) koalas that returned a valid testing result (koala beta actin DNA positive) and from 34 of
the 80 (42.5%) urogenital swabs, with 12 koalas testing positive at both body sites. C. pecorum infection was found throughout the study region (Figures S6
and S7). A total of 18 of the 86 (20.9%) koalas assessed (exhibit koalas were excluded) had ocular pathology, while 13 (15.1%) showed external signs of
urogenital pathology (wet bottom). These pathologies occurred throughout the study region, although there was a particularly high incidence of ocular
pathology in Limeburner’s Creek National Park to the north of Port Macquarie (Figures S8 and S9). There was a single case where a koala rescued from a
dangerous situation (e.g. on road or in backyard with large dog) had ocular pathology but tested negative for ocular C. pecorum infection. There was also one
case of a female wild caught koala from Tinonee that had external signs of urogenital pathology that tested negative to urogenital C. pecorum.

Phascolarctid gammaherpesvirus 1 and 2

A total of 27 of the 51 (52.9%) wild caught koalas to return a valid testing result (koala beta actin DNA positive) were positive for PcGHV-1, while 34 of 52
(65.4%) had PcGHV-2 detected. These results came from pooled ocular and urogenital swabs, so it was not possible to define which body site was actively
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shedding. Further, due to pooling of samples, a false negative could occur if the DNA from the infected body site swab was below quantifiable level but the
DNA from the other body site swab was beta actin positive, meaning it would pass quality assurance. Both herpes viruses were detected across the study
region (Figures S10 and S11).

Other infectious pathogens

Bordetella bronchiseptica was detected in the nasal swab of one (2.4%) male koala captured at Limeburner’s Creek National Park from among the 41 nasal
swabs that were koala beta actin positive. Mycoplasma spp. was also detected in a single (3.4%) swab from a male captured in Ulidarra National Park (Coffs
Harbour, NSW) from among the 29 pharyngeal swabs that were koala beta actin positive. Ureaplasma spp. and C. pneumoniae were not detected in any swab
types.

Variation in FGM Levels and pathogens among koalas with different human associations

Faecal corticosterone metabolite levels were found to be significantly higher among koalas that were sampled from private rural properties compared with
koalas captured in peri-/urban areas, koalas that were rescued from danger or the exhibit koalas at Port Macquarie and Port Stephens koala hospitals
(Table 1, Fig. 1B). Koalas captured in national parks also had significantly higher faecal corticosterone metabolite levels compared with the exhibit koalas.
While koalas on rural private properties also had the highest faecal cortisol metabolite levels and the exhibit koalas the lowest, these differences were not
significant when the study site was included as a random covariate in the analysis. In comparison to corticosterone and cortisol metabolite levels, there was
little difference in faecal tetrahydrocortisol concentrations between the different cohorts, although the exhibit koalas did have marginally lower values than
the other cohorts (Table 1).

Table 1
FGM levels, disease prevalence and severity by habitat category/ koala cohort

Category n Sex Average Average Average Average Average Average Average Proportion  Proportion

Tooth faecal faecal adjusted KoRV percentage Chlamydia PcGHV-1 PcGHV-2

F:M  wear corticosterone cortisol faecal load of KoRV Score positive positive
class metabolites metabolites  tetrahydro- load KoRV-
cortisol? A

National 21 14.7 3.62 199 323 90 803 75.90 5.30 64.07 1.86 0 503 0.76
Parks ’ ’ ’
Rural 17 9:8 2.97 337.823 123.923 72.30 5.97 28.273 0.94 0.633 0.401
Peri-/Urban 16 12:4 4.10 190.24 79.37 71.77 4.86 55063 0.56 04783 0.75
Rescued 8 2:6 2.75 153.65 94.55 70.22 5.83 58.21 0.13 N/A N/A
from
Danger
Exhibit 14 7.51 30932 132.25 66.80 59.50 5.04 75.74 N/A N/A N/A
p value 0.157 0.025 0.190* 0.9495 0.241* 0.167* 0.008 0.637 0.206*
1: value not available for 2 koalas 4. Adjusted for sex differences by - the female mean and + the male mean to all samples from females
2: value not available for 7 koalas 5. Linear regression model of unadjusted values but including koala sex as a covariate

‘ 3. value not available for 1 koala 6. value not available for 10 koalas

‘ p value without site included as random factor: + 0.05-0.1, * <0.05, **<0.01, ***<0.0

Koalas captured from national parks had significantly higher Chlamydia scores than peri-/urban koalas or koalas rescued from danger (Table 1, Fig. 4B).
There was also a non-significant trend for koalas on rural properties to have higher Chlamydia scores than koalas rescued from danger (post hoc t-test: p =
0.074). As Chlamydia score was tested by proportional odds logistic regression, the study site could not be accounted for as a random effect in the model.
Nonetheless, koalas captured from national parks were significantly more likely to have ocular pathology than peri-/urban koalas or koalas on private rural
properties with site included as a random effect in the model (Table S8).

There were no other significant differences in any of the disease measures between the cohorts when study site was included as a random covariate in the
analysis. There were, however, several differences between the cohorts that were significant if site was not included as a random effect in the analysis
(Table 1) that may warrant further investigation with a larger number of study sites. In particular, koalas on private rural properties had higher KoRV loads,
and much lower proportions of those loads were KoRV-A. Also, as above, the koalas rescued from dangerous situations still had higher KoRV loads than
other peri-/urban koalas, despite those koalas sampled during the breeding season being removed from this analysis (Table 1).

Variation in FGM levels and pathogens among koalas with distance to population
centres
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Among the wild caught koalas, KoRV load and Chlamydia score were both significantly higher the further the koalas were captured from minor or major
population centres (Chlamydia score: p = 0.037; KoRV load: p = 0.014; Fig. 2B). Whereas, body condition PcGHV-1, PcGHV-2 and all FGMs were not
significantly associated with the koalas’ distance to population centres (body condition: p = 0.71; PcGHV-1: p = 0.645; PcGHV-2: p = 0.629; cortisol: p = 0.89;
corticosterone: p = 0.89; tetrahydrocortisol: p = 0.187).

Associations among FGM levels and pathogens

The associations between the FGMs and pathogens were assessed for the wild caught koalas. The exhibit koalas were not included in the analysis as they
had been cleared of identified infectious pathogens and the koalas rescued from dangerous situations were not included as they represented a biased cohort
(see above). Among the wild caught koalas, there was a strong positive correlation of 74% (p < 0.001) between faecal cortisol and corticosterone metabolite
concentrations, while tetrahydrocortisol was not correlated with either of the other FGMs (Fig. 5A). To account for the higher levels of tetrahydrocortisol in
males than females, sex adjusted tetrahydrocortisol concentrations were also included in the analysis (the values for females were increased by subtracting
the female mean and then adding the male mean). However, the adjusted tetrahydrocortisol concentrations were also not significantly correlated with the
other FGMs. Faecal cortisol metabolites were not significantly correlated with any of the disease measures, koala condition or age. By contrast, koalas with a
lower proportion of their KoRV load attributed to KoRV-A had significantly higher faecal corticosterone metabolites levels (p = 0.05), whereas
tetrahydrocortisol concentrations were significantly higher in koalas carrying more KoRV subtypes (p = 0.02) and adjusted tetrahydrocortisol concentrations
were significantly higher in koalas with higher KoRV loads (p = 0.05). Both adjusted and unadjusted tetrahydrocortisol concentrations were also higher in
koalas that were positive for KoRV-B (unadjusted: p = 0.004; adjusted: p = 0.003). In contrast to each other, faecal corticosterone metabolite levels were
significantly higher in younger koalas (p = 0.01), while adjusted tetrahydrocortisol concentrations were significantly lower (p = 0.01). Corticosterone
metabolite levels were also significantly higher in koalas in better condition (p = 0.04; Fig. 5A).

There was a strong and significant positive correlation between KoRV load and the number of exogenous KoRV subtypes caried by an individual (R?=0.67, p
<0.001). Further, the proportion of KoRV load that was KoRV-A was strongly negatively correlated with both KoRV load (R? = 0.68, p < 0.001) and the number
of KoRV subtypes carried (R? = 0.75, p < 0.001; Fig. 5A). Consistent with this, koalas that were positive for KoRV-B and KoRV-D had significantly higher KoRV
loads (p <0.001), carried more subtypes (p <0.001-0.01) and a lower proportion of that load originated from KoRV-A (p < 0.001-0.01; Fig. 5A-B). KoRV-B and
KoRV-D were also significantly associated with each other (p = 0.035). Older koalas carried significantly more KoRV subtypes and were more likely to be
KoRV-B positive (p < 0.05). Interestingly, there was not a significant correlation between KoRV Load and Chlamydia score. Although, koalas that were KoRV-M
positive had significantly higher Chlamydia scores (p < 0.01; Fig. 5B).

Koalas with higher Chlamydia scores were in significantly poorer condition (p < 0.001). PcGHV-2 was more prevalent in older koalas (p < 0.001) and older
animals had significantly lower body condition (p < 0.001; Fig. 5A).

DISCUSSION

In the first study to systematically investigate faecal glucocorticoid metabolite (FGM) levels and koala retrovirus in wild caught koalas across a landscape
gradient of human association, we have revealed that koalas on private properties in rural/agricultural areas have significantly higher faecal corticosterone
metabolite levels than koalas captured in peri-/urban areas, with the same trend observed for faecal cortisol metabolite levels; at first glance, this finding may
appear counter intuitive. While the majority of rural/agricultural koalas were located using nocturnal drone surveys and the peri-/urban koalas were located
by ground searches, the method of location is unlikely to be responsible for the observed differences in these FGM levels between the groups as FGMs
provide an integrated measure of glucocorticoid production over days and are not generally impacted by brief acute stessors®'3. Further, in alignment with
our findings, Narayan and colleagues’?® analysis of koalas brought in for rehabilitation also found that koalas in urban areas had lower cortisol metabolite
levels than those from rural areas, despite their use of a different cortisol enzyme immunoassay. Our assessment of disease rates across the region further
showed that koalas from peri-/urban areas had lower Chlamydia scores than those in national parks and koalas further from population centres had higher
Chlamydia scores and KoRV loads. Together these findings suggest that koalas may have the capacity to cohabitate with humans in the peri-/urban space,
where sufficient suitable habitat is provided, despite their proximity to and interaction with people, dogs and cars. In fact, in this study on the mid-north coast
of NSW, koalas in peri-/urban areas had lower levels of some glucocorticoids and generally better health. In agreement with these findings, koalas located in
a green space away from human habitation had higher rates of Chlamydial disease than those in peri-urban areas of Moreton Bay, QLD?°, as did koalas at the
rural Hidden Vale site in south-east QLD3°. By contrast, Chlamydia rates have been found to be higher on urbanised Raymond Island compared to Mt. Eccles
National Park in Victoria®'. Further, a study of male koalas found a higher incidence of Chlamydia infection and disease in peri-urban areas®?; however, 69% of
the rural koalas included in that study were from central QLD, while all peri-/urban koalas were from south-east QLD. Therefore, it is not clear whether the
findings from that study3? or those from Victoria were due to regional differences or human interaction. Nonetheless, it highlights that the association
between koala health and level of human contact may differ between regions based on the nature of those interactions as well as the quality, extent and
connectedness of habitat across the anthropological gradient. For instance, FGM levels and disease may be higher where human modification of the
landscape leads to high koala densities in isolated habitat patches (see online supplementary material) as was suggested to explain the higher incidence of
Chlamydia and poor body condition among hospitalised koalas from more urbanised areas in south-east Queensland®3.

The lower incidence of disease in peri-/urban koalas in this study may potentially be due to sick (and injured) koalas being more often identified by members
of the public and captured for veterinary attention in peri-/urban areas compared with areas outside of urban centres. In the year of this study, 2023, 156
koalas were admitted to Port Macquarie Koala Hospital and all nine of the koalas captured in Port Macquarie for this study had previously been admitted to
the hospital. Admitted koalas either undergo treatment and rehabilitation or are euthanised, preventing onward transmission of infectious pathogens, such
as Chlamydia, and alleviating suffering, thereby reducing chronic stress levels, which then in turn reduces KoRV loads®. While acute threats such as vehicle
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collisions, dog attacks and loss of habitat in peri-/urban areas are conspicuous to the public, leading to the perception that wildlife and humans are non-
compatible, in fact it appears that suburbia can be a refuge for many species®*. For instance, the common brushtail possum (T. vulpecula) is in decline in
rural and arid areas of Australia due to predation by foxes and the effects of drought but is common in suburban areas where there is well watered forage
and artificial denning sites35~38. Furthermore, the lower rates of disease observed in peri-/urban koalas suggests that wildlife hospitals and carers may be
making a meaningful difference to wildlife population health, and in the case of the koala, veterinary interventions outside of urban centres could play a
valuable role in conservation efforts.

Interestingly, unlike the other FGMs, tetrahydocortisol concentrations were very similar across the gradient of human associations with only the exhibit
koalas showing marginally lower values. Faecal tetrahydrocortisol concentrations were not correlated with faecal corticosterone or cortisol metabolite
concentrations, while cortisol and corticosterone showed high concordance. This may be because the tetrahydrocorticosterone assay specifically targets
faecal glucocorticoid metabolites®®, whereas the cortisol and corticosterone assays likely detect a range of metabolites in addition to their respective parent
compounds. While all these FGM assays have been used as indicators of stress in koalas, corticosterone and cortisol are not only involved in the stress
response but also in reproduction and homeostasis®*°. Further, the metabolites of these glucocorticoids that are detected in the faeces will likely vary
according to the specific degradation and excretion pathways employed, which in turn will be influenced by the koala's physiological state*?. As such, FGM
concentrations are influenced by a range of intrinsic and extrinsic factors in addition to physiological stress®4°. Further, the effects of these factors may
differ depending on the specific metabolites measured. Here we have confirmed the findings of previous studies?®?’ that tetrahydrocortisol concentrations
differ between the sexes, while no sex differences were detected for faecal cortisol or corticosterone metabolites. Once these sex differences were taken
into account, we also found, in contrast to a previous study?®, that tetrahydrocortisol concentrations were higher in older koalas, while corticosterone
metabolites were at higher concentrations in younger koalas. Further, in our exploratory analysis of the environmental factors that influenced FGM levels (see
online supplementary material) higher cortisol and corticosterone levels were associated with colder areas, while tetrahydrocortisol levels were higher in
koalas in areas with lower foliar moisture content. Variation in these intrinsic and extrinsic factors across the landscape likely explain why a difference in
tetrahydrocortisol concentrations was not seen across the range of human associations. They also likely contributed to why, contrary to the findings of
Santamaria and collegues?’, we did not find any significant correlations between FGM levels and any disease measures. Although, disease may have also not
been a major driver of FGM levels in this study as koalas in our study were wild caught, as opposed to brought in for rehabilitation, and the extent of their
disease symptoms were generally less severe than in other studies.

Despite the effects of non-stress related factors on FGM concentrations, the significant positive relationship between faecal corticosterone metabolite levels
and body condition score was unexpected. This result may stem from adrenal exhaustion and senescence in koalas with very poor condition. All koalas with
a body condition score of < 3 were either older (tooth wear > 6) or had clinical signs of Chlamydiosis. Corticosterone metabolites were found at lower
concentrations in aged koalas in this study, which may have contributed to the lower levels seen in poor body condition koalas. Additionally, while it might be
expected that acute stress from disease would lead to higher FGM levels as seen in other koala studies?’, the effect of chronic stress on FGM levels is
variable based on the species and stressor*’. For instance, chronic stress as the result of disease has been found to lead to adrenal exhaustion and reduced
FGMs in black rhinoceros (Diceros bicornis)*?. As koalas in very poor body condition had likely suffered from chronic disease, adrenal dysfunction may be an
additional factor contributing to lower corticosterone metabolite levels in koalas with poor body condition. As such, there is a need for further research into
the effects of chronic stress associated with disease on FGM levels in koalas.

In a recent temporal study of wild koalas in south-east Queensland, we revealed that average faecal cortisol and corticosterone levels and average KoRV
loads were positively correlated®. In this study, KoRV load and these FGMs were not significantly correlated but KoRV load was significantly associated with
adjusted tetrahydrocortisol concentrations. The lack of significance for cortisol and corticosterone metabolites may have been the result of both KoRV load
and FGM levels being point measures in this study rather than average measures over time. In our previous study, KoRV load was found to be very temporally
stable, while FGM levels were labile. Further, while average KoRV loads and FGM levels were correlated, cortisol and corticosterone metabolite levels did not
predict within koala variation in KoRV load®. Thus, single timepoint measures may not reliably capture the relationship between FGMs and KoRV load.
Nonetheless, across the region, KoRV load and faecal corticosterone and cortisol metabolites did appear to be co-distributed, as high levels of both were
found in rural areas and were predicted by a similar set of fine-scale environmental factors (see online supplementary materiel). Additionally, the proportion
of KoRV load that was KoRV-A was significantly positively correlated with both faecal corticosterone metabolites measures and KoRV load; the number of
KoRV subtypes was significantly positively associated with both tetrahydrocortisol concentrations and KoRV load; and KoRV-B carriage was significantly
positively associated with unadjusted and adjusted tetrahydrocortisol concentrations as well as KoRV load. While together these findings are suggestive of a
positive relationship between koala stress levels and KoRV load, the significance of specific associations may be affected by both the labile nature of FGMs
and the impact of intrinsic and extrinsic factors on their baseline levels as discussed above.

This study has confirmed the relationship between KoRV load and the relative abundance of the exogenous subtypes, which was previously found in koalas
from south-east Queensland®*. Further, it adds evidence that KoRV load increases as koalas acquire more subtypes and that the number of subtypes a koala
carries increases with age. As such, older koalas may be more susceptible to diseases caused by infectious pathogens due to their high KoRV burden and
presumed reduced immune system function. Studies have suggested that KoRV causes immune suppression and predisposes koalas to secondary diseases

such as chlamydiosis®#43~45. However, in this study KoRV load was not significantly correlated with Chlamydia scores. One possible explanation for this
discrepancy is that on the regional scale, rates of Chlamydia infection and disease are more influenced by encounter rates with infected individuals, and with
the locally prevalent C. pecorum strains rather than individual susceptibilityC. Additionally, even within our study area, we observed geographic differences in
the incidence of KoRV subtypes that may have influenced KoRV load and disease across the region. Indeed, previous studies have found that the exogenous
KoRV subtypes B, D and D/F increase the risk of secondary disease independently to KoRV load*#4746_ |n this study, KoRV-M was most prevalent in
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Limeburners Creek National Park where the koalas also had a high rate of C. pecorum infection (QPCR positivity) and associated pathologies, leading to a
significant positive correlation between KoRV-M and Chlamydia scores.

The role of Phascolarctid gammaherpesviruses 1 and 2 in koala disease and how they interact with KoRV is largely unknown. PcGHV-1 has been associated
with KoRV pol positivity in Victorian koalas29-2547_ Further, previous studies in Vic, NSW and QLD koalas have found a positive relationship between PcGHV-1
and urogenital C. pecorum infection??4” and PcGHV-2 has been associated with both poor body condition score and C. pecorum infection?'#”. While there
was a positive trend between both PcGHV-1 and 2 with the number of KoRV subtypes, Chlamydia scores and poor body condition in our study, these trends
were not significant. This may be attributed to the relatively small sample size of this study combined with the higher incidences of both herpes viruses on

21,22,47

the NSW mid-north coast compared with other regions. The previously reported higher incidence of PcGHV-1 in older koalas was also observed in this

study but non-significant. We did however confirm a previous report?? that older koalas are more likely to carry PcGHV-2 adding evidence that PcGHV-2 is
horizontally rather than vertically transmitted from mother to offspring as previously postulated*’.

One unexpected finding from this study was that the koalas rescued from danger had the lowest Chlamydia scores. However, this finding may be an artifact
of how the koalas admitted to Port Macquarie Koala Hospital were classified into the different cohorts in this study. Koalas were only categorized as being
rescued from a dangerous situation (e.g. found on a road or in a backyard with a large dog) if that was the reason recorded for their hospital admission. It is
likely that if a koala presented to the hospital with symptoms of chlamydiosis then this would have been recorded as their reason for admission, even if they
had actually been brought in after being rescued from a dangerous situation. As such, koalas included in the removed from danger cohort were unlikely to
have chlamydiosis.

This study has provided valuable insights into how disease and FGMs vary across a gradient of human associations and a preliminary explorative analysis of
what fine-scale environmental factors influence FGMs and disease in koalas. It has also provided further evidence that FGM levels and KoRV load are linked
across the landscape. It highlights that the different FGMs are influenced by intrinsic and extrinsic factors in different ways and that further research is
needed to understand these relationships before FGMs can be used as a reliable measure of koala stress on the landscape scale. While this study provided
little support for the role of KoRV in disease susceptibility, potentially due to the substantial effect of regional level factors in this dataset, it has nonetheless,
detailed the prevalence of KoRV subtypes, Chlamydia infection and herpes viruses on the NSW mid-north coast that will be invaluable for guiding
conservation efforts for this endangered species in the region.

MATERIALS AND METHODS
Reporting, ethical clearance and government permits

All methods are reported in accordance with ARRIVE guidelines*® and were carried out in accordance with relevant guidelines and regulations. All
experimental protocols were approved by the relevant institutions (Western Sydney University ethics approval: A15244; and a scientific licence from the NSW
Department of Planning, Industry and Environment: SL102726).

Koala cohorts

Wild caught koalas from the mid-north coast of NSW

A total of 54 koalas were captured, screened, and sampled between April and July 2023 from 21 sites on the NSW mid-north coast (northern extent: Coffs
Harbour, southern extent: Port Stephens, western extent: Nowendoc; see Figs. 1-4 and Table S9). The sites were located across the coastal plain and
escarpment and bounded by the beginning of the tablelands. Of the sites, 21 were captured in National Parks, 17 were located on private rural properties and
16 were sampled from peri-urban areas. National Parks and peri-urban areas were selected for the study based on recorded previous koala sitings and the
presence of habitat of high or very high koala suitability based on the NSW Department of Climate Change, Energy, the Environment and Water’s model
provided by Allen Mcilwee*°. Private rural property owners were contacted through the local land service’s environmental mailing lists. Interested land
holders then contacted the researchers and properties which either engaged in some form of agriculture or were adjacent to agricultural land were selected
for inclusion in the study.

Koalas were located for capture either through diurnal ground searching with the assistance of binoculars or by nocturnal surveys utilizing thermal camera
equipped drones. Drone surveys were completed on 14 nights with up to 125 ha surveyed each night (online supplement: summary of nocturnal drone
surveys). Drones were flown along a pre-programmed flight path consisting of parallel linear transects spaced 50 metres apart at a constant height of 65
metres and a maximum speed of 8m/s. When thermal signatures were identified, drones were lowered to allow for better observation to identify the
detection from the drone based on appearance (e.g. size of the detection, presence of identifying features such as tails) or behaviour (e.g. location in canopy
or on the ground, movement patterns such as hopping). When lowering, a distance of 20 metres from canopy height was maintained to avoid potential
disturbances and collisions with arboreal fauna and the tree canopy. Drone surveys were only conducted in national parks and on private rural properties.
Koalas in urban areas were spotted by ground searchers only.

Koalas were captured using the safety line and flagging technique %°. Briefly, once a koala was found, a flag attached to a telescoping pole was gently waved
in front of the koala to encourage them to back down the tree. Once the koala moved within reach, a rope loop (with safety stop to prevent overtightening)
was placed over their head to prevent the koala from climbing back up the tree. Flags were then used to encourage the koala to move to the bottom of the
tree where they could be negotiated into a sack.

Page 7/18



The captured koalas were then transported from the location of capture a short distance to a field station for health assessment and sample collection.
Koalas were anesthetised by the attending veterinarian using a combination of midazolam premedication (benzodiazepine) at 0.3-0.5mg/kg and Alfaxan
(Jurox - Alfaxalone 10mg/ml) at 2mg/kg administered intramuscularly into either of the gluteal or quadraceps muscles. Complete anaesthesia was then
achieved via mask with 3—5% isoflurane at an oxygen flow rate of 2—3 L/min. At completion of the procedure the isoflurane was turned to 0% and the koala
maintained on oxygen at a flow rate of 2-3L / min until the koala regained consciousness. When able to support their head, the koala was moved into a
recovery position within a supported basket and monitored visually. After full recovery from anaesthesia, koalas were released at the point of capture.

The captured koala’s general health status was assessed by standardised body condition scoring®' and the presence of any overt disease pathologies
(conjunctivitis, cystitis etc.) was determined by external veterinary examination. Koala age was estimated from tooth wear®2. Koalas were fitted with an ear
tag and microchipped for individual identification. Nineteen (35%) of the captured koalas had clinical signs of chlamydiosis on external examination and
were admitted for rehabilitation to the appropriate wildlife hospital or care group. Four of these koalas were subsequently included in our temporal study
investigating how antibiotic treatment of chlamydia affects KoRV loads®.

Exhibit koalas from Port Macquarie and Port Stephens Koala Hospitals

Exhibit koalas were sampled to provide a baseline reference of healthy koalas to assist in the interpretation of our findings from the wild koalas. A single
sample was collected from each exhibit koala from both Port Macquarie Koala Hospital (n = 7) and Port Stephens Koala Hospital (n = 7) between May and
August 2023. Five of the Port Macquarie koalas were also subsequently included in a temporal study of KoRV load and faecal glucocorticoid metabolites®.
Samples were collected by veterinary staff during routine health checks or for the purposes of this study. The koalas were wild born from the local area and
previously brought in for rehabilitation. However, while these koalas were successfully returned to health, they were deemed non-releasable due to permanent
disabilities such as missing claws needed for climbing.

Koalas rescued from dangerous situations

A total of 32 koalas were assessed and sampled by veterinarians at Port Macquarie Koala Hospital between March 2023 and January 2024 that were
rescued from dangerous situations by volunteers from the hospital in peri-urban areas. These dangerous situations involved a range of circumstances
including but not limited to being on or adjacent to a road, found in a backyard with a large dog or in an area with no suitable habitat such as on a shopping
strip. Five of these koalas were then subsequently included in our temporal study investigating how antibiotic treatment of Chlamydia affects KoRV loads®.

Sample collection

Blood samples were collected to assess KoRV plasma RNA load and KoRV subtypes. Blood was drawn by a veterinarian from the cephalic vein either under
anaesthesia or during conscious restraint. The blood was then transferred to an EDTA coated tube to prevent clotting and kept on ice in the field. The
samples were then centrifuged at 16 000 g for 10 minutes within 12 hours of collection and the plasma collected by pipetting. Samples were stored in liquid
nitrogen in the field and then transferred to a -80°C for long term storage in the laboratory.

Faecal samples were collected to assess faecal cortisol and corticosterone metabolite levels. Faecal pellets were either collected from; the base of their
capture tree if the koala defecated during capture; the base of the koala's enclosure/transport cage; directly from the koala’s cloaca during examination; or
from plastic mats placed underneath the koala after release. All pellets were collected within 12 hours of production, placed in zip lock bags and kept on ice
in the field. Pellets were transferred to a -18°C car freezer each evening and then stored at -20°C in laboratory.

Urogenital, bi-lateral ocular, pharyngeal and nasal swabs were collected from all wild caught koalas and koalas rescued from danger to test for a range of
infectious pathogens including Chlamydia pecorum, C. pneumoniae, Mycoplasma spp., Ureaplasma spp., Bordetella bronchiseptica. The exhibit koalas were not
tested for these infectious diseases. Chlamydia positivity of the koalas rescued from danger at Port Macquarie Koala Hospital was determined from
urogenital and ocular swabs screened by either an in house point-of-care LAMP diagnostic test®® or by the Koala Health Hub at the University of Sydney on a
BioRad CFX (CT cutoff for a positive result < 34, while a weak positive result was recorded for CT values between 34 and 40). All other pathogens were tested
for in the koalas rescued from danger as described below. Samples were kept on ice in the field and then frozen at -18°C each night followed by storage in
the laboratory at -80°C prior to DNA extraction.

KoRV plasma RNA load and subtype profiles

Total RNA was extracted from the plasma using the High Pure Viral Nucleic Acid Kit (Roche) according to the manufacturer’s instructions with modifications
as outlined in Blyton et. al.’. First strand cDNA was created using Superscript Il (Invitrogen) as per Blyton et. al."*. KoRV plasma RNA loads were estimated
by quantitative PCR of a 110 bp fragment of the KoRV pol gene 5* amplified in triplicate from the plasma cDNA as per Blyton et. al.* (CT cutoff for detection <
31.5).

An approximately 500 bp region of the KoRV env gene containing the previously identified hypervariable domain as described in Chappell et al. 5% was
amplified by nested PCR* and sequenced on the lllumina Nextseq. The resulting data was then processed in CLC genomics workbench 20 and QIIME 25¢
according to Blyton et. al.’ to determine which subtypes were carried by each koala and in what proportions.

Faecal cortisol, corticosterone and tetrahydrocortisol metabolite levels

Faecal samples were dried overnight at 65°C, weighed (0.2 + 0.01g) and extracted with 5mls of 80% methanol by overnight agitation. The samples were
centrifuged and the methanol extract decanted and frozen (-20°C) until analysis. Faecal extracts were diluted 1:10 in assay buffer and analysed in duplicate
for cortisol metabolite levels using a commercially available cortisol enzyme-immunoassay (EIA; ISWE002; Arbor Assays, USA), corticosterone using an in-
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house enzyme-immunoassay (CJMO006; Coralie Munro, UC Davis, USA) and tetrahydrocorticosterone (50c)%” using an in-house enzyme-immunoassay with
two control samples run on each plate. Results were then evaluated using a BioTek ELx808 plate reader and Gen5 software. The inter and intra assay
variation for the assays were 7.8% and 4.2% for corticosterone, 8.7% and 4.8% for cortisol and 10.4% and 8.2% for tetrahydrocorticosterone respectively.

The suitability of the cortisol EIA (Arbor Assays) for detection of koala faecal cortisol metabolites has previously been evaluated through comparison with
another validated cortisol EIA (C.J. Munro, UC Davis, USA)'3%85% and we have confirmed that the two assays yield comparable results in our laboratory®. An
initial evaluation of the corticosterone EIA did not appear to show its suitability for monitoring faecal glucocorticoid metabolites in koalas'3. However,
subsequent assessment of faecal progesterone levels after induced ovulation revealed a lag of 24-48 hrs between production and excretion®? that is
consistent with the timing of a small peak observed in 3 of 4 koalas in faecal corticosterone metabolites during the corticosterone EIA validation by ACTH
challenge. This suggests that the assay does detect biologically relevant changes in FGMs and is suitable for use in koalas but has a shorter lag than initially
thought. The tetrahydrocorticosterone (50C) assay selectively targets the primary glucocorticoid metabolite present in koala faeces (tetrahydrocortisol) after
injection of exogenous cortisol3°. However, it is unknown if this is the primary metabolite produced from endogenous cortisol production or whether its
concentration in the faeces is sensitive to changes in circulating cortisol levels. All three assays were therefore utilised in this study with an assumption that
they likely detect different glucocorticoid metabolites due to their distinct antibodies and may differ in their magnitude of change or patterns depending on
the driver of the physiological response (and its potential influence on the metabolism and excretion of the hormones).

Multi-pathogen screening

Urogenital, bi-lateral ocular, pharyngeal and nasal swabs were screened for Chlamydia pecorum, C. pneumoniae, Mycoplasma spp., Ureaplasma spp. and
Bordetella bronchiseptica using two multiplex real-time PCR assays®? on a Rotor-Gene Q (Qiagen) with a CT cutoff of < 35 for a positive result. DNA was
extracted from the swabs using the MagJET genomic DNA kit (Thermo Fisher Scientific) following manufactures instructions and then purified using the
KingFisher Flex (Thermo Fisher Scientific). Multiplex 1 included detection of the koala beta actin (CT cutoff < 35) as a control to confirm the presence of
koala cells on the swab and no gPCR inhibitors.

Phascolarctid gammaherpes virus 1 and 2 testing

DNA extracted from urogenital and pharyngeal swabs for screening on the multi-pathogen qPCR assays was also used to detect phascolarctid
gammaherpesvirus 1 and 2 (Manticavirus phascolarctidgamma®®). DNA was diluted at a 1:10 ratio to reduce the impact of PCR inhibitors. Diluted samples
were then pooled for each koala prior to conducting the qPCR assay. The PcGHV-1 and PcGHV-2 qPCR assays target the dpol gene of each of the two known
phascolarctid gammaherpesviruses. Samples were run in duplicate on a Bio-Rad CFX Opus following established protocols?%23. Samples are deemed
positive for PcGHV-1 if they have a cycle threshold (Ct) value of < 37.5 and melt temperature of 81-81.5°C. For PcGHV-2 samples are deemed positive if they
have a Ct value of < 35-36 and a melt temperature of 87-87.5 °C. Any ambiguous or unclear samples were repeated on a qPCR run including the
housekeeping gene beta-actin to ensure that PCR inhibitors or low DNA concentration was not impacting the prior ambiguous results.

Chlamydia scoring

To model Chlamydia pecorum infection across the landscape an ordered factor combing both infection and pathology across body sites (Chlamydia score)
was formulated as follows: 0 = Not infected with C. pecorum, 1 = asymptomatic C. pecorum infection at one body site, 2 = asymptomatic C. pecorum infection
at both body sites, 3 = symptomatic C. pecorum infection at one body site, 4 = symptomatic C. pecorum infection at one body site and asymptomatic C.
pecorum infection at the other body site; 5 = symptomatic C. pecorum infection at both body sites.

Statistical Analyses

The correlation matrices of FGMs, KoRV, Chlamydia scores, PcGHV-1 and PcGHV-2, body condition and tooth wear were generated using prism. R? values
were only reported for continuous or integer variables, while only the direction and strength of the association were indicated for the binary variables. The
significance of the associations were determined by linear regression in prism for two continuous variables, by Wilcoxon rank sum tests for a continuous and
binary variable and logistic regression for two binary variables using the stats package in R%.

For the analysis of how FGM levels and disease measures varied between the different koala cohorts, only koalas sampled outside the koala breeding
season were included to remove any potential breeding season effects that have previously been observed for KoRV load and FGM levels®2%; this restricted
the sample size of the koalas rescued from danger to eight koalas. Significant differences among the different koala cohorts in FGM levels and diseases
were determined by fitting mixed effects models using Ime4 package®® in R%, with the cohort fitted as the explanatory variable and sampling site fitted as a
random effect. For the model of faecal tetrahydrocortisol concentrations, sex was included as a fixed covariate to account for the documented higher levels
in males. Continuous variables were fitted using a linear (gaussian) model with appropriate transformation (none, square root or rank) such that the resulting
residuals of the model conformed to normality (as assessed using the Shapiro-Wilkes test). Count and binary responses were fitted using generalised linear
models with Poisson or Logit link function, respectively. Body condition score and Chlamydia score was fitted as an ordered factor in a proportional odds
logistic regression model using the MASS package®®%” in R, which did not allow for the inclusion of random effects. The significance of pairwise
comparisons for Chlamydia score and body condition score was determined using the eemeans package® in R.

To assess if disease, FGM levels or body condition varied by the koalas’ distance to population centres, regression models were constructed in R. Ordered

logistic regression was used to assess body condition and Chlamydia score (MASS package®®%”), while generalised linear models with Logit link functions
were used to assess PcGHV-1 and PcGHV-2 (stats package) and linear models were used to assess the FGMs and KoRV load. In each analysis the distance
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to all major and minor population centres was used as the explanatory variable. This measure was calculated by Allen Mcilwee (NSW Government
Department of Climate Change, Energy, the Environment and Water) using an existing corporate towns mapping layer in ArcGIS. For the KoRV load analysis
the number of KoRV subtypes carried by a koala was included as a covariate to account for geographic differences in KoRV subtype prevalence (Ime4
package®).
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Figure 1

a) Faecal corticosterone metabolite concentrations (ng/g) across the study region. The size of the pie charts is indicative of the sample size at each study
site. b) Box plots of faecal corticosterone metabolite concentrations (ng/g) by Cohort. X indicates the mean for each cohort.
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a) Log 10 KoRV
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a) KoRV plasma RNA load across the study region. The size of the pie charts is indicative of the sample size at each study site. b) Difference in KoRV load
from expected value plotted against the distance to major and minor population centres. The expected value was calculated from the linear regression
analysis of KoRV load against the number of KoRV subtypes carried by a koala.
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KoRV-H and KoRV-M prevalence across the study region. Note that none of the koalas had both KoRV-H and KoRV-M. The size of the pie charts is indicative
of the sample size at each study site.
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a) Chlamydia Score
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a) Chlamydia score across the study region. The size of the pie charts is indicative of the sample size at each study site. b) Box plots of Chlamydia scores by
Cohort. X indicates the mean for each cohort.
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