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ABSTRACT

The gut microbiome can play a critical role in humans and wildlife, assisting with digestion, immunity and detoxification. This
community is often adapted to the animal’s ecosystem and fluctuates with seasonal shifts in diet. The gut microbiome can also
be altered by anthropogenic effects such as invasive species creating increasingly homogenous landscapes. This in turn could
reduce the overall diversity of the microbiome, which has been hypothesized to hinder adaptive potential. However, despite
its probable importance, many species are still data deficient with regards to their specific gut microbiome. One data deficient
species is the critically endangered northern hairy-nosed wombat (Lasiorhinus krefftii). Northern hairy-nosed wombats have
undergone and slowly recovered from an extreme bottleneck over the last century, and the remaining populations live in increas-
ingly homogeneous habitats dominated by invasive buffel grass (Cenchrus ciliaris). To fill in this gap we characterised the faecal
microbiome of the northern-hairy-nosed wombat using 16S rRNA gene amplicon sequencing. To accomplish this, we collected
fresh faecal samples from two populations across two seasons to generate a baseline profile of the microbiome as well as examine
the effects of seasonality and geography. Additionally, we compared the faecal microbiome of the northern hairy-nosed wombat
to the closest related species, the southern-hairy-nosed wombat (Lasiorhinus latifrons). From our results we determined that
the microbiome of the northern hairy-nosed wombat changes from winter to spring and corresponding taxonomic shifts may
be assisting the wombats with digestion during the dry months. Between the two wombat species we identified core taxa that
are consistent with hindgut fermenting herbivores; however, differentially abundant taxa between the two species may indicate

adaptations to the specific ecosystems they each inhabit.

1 | Introduction

The diverse assemblage of microorganisms that live throughout
the digestive tract of many mammals is known as the gut mi-
crobiome. This community of microbes has been the focus of
intense research in humans and animals and can contribute to
pathogen defence (Spragge et al. 2023), improved nutrient ex-
traction (Walter and Ley 2011), and training the immune system
(Hooper et al. 2012; Schluter et al. 2020). However, significant

changes to this community can lead to dysbiosis which has been
suggested to contribute to illness in humans as well as translo-
cated and captive animals (Schippa and Conte 2014; Williams
et al. 2016; Westreich et al. 2019). Furthermore, recent reviews
highlight the importance of the gut microbiome in wildlife con-
servation in relation to species reintroduction success, changes
to microbiome function in captive animals, and the ability of
species to adapt to environmental change (Trevelline et al. 2019;
Dodd and Grueber 2021).
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The gut microbiome can be adapted to the specific diet and eco-
system that an animal inhabits (Brice et al. 2019; Rojas et al. 2021;
Li et al. 2022). In herbivores, these microbial communities have
evolved to help digest the varying types of plant material they en-
counter, from tree bark to ripe fruits (Price et al. 2012; Groussin
et al. 2017; Rojas et al. 2021). This microbial workforce breaks
down cellulose and other fibres to release nutrients otherwise
unavailable to the host, and can neutralise potentially toxic com-
pounds (Kohl et al. 2014, 2018; Shiffman et al. 2017; McKenney
et al. 2018). The specificity and co-evolution of these microbial
communities to their hosts, diets and ecosystem have allowed
some herbivores to consume highly specific and potentially toxic
diets. Two such cases are koalas (Phascolarctos cinereus) and des-
ert woodrats (Neotoma albigua) (Kohl et al. 2018; Brice et al. 2019).
While these assemblages of microorganisms might serve highly
specialised roles, the communities are far from static.

Shifts in gut microbial communities can be caused by changes in
diet, season, habitat, natural disaster, or captivity (Rojas et al. 2021;
Perry et al. 2023; Ma et al. 2024). Gomez et al. (2016) found shifts
in microbial communities associated with season based on avail-
ability of ripened fruits in gorilla species (G. g gorilla and G. b.
beringei). These changes coincided with the need to digest more
fibrous unripe fruit during the winter months of November and
December. At an even finer scale Brice et al. 2019, found that the
gut microbiome of the koala changes based on which species of
eucalypt they were foraging on. However, while these communi-
ties are malleable, they may not be capable of drastic shifts partic-
ularly when an herbivore has a more specialised diet. Eisenhofer
et al. (2023) found that the microbiome of the koala remained sta-
ble over days to months which may impact their ability to adapt to
large scale changes in their environment. This fact is concerning
at a time when ecosystems are being rapidly altered, and human
encroachment is increasing.

Human induced habitat change has been shown to affect the gut
microbiomes of multiple wildlife species by altering the diets, re-
ducing diversity, and introducing human or livestock associated
microbes (Amato et al. 2013; Fackelmann et al. 2021; McManus
et al. 2021; Moustafa et al. 2021; Heni et al. 2023). In the gut
microbiome of Tome's spiny rats (Proechimys semispinosus) and
black howler monkeys (Aloutta pigra), Fackelmann et al. 2021
and Amato et al. (2013) identified reduced alpha diversity and
greater variation in beta diversity in animals living in highly dis-
turbed and fragmented habitat. McManus et al. (2021) identified
human and bovine associated microbes in the gut microbiomes
of black-and-white ruffed lemurs (Varecia variegata editorum)
suggesting a potential risk for zoonotic transfer. While the
changes in microbial community suggest a degree of adaptive
plasticity, the loss of microbial diversity and the limited ability
to further change are significant points of concern. However, to
understand if changes are deleterious, we first need to charac-
terise the community and its natural fluctuations.

The northern hairy-nosed wombat (Lasiorhinus krefftii,
NHNW) is a large (~32kg), critically endangered fossorial mar-
supial that builds burrows in sandy soil of old river beds, and
has a diverse diet that consists of native and introduced grasses
(Johnson and Crossman 1991; Martin and Carver 2021; Casey
et al. 2023). The historical range and habitat of the NHNW
extended from central Queensland down to southern NSW

(Martin and Carver 2021). However, the species suffered pop-
ulation extirpations in the late 19th and early 20th century
resulting in a single surviving population at Epping Forest (cen-
tral Queensland) by 1937 (Taylor et al. 1994; Horsup et al. 2021;
Martin and Carver 2021) (Figure 1). By the early 1980s the spe-
cies was reduced to ~30 individuals located at Epping Forest
National Park (EFNP). Subsequent intensive management of the
EFNP population has seen it recover to approximately 400 indi-
viduals, and allowed for the creation of two translocated popula-
tions at Richard Underwood Nature Refuge (RUNR, n=18) and
Duny Yumba National Park (formerly Powrunna State Forest)
(n=37, Department of Environment and Science 2025; Nothern
hairy-nosed wombat recovery action plan 2022).

Wombats are hindgut fermenters and therefore rely heavily on
the community of intestinal bacteria to extract nutrients from
their diet (Barboza and Hume 1992; Sobek and Walker 2021;
Camp et al. 2020; Casey et al. 2023, 2024). Recently Casey
et al. (2023), characterised the diet of the NHNW wombat using
DNA metabarcoding of scats and found it to be diverse with over
191 plant taxa that varied significantly based on site and season.
However, most of these taxa were in low abundance and invasive
buffel grass (Cenchrus ciliaris) was the major component of the
diet across all study sites. They also found an increasing reliance
on buffel grass since the first dietary studies more than 20years
ago (Woolnough and Foley 2002; Casey et al. 2023). To further
assess the impacts of buffel grass Casey et al. (2024), examined
the nutrient composition of the diet in northern hairy-nosed
wombats and found that nutritional quality varied according to
the season and site and that buffel grass may be an important
source of food particularly in winter when resources are more
scarce. However, the increasing reliance on buffel grass might
be cause for concern due to its lower nitrogen values and the
need to eat more to achieve the same nutritional levels, particu-
larly as it rapidly outcompetes native grasses.

How habitat affects the faecal microbiome of wombats has been
examined in the closest relative of the NHNW, the southern
hairy-nosed wombat (Lasiorhinus latifrons, SHN'W) (Eisenhofer
et al. 2021). The SHNW is endemic to South Australia and
Western Australia, and lives in semi-arid areas with hard cal-
crete soils (Figure 1) (Walker et al. 2006; Swinbourne et al. 2021).
Eisenhofer et al. (2021) examined the faecal microbiome of the
southern hairy-nosed wombat and compared its diversity and
composition across different quality of habitats based on the
amount of native grasses vs. introduced weeds. They found that
the faecal microbiome had reduced diversity in the degraded
habitat which could indicate a reduced fitness to future change,
further emphasising the need to maintain diverse native grass
assemblages. This is particularly relevant to a species like the
NHNW that is living in an increasingly homogenous grassland
which may be reducing the diversity of its gut microbial commu-
nity. However, to date, no study has examined the faecal micro-
bial community of the NHNW, or how the faecal microbiomes of
different wombat species compare.

To this end, the aims of our study were to (1) characterise
the faecal microbiome of the NHNW, (2) examine whether
there is seasonal variation, (3) look for geographic variation
between reserves and (4) compare the microbiome of the
NHNW to SHNW (Eisenhofer et al. 2021). To accomplish this,
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we collected fresh northern hairy-nosed wombat scats from
Epping Forest National Park and Richard Underwood Nature
Refuge across two seasons in 2022 and 2023 and character-
ised the microbial community with 16S rRNA gene amplicon
sequencing.

2 | Materials and Methods
2.1 | Sample Locations and Collection

All samples were collected from two extant populations of
northern hairy-nosed wombats at Epping Forest National Park
in central Queensland and Richard Underwood Nature Refuge
in southern Queensland (Figure 1). Samples were collected
opportunistically from across each reserve. To explore season-
ality of the wombat microbiome we collected 33 wombat faecal
samples at Epping Forest National Park in September of 2022
(spring) and 53 in July 2023 (winter). To assess geographic
influences, we collected an additional 30 fresh faecal sam-
ples from the translocated population at Richard Underwood
Nature Refuge in July 2023 (Appendix S1). Approximately 15
NHNW had been translocated to RUNR in 2009 with a small
number of additional translocations in subsequent years.
Thus, wombats at RUNR had been resident for up to 15years
prior to sampling and they included a mix of translocated and
locally born animals.

To minimise the microbial shift that occurs once an animal
defecates, we collected all faecal samples at sunrise stopping by
10am in spring (2022) and by 11 am in winter (2023). Before col-
lection a faecal pile was examined and determined to be fresh by
the shiny surface and tacky texture of one of the pellets. Visible
urine stains were also used as an indication of freshness. All
faecal samples were collected following the protocols outlined
in Eisenhofer et al. 2021, which involved removing the inter-
nal part of the faecal pellet to mitigate surface contamination.
Once the core was removed, we placed the sample in 1 mL of 95%
molecular grade ethanol to preserve the microbial community
(Song et al. 2016). All instruments were thoroughly cleaned be-
tween samples using 5% bleach followed by 70% ethanol. After
collection samples were placed in a —20°C freezer at each reserve
and stored on ice for transport back to a dedicated microbiome
lab where they were stored at —20°C until DNA extraction.

2.2 | Sample Preparation

2.2.1 | DNA Extraction

All samples were extracted in a dedicated microbiome labora-
tory physically isolated from post-PCR areas. Within the lab we
performed the DNA extractions in a dedicated Perspex hood that
was UV decontaminated and wiped down with 3% bleach and
70% ethanol before and after each extraction. We performed a

Z->

Epping Forest National Park
(n=86)V

© Wonga station (n = 23)
[ Brookfield Conservation Park (n = 17)
Y Kooloola station (n = 21)

Richard Underwood Nature Refuge
(n=30) 3¢

FIGURE1 | Sampling locations for northern and southern hairy-nosed wombats. The two NHNW wombat populations are shown with a pur-

ple triangle (EFNP) and star (RUNR). The contemporary range of the SHNW is shown in brown and the three sampling locations from Eisenhofer

et al. 2021 are shown with a green circle (Wonga station), square (Brookfield Conservation Park) and star (Kooloola station).
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single DNA extraction on each sample using the Qiagen DNeasy
PowerSoil Pro DNA extraction kit (Qiagen, Valencia, California,
USA) following the manufacturer's instructions with minor
modifications. To ensure proper mechanical lysis, samples were
shaken for 10min at maximum speed on a benchtop vortexer.
All faecal samples were eluted twice using the same 100 uL of
buffer C6 on the filter membrane. Each extraction included a
blank to monitor for contamination. These extraction blanks
were carried through library preparation and sequencing.

2.2.2 | Library Preparation and Sequencing

Sample PCRs were prepared in an amplicon free dedicated micro-
biome lab in a UV decontaminated Perspex hood that was cleaned
in the same way as the DNA extraction. We amplified the V4 re-
gion of the bacterial 16S rRNA gene using primers 515F (AAT
GATACGGCGACCACCGAGATCTACACTATGGTAATTGTG-
TGCCAGCMGCCGCGGTAA) and a 12bp barcoded reverse
primer 806R (AGCAGAAGACGGCAT-ACGAGATnnnnnnnnn
nnnAGTCAGTCAGCCGGAC-TACHVGGGTW TCTAAT) as in
Eisenhofer et al. (2021) for comparability (Caporaso et al. 2011).
Single 25uL PCR reactions were performed for each sample fol-
lowing the recommendations from Marotz et al. (2019). PCR re-
actions included, 2.5uL of 10X PCR buffer, 1uL of 50mM MgCl,,
0.1uL of 5U/uL HiFi Taq polymerase, 0.2uL 100mM dNTP mix
(25mM each), 0.5uL of 10uM forward and reverse primers, 19.2 uL
of dH,0 and 1 uL of gDNA. DNA was amplified with an initial de-
naturation of 94°C for 3min followed by 35cycles of 94°C for 45s,
50°C for 1min, 68°C for 90s and a final adenylation of 68°C for
10min. Amplification was carried out on a Bio-Rad T100 Thermal
cycler (Bio-Rad, Hercules, California, USA). To confirm success-
ful amplification all samples were visualised on a 2% agarose gel
using 2uL of PCR product. Following visualisation samples were
diluted 1:10 and 1 L was quantified on a QuBit2 (Thermo Fisher
Scientific Waltham MA, USA) fluorometer using the DNA high
sensitivity kit. Following initial quantification, we combined the
samples into two pools of equimolar concentrations. The pools
were determined to be either a ‘high’ concentration containing
samples with a concentration >2.5ng/uL or ‘low’ concentration
containing samples with a concentration <2.5ng/uL. After pool-
ing, we purified the samples using 1.1x ratio of AxyPrep beads
(Axygen, Corning inc. Corning NY, USA) and eluted them in
30uL of buffer EB (Qiagen, Valencia, California, USA). The pools
were re-quantified on an Agilent Tapestation 4150 (Santa Clara,
California, USA) to confirm they were free of dimers and small
fragments. The ‘low’ concentration pool was added ‘neat’ as the
dilution factor for final sequencing submission.

A single 5nM library containing all samples was sequenced at
the South Australian Genomics Centre on an Illumina MiSeq
V2 2 x150bp flow cell producing ~15 million reads.

2.3 | Data Analysis

2.3.1 | Data Processing and Statistical Analysis

All samples were analysed on a High Performance Computing

cluster using a conda virtual environment of QIIME2 v 2024.5
(Bolyen et al. 2019).

To examine the similarities and differences of wombat spe-
cies gut microbiomes we downloaded and re-analysed the 16S
amplicon data of southern hairy-nosed wombat faecal micro-
biome from Eisenhofer et al. (2021). Raw reads were imported
into QIIME2 (Bolyen et al. 2019), using the import manifest
methods, trimmed to 150bp, and converted into features
using deblur. Following that we mapped the features to a phy-
logenetic tree created using SATé-enabled phylogenetic place-
ment (SEPP) with the fragment insertion module (Janssen
et al. 2018). Any features that did not map to the tree were
discarded. We rarefied all samples to 25000 features, based
on rarefaction curves and any samples that did not pass this
threshold were discarded. To reduce the effects of low fre-
quency features or features with low numbers of reads we also
filtered our final table to ensure each feature was present in at
least eight samples and had at least 500 reads associated with
it. Lastly, we removed the joey, soil, captive and contaminated
samples from Eisenhofer et al. (2021), as well as blanks from
both studies.

We assigned taxonomic identities to the representative se-
quences using the feature classifier (naive bayesian) (Bokulich
et al. 2018) and the SILVA 99% database v138.2 (Quast
et al. 2013). We assigned all taxonomies to the family level to
avoid over-classification.

We used the QIIME2 core diversity plug-in to examine the
alpha and beta diversity of the NHNW across two seasons and
reserves and to compare it to the SHNW. From this we calcu-
lated the observed features and Faith's phylogenetic diversity
(PD) for each season, species and reserve. We examined the beta
diversity using Bray-Curtis dissimilarity and a Permutational
Multivariate Analysis of Variance (PERMANOVA) on weighted/
unweighted UniFrac distances (Lozupone and Knight 2005).
Bray-Curtis dissimilarity compares the differences between two
sites based on the taxonomic counts, while UniFrac distance is a
phylogenetic approach that uses the difference in unique branch
lengths to measure the beta diversity. We used the permdisp
plug-in within QIIME2 to determine if there was dispersion
within season, species, and reserve that might be influencing
the amount of variation detected with the PERMANOVA. We
calculated the relative abundance of the bacterial families, any
families that were less than 2% abundance were merged into
‘other’. To test for differential abundance of microbes between
season, reserve and species we used the ANCOM-BC plug-in
(Lin and Peddada 2020). Lastly, we used the core-features
plugin to determine which amplicon sequence variants (ASVs)
were shared between seasons and species.

All plots were created using ggplot2 in RStudio (2025.05.1).

2.3.2 | Removal of Outliers

During our diversity analysis we determined four samples to
be outliers within our data set. These clustered far from all
the other samples in our diversity assessments and had sig-
nificantly different taxonomic profiles to the rest of the sam-
ples; these profiles were not consistent with the extraction
blanks. Based on this we removed them from further analysis
(Appendix S1).
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3 | Results
3.1 | Sequencing Stats

After DNA sequencing, we had ~15 million paired end reads
corresponding to the 116 NHNW faecal samples. We com-
bined these data with the raw data from the 61 wild SHNW
faecal samples published in Eisenhofer et al. 2021 (BioProject
ID PRINA663974). After rarefaction, 23 NHNW and 10 SHNW
samples were removed, as well as all the extraction and PCR
blanks. We then removed any feature that wasn't present in at
least 8 samples and at a frequency of 500. After merging the
NHNW and SHNW data and filtering, we were left with ~12
million reads across 140 samples.

3.2 | Seasonal and Population Variation in
the Northern Hairy-Nosed Wombat Faecal
Microbiome

We found variation in the faecal microbiome of the NHNW
associated with season. Samples collected in spring at EFNP
had significantly higher phylogenetic diversity and richness
compared to those collected in winter (Kruskal-Wallis tests of
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Faith's phylogenetic diversity and richness, p-values <0.001,
Figure 2A,C, Appendix S2). No statistically significant dif-
ferences in alpha diversity were observed between EFNP
and RUNR in winter (Kruskal-Wallis tests of Faith's phylo-
genetic diversity and richness, p-values >0.05, Figure 2A,C,
Appendix S2).

To further investigate the seasonal variation in microbial diver-
sity we used PERMANOVA and permdisp on the weighted and
unweighted UniFrac distances, and Bray-Curtis dissimilarity
(999 permutations). We found statistically significant changes
in microbial composition associated with season for all meth-
ods (p=0.001, Appendices S3 and S5-S8). Additionally, statis-
tical significance was also reached for microbial community
differences between EFNP and RUNR during winter for all
three metrics (p=0.001, Figure 3). We used permdisp to deter-
mine if there was significant dispersion amongst our samples
(Appendix S4). From this we observed non-significant results
from the weighted UniFrac and Bray-Curtis metrics suggest-
ing that dispersion between groups was not driving these
findings (Appendix S4). However, when we examined the per-
mdisp for unweighted UniFrac we found significant results
comparing winter to spring at EFNP which indicates differ-
ences in dispersion between the groups may be influencing the
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FIGURE 2 | Violin plots showing the richness and Faith's phylogenetic diversity between seasons and reserves in NHNW (A and C), and be-
tween species (B and D). The dark line shows the median; the star represents a significant difference and ‘n.s.” indicates no significant difference.

Significant differences were found between seasons in the NHNW using both metrics. Richness was significantly different between species and

season but not reserve. Faith's PD was significant between season and reserve but not species.
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PERMANOVA (Appendix S4). Interestingly, the permdisp was
non-significant for winter-winter comparisons between EFNP
and RUNR suggesting a geographic influence on the beta diver-
sity (Appendix S4).

To examine microbial community composition, we computed
the mean relative abundances of the most frequently occur-
ring taxa between the two reserves and two seasons. The
most abundant bacterial family at EFNP was Lachnospiraceae
at 13.5% and 16.9% in spring and winter, respectively.
Lachnospiraceae was also the most abundant family at RUNR
inwinter (11.3%) (Figure 4A). The next most abundant families
across both reserves and seasons (> 5%) were Spirochaetaceae
and Oscillospiraceae. Next, we used ANCOM-BC to investi-
gate differential abundances of the bacterial families between
season and reserve. We found that from winter to spring at
EFNP there were six bacterial families enriched with greater
than 1 log fold change in relative abundance. The most highly
enriched bacterial family from winter to spring at EFNP
was Coriobacteriales incertae sedis (>3 log fold) and the
most depleted family was Succinivibrionacea (> 1.5 log fold)
(Figure 5A). Furthermore, between the two reserves, we found
four bacterial families that had >1 log fold enrichment and
four that had > 1 log fold depletion. Of these families the most
enriched was Paludibacteraceae (> 1.5 log fold increase), while
Pirellulaceae was the most depleted (~2.0 log fold decrease)

(Figure 5B). We found 206 core features in 95% of the NHNW
samples of which Lachnospiraceae, Christensenellaceae and
Clostridiaceae were the most abundant (Figure 6).

3.3 | Microbial Community Differences Between
Wombat Species

When we examined the alpha diversity between the two
wombat species using richness, we found that the NHNW
had higher alpha diversity than the SHNW (Kruskal Wallis
test p<0.05, Figure 2B). However, we found no signifi-
cant difference in microbial phylogenetic diversity between
the wombat species using Faith's PD (Figure 2D). We used
PERMANOVA and permdisp on weighted and unweighted
UniFrac distances, and Bray-Curtis dissimilarity to examine
the beta diversity between species. From the PERMANOVA
we found significant differences between the two species
across all metrics (p=0.001, Appendix S3) (Figure 3B). From
the permdisp we found significant results between species for
unweighted and weighted UniFrac distances as well as Bray
Curtis (p=0.001, p=0.001, p=0.03, Appendix S3). We also
had significant results for all three tests using permdisp in-
dicating a high level of sample variability. When we plotted
these metrics using PCoA the differences between species ac-
counted for 55.6% of the variation using unweighted UniFrac,
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FIGURE4 | Dot plots showing the mean relative abundance of bacterial families between seasons and reserves in NHNW (A) and between wom-
bat species (B). Families that were under 2% abundance were pooled into the ‘other’ category.

30.81% using weighted UniFrac and 36.78% using Bray-Curtis
(Appendices S9, S10, and S12).

3.4 | Taxonomic Differences in the Microbial
Communities Between NHNW and SHNW

We compared the taxonomic profiles between species via the
mean relative abundance as well as how the communities dif-
fered using ANCOM-BC. We found 18 bacterial families that
were over 2% in relative abundance and shared in both spe-
cies (Figure 4B). From this analysis we also found that the
families Spirochaetaceae and Rikenellaceae were more abun-
dant in SHNW than NHNW by ~10% while Lachnospiraceae
was much more abundant in NHNW than SHNW. From the
ANCOM-BC analysis we found nine bacterial families had
greater than two log fold increases in NHNW compared to
SHNW while 17 families had a greater than two log fold de-
crease from NHNW to SHNW (Figure 5C). The most enriched
families in NHNW compared to SHNW (> 4 log fold increase)
were Sphingobacteriaceae and Izemoplasmataceae, while the
most depleted taxa (>4 log fold) were Gamaproteobacteria,
Burkholderiales and VadinHA21. Lastly, we computed the
core features across 95% of our samples and found 42 ASVs
that were present across both species. These were identi-
fied as 18 different families, the most abundant ones being

Ocillospiraceae, Lachnospiraceae and Christensenellaceae
(Figure 6). Both wombat species had unique members identi-
fied, six in NHNW and six in the SHNW (Figure 6).

4 | Discussion

Northern hairy-nosed wombats suffered an extreme population
bottleneck followed by a slow recovery over the last 40years,
have experienced the arrival of an invasive grass species, and
have been translocated to two new sites ~500km to the south.
To better understand how these changes may be impacting the
wombats, we are the first to characterise the faecal microbiome
of NHNWs across two sites and two seasons (winter and spring)
and found temporal and spatial shifts in their microbial diver-
sity. Additionally, this is the first study to compare the faecal
microbiomes of two wombat species, the northern and southern
hairy-nosed wombat, to better understand how their microbi-
omes may have adapted to their respective ecosystems.

4.1 | Seasonal and Geographic Variation in
the NHNW

Samples collected in spring at EFNP had significantly higher
alpha and beta diversity than the samples collected in winter
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FIGURE 5 | Differential abundance of bacterial families between seasons (A), reserves (B), and species (C), calculated using ANCOM-BC.
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FIGURE 6 | The shared and unique bacterial families between both wombat species.

at both EFNP and RUNR. The change in microbial diversity
within the season likely corresponds to changes in available
food on the landscape. Woolnough (1998) and Flosser (1986)
determined that the NHNW is a generalist browser that will
consume what is available rather than targeting specific taxa.
This was further supported by Casey et al. (2023) who also found
seasonality within the diet that likely corresponded with avail-
ability though they did not perform surveys of forage availabil-
ity. More specifically, the lower microbial diversity we identified
corresponds with the increased abundance of buffel grass in the
diet during the winter months. It is worth noting, however, that
this association is based on only two seasons across two years,
and no direct vegetation survey was conducted at the time of
collection, so additional sampling and surveying could be con-
ducted to further test this pattern.

The seasonal shift in microbial diversity due to changes in
diet has been found in other species such as gorillas (Gomez
et al. 2016), sika deer (Cervus nippon) (Ma et al. 2024), gela-
das (Theropithecus gelada) (Baniel et al. 2021), and Japanese
macaques (Macaca fuscata) (Sawada et al. 2022). In the gela-
das, which are also hindgut fermenting and primarily rely on
grasses for their diet, Baniel et al. 2021 found a shift between
the types of fermenting and plant degrading taxa that might be
assisting or adapting to the seasonal change of available food.
More specifically, they found an increase in cellulolytic/fibro-
lytic bacteria during the wet season and an increase in starch
degrading bacteria during the dry season. Similarly, we found
an >1 log fold increase in Lachnospiraceae and Bacteroidales_
vadinHA21 from winter to spring, which is the height of the
dry season. These two families have been attributed with
cellulolytic/fibrolytic properties in mammalian guts (Salyers
et al. 1977; Biddle et al. 2013; White et al. 2014). Thus, changes
in the relative abundance of these taxa might be relevant to the
extraction of nutrients from the dried grasses during the dry

season (May to October). The most enriched bacterial family
from winter to spring was Coriobacteriales insertae sedis. This
family of bacteria has been associated with dietary polyphenol
degradation in human gut and agricultural microbiome re-
search (Amrit et al. 2023; Porter Starr et al. 2025). This may
be an indication of change in pasture quality and available
nutrients, particularly of available polyphenols which are im-
portant sources of antioxidants (Amrit et al. 2023). The largest
decrease in bacterial families from winter to spring occurred in
Succinivibrionaceae. Our collection time was September, which
was before the summer rains in QLD and the landscape was
drier. Succinivibrionaceae has been attributed to assisting to al-
leviate dietary stress in Tibetan macaques (Macaca thibetana)
and may be contributing similarly in the wombats by aiding
in breaking down more cellulose-rich woody plant parts (Sun
et al. 2016). Based on the shifts in diversity that we see, it is
likely that the microbiome of the northern hairy-nosed wombat
is dynamic and shifts based on the seasonally available forage
on the landscape.

Lastly, we identified geographical variation in the NHNW fae-
cal microbiome between EFNP and RUNR. While the alpha di-
versity, observed features and Faith's PD were non-significant
between the two reserves, the beta diversity was significantly
different across all three methods tested. This suggests that the
variation in dietary items that was found in Casey et al. (2023)
between the two reserves is likely driving the community differ-
ences in the wombat gut microbiome.

4.2 | Similarities and Differences Between NHNW
and SHNW Faecal Microbiomes

This is the first study to compare faecal microbiomes be-
tween two wombat species. From this we determined that the
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community is consistent with other hind gut fermenting her-
bivores; however, there are key differences that suggest the
microbial community is shaped by the diet of each wombat spe-
cies. Examining the alpha diversity between the two species,
we found similar levels of phylogenetic diversity. However, we
found significantly higher richness in the NHNW. This finding
stands out as it has been shown that reduced genetic diversity
and increased inbreeding as a result of population bottlenecks
reduces the diversity of the associated microbiome (Yuan
et al. 2015; Wei et al. 2020; QOrsted et al. 2022). Considering that
there were only ~30 NHNW left in the world 45years ago, this
degree of diversity compared to a non-bottlenecked relative is
surprising. It also may suggest that the microbial diversity has
recovered with the population at EFNP, which now stands at
~400 individuals. Further studies and sampling of translocated
populations, which are managed bottlenecks, could test this
hypothesis, as there are no pre-bottleneck microbiome samples
(Horsup et al. 2021; Nothern hairy-nosed wombat recovery ac-
tion plan 2022).

When we examined the beta diversity, we found large differences
between the two wombat species. Our PCoAs showed 30%-55%
of the variation driven by species along axis 1 (Appendix S8-
S11). These results are consistent with other studies such as
Rojas et al. (2021) that showed that gut microbiomes are species
specific and the variation observed in closely related species is
often driven by habitat and diet. We found a similar pattern in
these two wombats, evidenced by the high degree of separation
between their communities and the specific taxa that are en-
riched or depleted between.

When we compared the composition of each species’ faecal
microbiome, we found a core of 18 families that were shared
across 95% of our samples. Many of these families, such as
Lachnospiraceae, Rumincococaceae, and Spirochaetaceae,
are common members of herbivore digestive tracts and aid
in the breakdown of plant cell walls for secondary fermenta-
tion (Biddle et al. 2013; White et al. 2014). However, when we
examined which families were most enriched and depleted
between species, we found specific taxa that may be contrib-
uting to surviving in their respective habitats. Specifically,
in the SHNW, the family Sphingobacteriaceae was the most
highly enriched. The prevalence of this family in the guts
of herbivores has been associated with assisting digestion of
aromatic compounds found in shrubs, which might be more
useful to the SHNW as their diet includes shrubs compared
to the NHN'W, which rely more exclusively on grasses (Camp
et al. 2020; Sobek and Walker 2021; Casey et al. 2023; Cao
et al. 2024). The most heavily depleted bacterial family in
SHNW compared to NHNW was vadinHA21, a member
of the order Bacteroidales. This order of bacteria is strongly
associated with carbohydrate and SCFA breakdown, which
might indicate the presence of higher levels of fibre and carbo-
hydrates in NHNW; however, no direct comparison of nutri-
tional value has been performed between the species (Salyers
et al. 1977; Flint et al. 2012). While both species use the same
digestive mechanism, the presence of these differentially
expressed bacterial families highlights how the microbi-
ome of these wombats has adapted to their specific diets and
ecosystems.

4.3 | Conservation Implications

In this study we characterised the faecal microbiome of the
NHNW and found significant shifts between seasons and re-
serves. This is the first study to examine the microbiome of this
species and from it we determined that northern hairy-nosed
wombats have a dynamic microbiome that shifts seasonally
with what they are consuming on the landscape. As their diet
becomes more homogeneous in winter, so does their microbi-
ome. This information is critical for managers as the consistent
increase in buffelgrass on both EFNP and RUNR may reduce
the overall diversity of the microbiome and potentially reduce
the wombats' ability to withstand large environmental or dietary
shifts should they need to (Woolnough 1998; Casey et al. 2023;
2024). As was determined by Eisenhofer et al. (2021) SHNW
inhabiting landscapes with native grasses had much greater di-
versity in microbial communities compared to habitats without
native grasses. Due to this effect in closely related species, we
recommend maintaining and promoting native grass diversity
on the reserves as well as taking steps to mitigate the spread of
buffel grass to promote a varied and robust microbiome.

4.4 | Future Directions and Considerations

While we were able to detect a significant shift in the microbi-
ome between winter and spring that corresponded with changes
in diet, we acknowledge the limitations of our sampling strategy.
Namely that this study relies on a single time point from one
spring and one winter sampling. Therefore, collecting samples
from the wet season (November-March) and fall (April-June)
over a single year would provide a better understanding of the
microbial community shift in response to rain and increased
plant productivity and diversity. Regarding our between-species
comparison, it should be noted that the SHNW samples come
from a particularly dry year and additional sampling should be
carried out to understand if this profile is consistent under ‘nor-
mal’ precipitation conditions. Lastly, many of our associations
are based on comparing results found in other host species due
to the absence of publicly available wombat microbial genomes.
We recommend future studies use shotgun metagenomic se-
quencing to generate a wombat-specific gut microbiome cata-
logue and examine its metabolic potential.

Author Contributions

Jeremy J. Austin: supervision, writing - review and editing, resources.
Raphael Eisenhofer: supervision, writing — review and editing, meth-
odology, validation. Faith M. Walker: writing - review and editing,
supervision. Colin Sobek: conceptualization, investigation, writing -
original draft, methodology, formal analysis, data curation, visualiza-
tion, validation, funding acquisition, project administration.

Acknowledgements

This project was supported by The Holsworth Wildlife Research
Endowment & The Ecological Society of Australia. We would also
like to thank Dr. Jenny Molyneux and the Queensland Department of
Environment and Science for their support on this project as well as
Jordyn M. Gladden for assisting with field work and sample collection.
Open access publishing facilitated by Adelaide University, as part of the

10 of 13

Austral Ecology, 2026



Wiley - Adelaide University agreement via the Council of Australasian
University Librarians.

Funding

This work was supported by the Holsworth Wildlife Research
Endowment Ecological Society of Australia.

Ethics Statement

All faecal collection and sampling was performed under University of
Adelaide Animal Ethics approval number S-2022-058 and Queensland
Department of Environment and Science permit numbers P-
PENPS-100425721, P-PTUKI-100425717 and P-PTUKI-100425728.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
Sequence Read Archive at https://www.ncbi.nlm.nih.gov/sra, reference
number PRINA1291405.

References

Amato, K. R., C. J. Yeoman, A. Kent, et al. 2013. “Habitat Degradation
Impacts Black Howler Monkey (Alouatta pigra) Gastrointestinal
Microbiomes.” ISME Journal 7, no. 7: 1344-1353.

Amrit, B.K., E. N. Ponnampalam, S. Macwan, et al. 2023. “Comprehensive
Screening and Characterization of Polyphenol Compounds From Pasture
Grasses Used for Livestock Production Under Temperate Region.” Animal
Feed Science and Technology 300, no. 115657: 115657.

Baniel, A., K. R. Amato, J. C. Beehner, et al. 2021. “Seasonal Shifts in
the Gut Microbiome Indicate Plastic Responses to Diet in Wild Geladas.”
Microbiome 9, no. 1: 26.

Barboza, P. S., and I. D. Hume. 1992. “Hindgut Fermentation in the
Wombats: Two Marsupial Grazers.” Journal of Comparative Physiology
B Biochemical, Systemic, and Environmental Physiology 162, no. 6: 561
566. https://doi.org/10.1007/bf00264818.

Biddle, A., L. Stewart, J. Blanchard, and S. Leschine. 2013. “Untangling
the Genetic Basis of Fibrolytic Specialization by Lachnospiraceae and
Ruminococcaceae in Diverse Gut Communities.” Diversity 5, no. 3:
627-640.

Bokulich, N. A., B. D. Kaehler, J. R. Rideout, et al. 2018. “Optimizing
Taxonomic Classification of Marker-Gene Amplicon Sequences With
QIIME 2s q2-Feature-Classifier Plugin.” Microbiome 6, no. 1: 90.

Bolyen, E., J. R. Rideout, M. R. Dillon, et al. 2019. “Reproducible,
Interactive, Scalable and Extensible Microbiome Data Science Using
QIIME 2.” Nature Biotechnology 37, no. 8: 852-857.

Brice,K. L., P.Trivedi, T. C.Jeffries, et al. 2019. “The Koala (Phascolarctos
cinereus) Faecal Microbiome Differs With Diet in a Wild Population.”
PeerJ 7, no. €6534: €6534.

Camp, A., A. E. Croxford, C. S. Ford, et al. 2020. “Dual-Locus DNA
Metabarcoding Reveals Southern Hairy-Nosed Wombats (Lasiorhinus
latifrons Owen) Have a Summer Diet Dominated by Toxic Invasive
Plants.” PLoS One 15, no. 3: €0229390.

Cao, Z., D. Wang, X. Hu, et al. 2024. “Comparison and Association
of Winter Diets and Gut Microbiota Using trnL and 16S rRNA Gene
Sequencing for Three Herbivores in Taohongling, China.” Global
Ecology and Conservation 53, no. e03041: e03041.

Caporaso, J. G., C. L. Lauber, W. A. Walters, et al. 2011. “Global Patterns
of 16S rRNA Diversity at a Depth of Millions of Sequences Per Sample.”

Proceedings of the National Academy of Sciences of the United States of
America 108, no. Suppl 1: 4516-4522.

Casey, F., J. M. Old, and H. J. Stannard. 2023. “Assessment of the Diet of
the Critically Endangered Northern Hairy-Nosed Wombat (Lasiorhinus
krefftii) Using DNA Metabarcoding.” Ecology and Evolution 13, no. 9:
€10469.

Casey, F.F.,J. M. Old,and H.J. Stannard. 2024. “Nutritional Composition
of Forage Available to the Northern Hairy-Nosed Wombat.” Ecology and
Evolution 14, no. 11: €70514.

Department of Environment and Science. 2022. “Northern Hairy-Nosed
Wombat Recovery Action Plan.” https://www.qld.gov.au/__data/as-
sets/pdf_file/0030/287634/northern-hairy-nosed-wombat-recovery-
action-plan-2022.pdf.

Department of Environment and Science. 2025. “Northern Hairy-Nosed
Wombat Project.” https://www.qld.gov.au/environment/plants-anima
Is/conservation/threatened-species/featured-projects/northern-hairy
-nosed-wombat2/northern-hairy-nosed-wombat/creating-new-popul
ations#:~:text=The%20first%20translocation%200f%20NHWs,refuge%
20for%20newly%20translocated%20NHWs.

Dodd, C. S., and C. E. Grueber. 2021. “Functional Diversity Within Gut
Microbiomes: Implications for Conserving Biodiversity.” Conservation
1, no. 4: 311-326.

Eisenhofer, R., K. L. Brice, M. D. J. Blyton, et al. 2023. “Individuality
and Stability of the Koala (Phascolarctos cinereus) Faecal Microbiota
Through Time.” PeerJ 11, no. e14598: €14598.

Eisenhofer, R., K. M. Helgen, and D. Taggart. 2021. “Signatures of
Landscape and Captivity in the Gut Microbiota of Southern Hairy-
Nosed Wombats (Lasiorhinus latifrons).” Animal Microbiome 3, no. 1: 4.
https://doi.org/10.1186/s42523-020-00068-y.

Fackelmann, G., M. A. F. Gillingham, J. Schmid, et al. 2021. “Human
Encroachment Into Wildlife Gut Microbiomes.” Communications
Biology 4, no. 1: 800.

Flint, H. J., K. P. Scott, S. H. Duncan, P. Louis, and E. Forano. 2012.
“Microbial Degradation of Complex Carbohydrates in the Gut.” Gut
Microbes 3, no. 4: 289-306.

Flosser, R. V. 1986. “Analysis of Food Preferences by Identification of
Grass Fragments in the Faeces of the Northern Hairy-Nosed Wombat,
Lasiorhinus Latifrons Barnardi (Longman, 1939).” Sdugetierkundliche
Mitteilungen 33: 53-70.

Gomez, A., J. M. Rothman, K. Petrzelkova, et al. 2016. “Temporal
Variation Selects for Diet-Microbe Co-Metabolic Traits in the Gut of
Gorilla spp.” ISME Journal 10, no. 2: 514-526.

Groussin, M., F. Mazel, J. G. Sanders, et al. 2017. “Unraveling the
Processes Shaping Mammalian Gut Microbiomes Over Evolutionary
Time.” Nature Communications 8, no. 1: 14319.

Heni, A. C., G. Fackelmann, G. Eibner, et al. 2023. “Wildlife Gut
Microbiomes of Sympatric Generalist Species Respond Differently to
Anthropogenic Landscape Disturbances.” Animal Microbiome 5, no.
1: 22.

Hooper, L. V., D. R. Littman, and A. J. Macpherson. 2012. “Interactions
Between the Microbiota and the Immune System.” Science 336, no.
6086:1268-1273.

Horsup, A. B,, J. J. Austin, R. M. Fewster, et al. 2021. “Demographic
Trends and Reproductive Patterns in the Northern Hairy-Nosed
Wombat (Lasiorhinus krefftii) at Epping Forest National Park
(Scientific), central Queensland.” Australian Mammalogy 43, no. 1:
72-84.

Janssen, S., A. Gonzalez, J. A. Navas-Molina, et al. 2018. “Phylogenetic
Placement of Exact Amplicon Sequences Improves Associations With
Clinical Information.” mSystems 3, no. 3. https://doi.org/10.1128/mSyst
ems.00021-18.

Austral Ecology, 2026

11 of 13


https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1007/bf00264818
https://www.qld.gov.au/__data/assets/pdf_file/0030/287634/northern-hairy-nosed-wombat-recovery-action-plan-2022.pdf
https://www.qld.gov.au/__data/assets/pdf_file/0030/287634/northern-hairy-nosed-wombat-recovery-action-plan-2022.pdf
https://www.qld.gov.au/__data/assets/pdf_file/0030/287634/northern-hairy-nosed-wombat-recovery-action-plan-2022.pdf
https://www.qld.gov.au/environment/plants-animals/conservation/threatened-species/featured-projects/northern-hairy-nosed-wombat2/northern-hairy-nosed-wombat/creating-new-populations#:~:text=The first translocation of NHWs,refuge for newly translocated NHWs
https://www.qld.gov.au/environment/plants-animals/conservation/threatened-species/featured-projects/northern-hairy-nosed-wombat2/northern-hairy-nosed-wombat/creating-new-populations#:~:text=The first translocation of NHWs,refuge for newly translocated NHWs
https://www.qld.gov.au/environment/plants-animals/conservation/threatened-species/featured-projects/northern-hairy-nosed-wombat2/northern-hairy-nosed-wombat/creating-new-populations#:~:text=The first translocation of NHWs,refuge for newly translocated NHWs
https://www.qld.gov.au/environment/plants-animals/conservation/threatened-species/featured-projects/northern-hairy-nosed-wombat2/northern-hairy-nosed-wombat/creating-new-populations#:~:text=The first translocation of NHWs,refuge for newly translocated NHWs
https://www.qld.gov.au/environment/plants-animals/conservation/threatened-species/featured-projects/northern-hairy-nosed-wombat2/northern-hairy-nosed-wombat/creating-new-populations#:~:text=The first translocation of NHWs,refuge for newly translocated NHWs
https://doi.org/10.1186/s42523-020-00068-y
https://doi.org/10.1128/mSystems.00021-18
https://doi.org/10.1128/mSystems.00021-18

Johnson, C. N, and D. G. Crossman. 1991. “Dispersal and Social
Organization of the Northern Hairy-Nosed Wombat Lasiorhinus kref-
ftii.” Journal of Zoology 225, no. 4: 605-613.

Kohl, K. D., K. F. Oakeson, T. J. Orr, et al. 2018. “Metagenomic
Sequencing Provides Insights Into Microbial Detoxification in the Guts
of Small Mammalian Herbivores (Neotoma spp.).” FEMS Microbiology
Ecology 94, no. 12: fiy184.

Kohl, K. D., R. B. Weiss, J. Cox, C. Dale, and M. Denise Dearing. 2014.
“Gut Microbes of Mammalian Herbivores Facilitate Intake of Plant
Toxins.” Ecology Letters 17, no. 10: 1238-1246.

Li, F,, S. Yang, L. Zhang, et al. 2022. “Comparative Metagenomics
Analysis Reveals How the Diet Shapes the Gut Microbiota in Several
Small Mammals.” Ecology and Evolution 12, no. 1: e8470.

Lin, H., and S. D. Peddada. 2020. “Analysis of Compositions of
Microbiomes With Bias Correction.” Nature Communications 11, no. 1:
3514.

Lozupone, C., and R. Knight. 2005. “UniFrac: A New Phylogenetic
Method for Comparing Microbial Communities.” Applied and
Environmental Microbiology 71, no. 12: 8228-8235.

Ma, X., X. Hu, K. Liu, et al. 2024. “Spatiotemporal Differences Induced
Changes in the Structure and Function of the Gut Microbiota in an
Endangered Ungulate.” Animal Microbiome 6, no. 1: 74.

Marotz, C., A. Sharma, G. Humphrey, et al. 2019. “Triplicate PCR
Reactions for 16S rRNA Gene Amplicon Sequencing Are Unnecessary.”
BioTechniques 67, no. 1: 29-32.

Martin, A. M., and S. Carver. 2021. “Ecology and Conservation of the
Critically Endangered Northern Hairy-Nosed Wombat (Lasiorhinus kref-
ftii): Past, Present and Future.” Australian Mammalogy 43, no. 1: 10-21.

McKenney, E. A., K. Koelle, R. R. Dunn, and A. D. Yoder. 2018. “The
Ecosystem Services of Animal Microbiomes.” Molecular Ecology 27, no.
8:2164-2172.

McManus, N., S. M. Holmes, E. E. Louis Jr., S. E. Johnson, A. L. Baden,
and K. R. Amato. 2021. “The Gut Microbiome as an Indicator of Habitat
Disturbance in a Critically Endangered Lemur.” BMC Ecology and
Evolution 21, no. 1: 222.

Moustafa, M. A. M., Y. Ogura, R. Nakao, et al. 2021. “Anthropogenic
Interferences Lead to Gut Microbiome Dysbiosis in Asian Elephants
and May Alter Adaptation Processes to Surrounding Environments.”
Scientific Reports 11, no. 1: 741. https://doi.org/10.1038/s41598-020-
80537-1.

@rsted, M., E. Yashiro, A. A. Hoffmann, and T. N. Kristensen. 2022.
“Population Bottlenecks Constrain Host Microbiome Diversity
and Genetic Variation Impeding Fitness.” PLoS Genetics 18, no. 5:
€1010206.

Perry, T., C. E. Grueber, V. Stenhouse, et al. 2023. “Bushfire Alters
the Gut Microbiome in Endangered Kangaroo Island Echidnas
(Tachyglossus aculeatus multiaculeatus).” bioRxiv. https://doi.org/10.
1101/2023.08.27.554545.

Porter Starr, K. N., M. A. Connelly, J. Wallis, et al. 2025. “Effects
of Blueberry Consumption on Fecal Microbiome Composition and
Circulating Metabolites, Lipids, and Lipoproteins in a Randomized
Controlled Trial of Older Adults With Overweight or Obesity: The
BEACTIVE Trial.” Nutrients 17, no. 7: 1200. https://doi.org/10.3390/
nul7071200.

Price, S. A., S. S. B. Hopkins, K. K. Smith, and V. L. Roth. 2012. “Tempo
of Trophic Evolution and Its Impact on Mammalian Diversification.”
Proceedings of the National Academy of Sciences of the United States of
America 109, no. 18: 7008-7012.

Quast, C., E. Pruesse, P. Yilmaz, et al. 2013. “The SILVA Ribosomal
RNA Gene Database Project: Improved Data Processing and Web-Based
Tools.” Nucleic Acids Research 41: D590-D596.

Rojas, C. A., S. Ramirez-Barahona, K. E. Holekamp, and K. R. Theis.
2021. “Host Phylogeny and Host Ecology Structure the Mammalian Gut
Microbiota at Different Taxonomic Scales.” Animal Microbiome 3, no.
1: 33.

Salyers, A. A., J. R. Vercellotti, S. E. West, and T. D. Wilkins. 1977.
“Fermentation of Mucin and Plant Polysaccharides by Strains of
Bacteroides From the Human Colon.” Applied and Environmental
Microbiology 33, no. 2: 319-322.

Sawada, A., T. Hayakawa, Y. Kurihara, W. Lee, and G. Hanya. 2022.
“Seasonal Responses and Host Uniqueness of Gut Microbiome of
Japanese Macaques in Lowland Yakushima.” Animal Microbiome 4, no.
1: 54.

Schippa, S., and M. P. Conte. 2014. “Dysbiotic Events in Gut Microbiota:
Impact on Human Health.” Nutrients 6, no. 12: 5786-5805.

Schluter, J., J. U. Peled, B. P. Taylor, et al. 2020. “The Gut Microbiota Is
Associated With Immune Cell Dynamics in Humans.” Nature 588, no.
7837:303-307.

Shiffman, M. E., R. M. Soo, P. G. Dennis, M. Morrison, G. W. Tyson,
and P. Hugenholtz. 2017. “Gene and Genome-Centric Analyses of Koala
and Wombat Fecal Microbiomes Point to Metabolic Specialization for
Eucalyptus Digestion.” PeerJ 5: e4075.

Sobek, C.J., and F. M. Walker. 2021. “Square Salads: Exploring the Diet
of the Southern Hairy-Nosed Wombat (Lasiorhinus latifrons) via DNA
Metabarcoding.” Australian Mammalogy 43, no. 1: 104-109.

Song, S. J., A. Amir, J. L. Metcalf, et al. 2016. “Preservation Methods
Differ in Fecal Microbiome Stability, Affecting Suitability for Field
Studies.” mSystems 1, no. 3: e€00021-16.

Spragge, F., E. Bakkeren, M. T. Jahn, et al. 2023. “Microbiome Diversity
Protects Against Pathogens by Nutrient Blocking.” Science 382, no.
6676: eadj3502.

Sun, B., X. Wang, S. Bernstein, et al. 2016. “Marked Variation Between
Winter and Spring Gut Microbiota in Free-Ranging Tibetan Macaques
(Macaca thibetana).” Scientific Reports 6, no. 1: 26035.

Swinbourne, M., D. Taggart, and B. Ostendorf. 2021. “The Population
Status of Southern Hairy-Nosed Wombats (Lasiorhinus latifrons). 1.
Distribution and Abundance.” Australian Mammalogy 43, no. 1: 40-53.

Taylor, A. C., W. B. Sherwin, and R. K. Wayne. 1994. “Genetic Variation of
Microsatellite Loci in a Bottlenecked Species: The Northern Hairy-Nosed
‘Wombat Lasiorhinus krefftii.” Molecular Ecology 3, no. 4: 277-290.

Trevelline, B. K., S. S. Fontaine, B. K. Hartup, et al. 2019. “Conservation
Biology Needs a Microbial Renaissance: A Call for the Consideration
of Host-Associated Microbiota in Wildlife Management Practices.”
Proceedings. Biological sciences 286, no. 1895: 20182448.

Walker, F. M., P. Sunnucks, and A. C. Taylor. 2006. “Genotyping
of “Captured” Hairs Reveals Burrow-Use and Ranging Behavior of
Southern Hairy-Nosed Wombats.” Journal of Mammalogy 87, no. 4:
690-699.

Walter, J., and R. Ley. 2011. “The Human Gut Microbiome: Ecology and
Recent Evolutionary Changes.” Annual Review of Microbiology 65, no.
1:411-429.

Wei, L., B. Zeng, S. Zhang, et al. 2020. “Inbreeding Alters the Gut
Microbiota of the Banna Minipig.” Animals: An Open Access Journal
From MDPI 10, no. 11: 2125.

Westreich, S. T., A. Ardeshir, Z. Alkan, M. E. Kable, I. Korf, and D. G.
Lemay. 2019. “Fecal Metatranscriptomics of Macaques With Idiopathic
Chronic Diarrhea Reveals Altered Mucin Degradation and Fucose
Utilization.” Microbiome 7, no. 1: 41.

White, B. A., R. Lamed, E. A. Bayer, and H. J. Flint. 2014. “Biomass
Utilization by Gut Microbiomes.” Annual Review of Microbiology 68, no.
1:279-296.

12 of 13

Austral Ecology, 2026


https://doi.org/10.1038/s41598-020-80537-1
https://doi.org/10.1038/s41598-020-80537-1
https://doi.org/10.1101/2023.08.27.554545
https://doi.org/10.1101/2023.08.27.554545
https://doi.org/10.3390/nu17071200
https://doi.org/10.3390/nu17071200

Williams, C. L., D.-M. F. KA, D. L. Sparks, et al. 2016. “Dietary Shifts
May Trigger Dysbiosis and Mucous Stools in Giant Pandas (Ailuropoda
melanoleuca).” Frontiers in Microbiology 7: 661.

Woolnough, A. P. 1998. “The feeding ecology of the northern hairy-
nosed wombat, Lasiorhinus krefftii (Marsupialia; Vombatidae). PhD.
James Cook University.” https://researchonline.jcu.edu.au/27494/1/
27494_Woolnough_1998_thesis.pdf.

Woolnough, A. P., and W. J. Foley. 2002. “Rapid Evaluation of Pasture
Quality for a Critically Endangered Mammal, the Northern Hairy-
Nosed Wombat (Lasiorhinus krefftii).” Wildlife Research 29, no. 1:
91-100.

Yuan, M. L., S. H. Dean, A. V. Longo, B. B. Rothermel, T. D. Tuberville,
and K. R. Zamudio. 2015. “Kinship, Inbreeding and Fine-Scale Spatial
Structure Influence Gut Microbiota in a Hindgut-Fermenting Tortoise.”
Molecular Ecology 24, no. 10: 2521-2536.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: All samples used in
this study. The  indicates the samples that were removed as outliers.
Appendix S2: p-values for Kruskal-Wallis tests comparing alpha diver-
sity between season, reserve and species. Appendix S3: p-values from
PERMANOVA tests of beta diversity, for season, reserve and species.
Appendix S4: p-values from permdisp tests of beta diversity, for season,
reserve and species. Appendix S5: PCoA showing the comparison of
unweighted UniFrac distances between EFNP and RUNR. Appendix
S6: PCoA showing the comparison of weighted UniFrac distances be-
tween EFNP and RUNR. Appendix S7: PCoA showing the comparison
of Jaccard similarity between EFNP and RUNR. Appendix S8: PCoA
showing the comparison between EFNP and RUNR using Bray-Curtis
dissimilarity. Appendix S9: PCoA sowing the comparison between
NHNW and SNHW using unweighted UniFrac distances. Appendix
$10: PCoA showing the comparison between NHNW and SHNW
using weighted UniFrac distances. Appendix S11: PCoA showing
the comparison between NHNW and SHNW using Jaccard similarity.
Appendix S12: PCoA showing the comparison between NHNW and
SHNW using Bray-Curtis dissimilarity.

Austral Ecology, 2026

13 of 13


https://researchonline.jcu.edu.au/27494/1/27494_Woolnough_1998_thesis.pdf
https://researchonline.jcu.edu.au/27494/1/27494_Woolnough_1998_thesis.pdf

	Spatiotemporal and Host Variations in Faecal Microbiomes of Hairy-Nosed Wombats (Lasiorhinus spp.)
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sample Locations and Collection
	2.2   |   Sample Preparation
	2.2.1   |   DNA Extraction
	2.2.2   |   Library Preparation and Sequencing

	2.3   |   Data Analysis
	2.3.1   |   Data Processing and Statistical Analysis
	2.3.2   |   Removal of Outliers


	3   |   Results
	3.1   |   Sequencing Stats
	3.2   |   Seasonal and Population Variation in the Northern Hairy-Nosed Wombat Faecal Microbiome
	3.3   |   Microbial Community Differences Between Wombat Species
	3.4   |   Taxonomic Differences in the Microbial Communities Between NHNW and SHNW

	4   |   Discussion
	4.1   |   Seasonal and Geographic Variation in the NHNW
	4.2   |   Similarities and Differences Between NHNW and SHNW Faecal Microbiomes
	4.3   |   Conservation Implications
	4.4   |   Future Directions and Considerations

	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


