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Abstract Understanding how fundamental aspects of species’ ecology, such as diet, are affected in humandominated landscapes is vital for informing management and conserving biodiversity – particularly where species
inﬂuence important ecosystem functions. Digging, mycophagous (‘fungus-eating’) mammals play various such
roles, including the dispersal of hypogeal (‘trufﬂe-like’) fungi. The endangered, mycophagous southern brown
bandicoot (Isoodon obesulus obesulus: Peramelidae) persists in a peri-urban landscape south-east of Melbourne,
Australia, where it occupies both ‘novel’ habitats (linear strips of vegetation along roadsides, drains and railway
lines) and ‘remnant’ habitats (larger blocks of native vegetation) within dedicated conservation areas. It remains
unknown how bandicoot diet, including the diversity of hypogeal fungi, varies between these habitat types, yet
this could have important conservation implications. Our study aimed to (i) compare the diet of I. o. obesulus at
novel and remnant sites; and (ii) attain knowledge of hypogeal fungal diversity in these different contexts. We
collected 133 bandicoot scats over 23 months and examined both broad diet composition and diversity of fungi
consumed. Bandicoot diet differed between site types; in particular, ants were more prominent in scats from
remnant sites, while millipedes and seeds were more prominent in scats from novel sites. All scats contained fungal spores, with hypogeal taxa comprising at least 35 of the 78 ‘morphotypes’ found at novel sites and 28 of the
59 detected at remnant sites. Fewer samples were collected at remnant sites, but they appeared to contain a
greater richness of hypogeal fungi per scat. We did not detect any differences in fungal composition between site
types. However, our sampling effort was insufﬁcient to estimate true morphotype richness at either site type. Our
study highlights the adaptable generalist diet of the southern brown bandicoot, as well as the likely under-appreciated diversity of hypogeal fungi that can occur in highly modiﬁed, novel ecosystems.
Key words: human-dominated landscape, hypogeal fungi, mycophagy, novel ecosystem, southern brown
bandicoot (Isoodon obesulus).

INTRODUCTION
As anthropogenic environmental change escalates
globally (Vitousek et al. 1997; Ellis et al. 2010), it is
increasingly important to accommodate biodiversity
in human-dominated landscapes (Hobbs et al. 2014;
Mendenhall et al. 2014). Understanding how fundamental aspects of wildlife ecology, such as diet, are
impacted in modiﬁed habitats can provide important
insights to guide ongoing management and conservation efforts. For example, in the Northern Territory,
Australia, the rare and little-known central rock rat
(Zyzomys pedunculatus) depends on seed resources
that are also targeted by introduced herbivores, highlighting a need to manage the latter to ensure seed
resources for the rock rat are not compromised
(Nano et al. 2003). Similarly, the endangered (EPBC
Act 1999) Carnaby’s cockatoo (Calyptorhynchus
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latirostris) has been found to depend heavily on exotic
plants such as Pinus spp. now that their native vegetation food source has been extensively cleared for
urban development around Perth, Western Australia
(Groom et al. 2014). Local communities are thus
being encouraged to cultivate cockatoo-friendly plant
foods, including non-native species (Groom et al.
2014).
It is especially important to understand dietary
changes in species that inﬂuence key ecological functions. By consuming their fruiting bodies, mycophagous (‘fungus-eating’) mammals can play critical
roles in the dispersal of hypogeal (‘trufﬂe-like’) fungi
(Claridge & May 1994; Nuske et al. 2017). Hypogeal
fungi are a vital component of many Australian and
New Zealand ecosystems, having tripartite interactions with mycorrhizal plants (for which they boost
exchange of nutrients and water from the soil, and
protect from deleterious soil pathogens) and native
mammals and birds (that use the fungi as food and
doi:10.1111/aec.12960
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disperse the fungal spores; Claridge & May 1994;
Bougher & Lebel 2001). The excavation of these
fungi by mycophagous mammals can also have
important ecosystem consequences, such as increasing water inﬁltration, organic matter capture and
nutrient cycling, as well as improving seedling germination, recruitment and growth (Fleming et al. 2014;
Valentine et al. 2017; Halstead et al. 2020). Understanding dietary changes in mycophagous and/or digging mammals could therefore have broader
implications for the maintenance of healthy ecosystems.
We examined the diet of the endangered, mycophagous southern brown bandicoot (Isoodon obesulus
obesulus: Peramelidae) in peri-urban Melbourne, Australia’s second-largest city. This medium-sized
(≤1600 g) ground-dwelling marsupial is endemic to
south-eastern Australia. Although once considered
common, I. o. obesulus is now listed nationally as
endangered (EPBC Act 1999) and occupies a patchy
and reduced distribution within its former range
(Brown & Main 2010). An opportunistic, fossorial
omnivore, it consumes a variety of invertebrate, fungal and plant material leaving shallow, conical holes
that it excavates with its powerful foreclaws (Braithwaite 1995; Warburton & Travouillon 2016). Individuals are thought to select dietary items in relation
to availability, reﬂecting geographic and seasonal
variation in abundance (Heinsohn 1966; Quin 1988;
Mallick et al. 1998; Warburton & Travouillon 2016).
Historically, the species was associated with a range
of native vegetation types with dense understorey
vegetation; any patches of native or exotic vegetation
within its distribution with understorey vegetation
structure having 50–80% average foliage density in
the 0.2–1 m height range are now considered suitable
habitat (Department of the Environment & Energy
2019).
South-east of Melbourne, I. o. obesulus persists
within the former ‘Koo-Wee-Rup’ or ‘Great’ Swamp,
which was the largest wetland in Victoria prior to
being drained throughout the 1870s to 1960s for
agricultural use and to provide easier access to the
city (Yugovic & Mitchell 2006). This region is now
contained within Melbourne’s ‘Greater Capital City
Statistical Area’, delineating the ‘functional extent’ of
the city by including the population of regular commuters (Australian Bureau of Statistics 2016). It has
a human population density of approximately 18.8
per km2 (Australian Bureau of Statistics 2011). This
peri-urban landscape encompasses a mix of land
uses, including small urban townships, ‘rural-residential’ properties (i.e. ‘hobby farms’), grazing pastures,
vegetable cropping and some intensive animal production (poultry farms). Remaining vegetation is
concentrated in narrow linear strips along the network of drainage channels, roads and railway lines,
doi:10.1111/aec.12960

and comprises a novel combination of indigenous
and exotic plant species (Schmidt et al. 2009).
Maclagan et al. (2018) found that these strips supported higher bandicoot density and similar female
body condition to larger patches of remnant habitat
nearby. An explanation proposed for the success of
bandicoots at these novel sites was the potential for
higher food abundance because of the availability of
introduced plants such as blackberry (Rubus fruticosus
agg.), anthropogenic food (e.g. pet food) and relatively fertile soil compared to remnant sites (Maclagan et al. 2018). However, the diet of bandicoots at
these novel sites has not been investigated. Here, we
hope to provide a stronger evidence base for the
ongoing management of this threatened species in
this human-dominated landscape.
Our study also seeks to increase knowledge of
hypogeal fungi in this peri-urban region. Despite
their ecological importance and high diversity and
endemism (compared to other regions of the world),
the hypogeal fungal biota of Australia and New Zealand remains relatively poorly known (Bougher &
Lebel 2001; Danks et al. 2013). Hypogeal fungi are
notoriously difﬁcult to survey, whereas mycophagous,
digging animals are very adept at locating and consuming them (Johnson 1996). Our study thus presented an excellent opportunity to investigate
hypogeal fungi in a heavily modiﬁed landscape.
The aims of our study were therefore twofold: (i)
to compare the diet of I. o. obesulus from ‘novel’ sites
embedded within a peri-urban landscape, vs. nearby
‘remnant’ sites within designated conservation
reserves; and (ii) to increase knowledge of hypogeal
fungal diversity in a human-dominated landscape.
Given the opportunistic generalist diet of this bandicoot species, we predicted there would be notable
differences in diet composition between novel and
remnant sites due to different vegetation and habitat
(as per Maclagan et al. 2018) and hence likely variation in availability of food items. With regard to
hypogeal fungi, we expected differences in taxonomic
composition including a lower species richness at
novel vs. remnant sites, due to the higher levels of
disturbance and the fact that most taxa are ectomycorrhizal and therefore dependent on the distribution
of speciﬁc host plants (Bougher & Lebel 2001).
METHODS
Study sites
Fieldwork was undertaken at ﬁve novel and two remnant
sites across the northern Western Port region (38.1994°S,
145.4908°E) (Fig. 1), which experiences mild wet winters,
warm dry summers and an average annual rainfall of
785 mm (Bureau of Meteorology, Station #86314). See
Maclagan et al. (2018) for photographs of typical habitat at
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novel and remnant sites. All sites supported myrtaceous
woody shrubs and/or trees that are potential hosts for hypogeal fungi (Warcup 1980; Bougher 1995; Claridge 2002).
Novel sites comprised linear strips of roadside vegetation
situated within the likely range of ﬂuctuation of the former
Koo-Wee-Rup Swamp boundary (Yugovic & Mitchell
2006). They were selected for the presence of understory
vegetation with relatively intact structural connectivity for at
least 500 m and ranged in width from 16.5 to 56.5 m. The
surrounding landscape typically consisted of large rural
grazing properties (>5 ha), although Sites B and E were
adjoined by rural-residential properties (1–3 ha) on one
side, and Site B was bordered on its other side by urban
residential properties (0.06–0.15 ha). Swamp paperbark
(Melaleuca ericifolia) and blackwood (Acacia melanoxylon)
were the dominant tree species at all novel sites, except Site
E, where the taller canopy was dominated by swamp gum
(Eucalyptus ovata). While M. ericifolia has dominated since
before the swamp was drained 50+ years ago, the latter two
species previously occurred on the swamp periphery and
probably encroached postdraining (Yugovic & Mitchell,
2006). Introduced blackberry (Rubus fruticosus agg.) was
present at all novel sites and other prevalent exotic plant
species included cherry plum (Prunus cerasifera), ﬂax-leaf
broom (Genista linifolia), kikuyu (Cenchrus clandestinus) and
angled onion (Allium triquetrum).
Remnant sites were located in the only large (>100 ha)
patches of intact native vegetation where I. o. obesulus persist in the northern Western Port region: the bushland
annexe at the Royal Botanic Gardens Victoria, Cranbourne
(hereafter ‘Cranbourne Gardens’; 380 ha) and Quail Island
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Nature Conservation Reserve in Western Port (hereafter
‘Quail Island’; 800 ha). Within these reserves, various vegetation types provided suitable bandicoot habitat: coast
manna-gum (Eucalyptus viminalis ssp. pryoriana) ‘woodland’
with dense understory dominated by Austral bracken
(Pteridium esculentum); ‘heath’ composed predominantly of
heath tea-tree (Leptospermum myrsinoides) and/or prickly teatree (L. continentale); and ‘scrub’ dominated by swamp
paperbark with prickly Moses (Acacia verticillata) common
in the understory. Exotic plant species were uncommon at
remnant sites.

Scat collection
Bandicoot scats were collected opportunistically between
May 2012 and April 2014 during the trapping programme
of Maclagan et al. (2018). Trapping sessions were structured around three ‘seasons’ (January–April, May–early
September, late September–December), with at least two
months’ separation between sessions at any one site. Five
trapping sessions were carried out at novel sites (May 2012
– October 2013) while three were carried out at remnant
sites (March 2013–April 2014; no trapping in May–early
September 2013). The lower survey effort at remnant sites
was a consequence of the increased logistical difﬁculty in
surveying at those sites (particularly Quail Island).
Bandicoots were captured in wire mesh cage traps
(500 × 250 × 350 mm) baited with cloth-wrapped balls of
peanut butter, oats and golden syrup (which were sometimes consumed). Individuals were permanently marked

Fig. 1. Location of ‘novel’ (Sites A-E) and ‘remnant’ (RBG Cranbourne and Quail Is. NCR) study sites across the northern
Western Port region, Victoria, Australia. Dashed ellipses indicate the four ‘localities’ into which sites are grouped for statistical
analyses. Stippled area represents the estimated extent of the former Koo-Wee-Rup Swamp (from the reconstruction by
Yugovic & Mitchell, 2006). Modelled native vegetation cover (DSE, 2005) is shown in light grey and nature conservation
reserves are shown in darker grey. Current urban growth boundaries are represented by a heavy grey line, while the extent of
Melbourne’s Greater Capital Statistical Area is indicated by a checked line. Inset: location of the study area within Australia.
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with a Passive Integrated Transponder (Trovan, www.trova
n.com) upon ﬁrst capture. The ﬁrst scat sample from each
bandicoot in each trapping session was collected from the
ﬂoor of the trap, placed in a paper bag and dried. To
ensure no cross-contamination, excess scats were removed
before traps were reset. Once dried, each scat sample was
divided into two portions to enable separate examination of
broad diet and fungal spore taxonomic composition. Further detail about trapping and handling methodology is
provided in Maclagan et al. (2018).

Broad diet composition
The bandicoots’ general diet composition was assessed by
identifying and quantifying prey types found in scats into
major diet categories. This was undertaken by an experienced practitioner with an extensive reference collection
(Georgeanna Story, Scats About Pty Ltd). Quantiﬁcation
was done using both the frequency of occurrence (FO) and
the relative volume (RV) of each diet category in the scats.
FO is the proportion of scats in which a particular food category was found to be present, while RV is the percentage
of the scat volume that was made up of a particular diet
category (Glen et al. 2011). It is beneﬁcial to consider both
of these together, as both have their limitations and advantages in elucidating diet (Glen et al. 2011). For example,
foods that are easily digested and therefore leave few
remains in scats are likely to be underestimated by RV.
While FO avoids this limitation, it may overestimate the
importance of foods that are consumed with high frequency
but only in small amounts. Given how general our diet categories were, we did not estimate their diversity within the
scats.
Scat samples were placed in nylon bags, softened in
water overnight, washed to loosen and then air-dried. Contents were sieved (0.12 mm) into a sorting tray to separate
the larger fragments. The proportional volume of large vs.
small fragments was visually estimated (to the nearest 5%)
using a grid under the sorting tray. Large fragments were
examined at 4× magniﬁcation, while three randomly
selected subsamples of small fragments were placed on
10 mm × 10 mm drops of glycerol and examined under
10× magniﬁcation. RV was estimated visually (to the nearest 5%) based on the abundance and size of fragments.
The values for large and small fragments were combined to
give a total RV for each diet category per sample. We did
not include earthworms in RV estimates due to the high
digestibility of their soft parts (Quin 1988), but we used the
presence of their oral chaetae to determine FO. Similarly,
we only included fungi in RV estimates when there was
obvious fungal content or spores, but we determined FO
through the speciﬁc search for spores (see ‘Fungal spore
taxonomic composition’ below).
Diet categories were generally based on taxonomic
group, but were sometimes deﬁned by life stage when these
were particularly apparent (e.g. ‘invertebrate egg’, ‘caterpillar’). Beetles, bugs and cockroaches were combined into a
single category as it was difﬁcult to differentiate between
the remains of these groups. ‘Plant material’ includes leaf,
stem and root material but not seed, which was captured in
a separate category. Oats from the bait were occasionally
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detected, but were clearly discernible from other plant
materials and excluded. ‘Fungi’ includes all fungal material,
whether of epigeal (mushroom-like) or hypogeal (trufﬂelike) origin.
Of the 16 broad diet categories initially identiﬁed, six
(‘bird egg’, ‘frog’, ‘skink’, ‘moth’, ‘slater’, ‘spider’) were
found in very few samples (<10% FO; Appendix S1).
Therefore, we combined the ﬁrst three into a single category, ‘vertebrate’, while the latter three were combined with
the ‘unknown invertebrate’ category to become ‘unknown/
other invertebrate’, creating 11 categories for analysis. The
FO and RV values for the original 16 categories are provided in Appendix S1.
Overall differences in the broad diets of bandicoots
between novel and remnant sites were explored using PERMANOVA (a nonparametric multivariate analysis of variance; Anderson 2001) for both the FO and RV of diet
categories. Bray–Curtis distance matrices were created for
group samples and checked for homogeneity of dispersion.
PERMANOVA was implemented in the ‘vegan’ package
(Oksanen et al. 2019) in R (R Core Team 2019) using the
‘adonis’ function to compare the test result to that derived
from 9999 random permutations of site samples. To
account for any variation due to spatial clustering of sites,
study sites were grouped into four ‘localities’ (see Fig. 1):
two remnant (‘Cranbourne Gardens’, ‘Quail Island’) and
two novel (‘Bunyip’ and ‘Koo-Wee-Rup’). The wrapper
function ‘pairwise.adonis’ (Martinez Arbizu 2019) was used
to undertake multilevel pairwise comparisons between the
four localities in R.
Differences in the FO of each diet category in scats from
novel and remnant sites were tested with the ‘Bayesian Proportions Test’ routine in the ‘Bayesian First Aid’ package
in R (Bååth 2014). This calculates 95% Bayesian credible
intervals, which represent the range of values within which
we can be 95% certain the true frequency lies (Cumming
2009). For RV, the normality assumptions of the Bayesian
approach were not satisﬁed, so bias-corrected and accelerated (BCa) 95% conﬁdence intervals were estimated for
each diet category using bootstrapping via the ‘Boot’ package (Canty & Ripley 2019) in R. Statistical differences in
the RV of each food category in scats from novel and remnant sites were tested using the Wilcoxon rank-sum test in
the ‘Stats’ package in R (R Core Team 2019).

Fungal spore taxonomic composition
The taxonomic composition of fungi (both hypogeal and
epigeal) in bandicoots’ diet was assessed by classifying their
spores into ‘morphotypes’ at the lowest taxonomic level
possible. This was undertaken by Dr Teresa Lebel (Senior
Mycologist, Royal Botanic Gardens Victoria).
Scat samples were ground ﬁnely in a ceramic mortar;
then, approximately 0.5mg was placed into a watchglass
with 2 mL of water and ground to further reduce the fragment size. A plastic dropper was used to place four sample
drops onto glass slides, which were placed on a heat block
(30°C) to dry for 10–15 mins. A drop of Melzer’s reagent
(an iodine speciﬁc stain) was added to each slide and
topped with a glass coverslip. Slides were examined at
either 800× or 1000× magniﬁcation (80× used when
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randomly sampled to provide an equal (n = 15) sample size
for comparison with novel sites (Colwell & Coddington
1994; Gotelli & Colwell 2001).
Differences in taxonomic composition of fungal spores in
bandicoot diet between localities and site types (novel vs.
remnant) were visualised using nonmetric multidimensional
scaling (NMDS) ordinations and tested with nonparametric
analysis of similarity (ANOSIM) using the PRIMER 7 software package (Clarke & Gorley 2015). NMDS ordinations
were calculated using presence–absence data and Bray–Curtis dissimilarity matrices. Separate ANOSIM tests and
NMDS ordinations were undertaken for three datasets: (a)
all morphotypes (‘morphotype level’), (b) taxa aggregated
to family level or higher (‘family level’) and (c) hypogeal
taxa only (‘hypogeal only’).

sample contained lots of sand) using an Olympus BX51
and DX camera system.
An initial random sample of ten scats (from a range of
novel and remnant sites) was examined thoroughly to produce a spore morphotype gallery. Spore morphotypes were
classiﬁed based on colour, shape, ornamentation, dimensions and Melzer’s reagent staining reaction. Each new
morphotype was described and photographed for future reference. It was found that 20 min (excluding description/
photography time) was sufﬁcient to comprehensively survey
each slide to ensure all morphotypes were detected (T.
Lebel, pers. comm.). All remaining slides were thus surveyed using a standardised 20 min sampling effort, starting
at a random point and conducting transects across the full
sample. In the case of a new morphotype being encountered, the stopwatch was paused while it was described and
photographed.
To compare fungal morphotype richness between novel
and remnant sites, sample-based rarefaction and accumulation curves were generated using presence–absence data
from individual scat samples. To reduce any inﬂuence of
temporal variation, we only included data from Season 1,
2013, when the greatest number of samples was obtained
(novel, n = 24; remnant, n = 15; Table 1). Analyses were
completed using ‘EstimateS’ software (Colwell 2013). Mao
Tau rarefaction curves with 95% conﬁdence intervals (100
randomisations; <40% uniques in each category) were created to enable comparison of observed morphotype richness
at a given equal sample size (Gotelli & Colwell 2001; Colwell et al. 2012). Accumulation curves were generated to
assess sampling completeness and to compare estimated
total morphotype richness between site types (Gotelli &
Colwell 2001). Two nonparametric incidence-based species
richness estimators were used: Chao2 and Jackknife2 (100
randomisations, no replacement). These have been found
to perform well for species-rich communities with many
rare taxa (traits characteristic of fungal communities)
(Chiarucci et al. 2003; O’Dell et al. 2004) and at low sample coverage levels (Colwell & Coddington 1994; Brose
et al. 2003). Scat samples from remnant sites were

RESULTS
We collected 133 scat samples from 86 bandicoots
(41 ♂, 45 ♀), including 28 samples from remnant
sites and 105 samples from novel sites (Table 1).
Only one sample was collected per individual per
season, but some bandicoots contributed samples
across multiple seasons.

Broad diet composition
We found signiﬁcant overall differences in the composition of bandicoot diet between novel and remnant sites with respect to both RV (F = 24.7,
P < 0.001) and FO (F = 31.2, P < 0.001). Pairwise
analyses indicated signiﬁcant differences in both RV
and FO for all comparisons of novel vs. remnant
localities, but no signiﬁcant differences (in RV or
FO) among localities of the same site type (remnant
or novel; Table 2).

Table 1. Number of southern brown bandicoot (Isoodon obesulus obesulus) scats collected during six sampling seasons at
novel and remnant sites across four localities in the northern Western Port region, Victoria, Australia. Sampling seasons are
expressed as year/season, where season ‘1’ = January–April, season ‘2’ = May–early September and season ‘3’ = late September–December. Totals are shown in bold
Season
Sample location (Site Type, Locality, Site)

2012/2

2012/3

2013/1

2013/2

2013/3

2014/1

Total

Novel
Koo-Wee-Rup
Site A
Site B
Bunyip
Site C
Site D
Site E
Remnant
Cranbourne Gardens
Quail Island
Total

21
17
3
14
4
2
2
–
–
–
–
21

15
11
1
10
4
3
1
–
–
–
–
15

24
17
3
14
7
3
1
3
15
6
9
39

28
16
7
9
12
4
3
5
2
0
2
30

17
11
5
6
6
2
1
3
4
4
0
21

–
–
–
–
–
–
–
–
7
4
3
7

105
72
19
53
33
14
8
11
28
14
14
133
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Table 2. Results of pairwise analyses comparing southern brown bandicoot (Isoodon obesulus obesulus) broad diet composition
at novel and remnant localities in the northern Western Port region, Victoria, Australia. Remnant localities are italicised. Sample sizes are shown in brackets. Signiﬁcant results are shown in bold
Relative volume (RV)
Locality pairs

F.model

R2

Koo-Wee-Rup (72), Bunyip (33)
Koo-Wee-Rup (72), Cranbourne (14)
Koo-Wee-Rup (72), Quail Island (14)
Bunyip (33), Quail Island (14)
Bunyip (33), Cranbourne (14)
Cranbourne (14), Quail Island (14)

−0.034
−0.071
0.018
−0.134
−0.047
0.056

0.018
0.170
0.140
0.170
0.203
0.100

While all broad diet categories were detected at
both novel and remnant sites, and some were common in scats collected from both site types, the RV
and FO of some categories varied depending on site
type (Fig. 2, Table 3). Fungal spores were detected
in 100% of scats, and ants, plant material, unknown/
other invertebrates and beetles/bugs/cockroaches were
also detected very frequently in scats from both novel
and remnant sites (FO > 70%). However, scats from
remnant sites contained a signiﬁcantly greater RV of
ants, invertebrate eggs and unknown/other invertebrates, and signiﬁcantly less caterpillars, millipedes
and seed than scats from novel sites. Although beetles/bugs/cockroaches were more likely to be detected
at novel sites, they had a similar RV in scats across
both site types.
The differences between novel and remnant sites
with regard to millipedes were particularly notable:
millipedes were detected in 80% of scats at novel
sites and made up nearly a third of the relative volume, whereas they were only detected at 10.7% of
remnant sites and made up less than 1% of the scat
volume. In a similar but weaker pattern, seeds were
detected in over two thirds of scats at novel sites
where they made up nearly one ﬁfth of RV, but only
14.3% of scats at remnant sites where they made up
less than 5% of relative volume. On the other hand,
although ants were detected very frequently across all
sites (100% of scats from remnant sites and 84.8%
from novel sites), they comprised a much greater
proportion (>ﬁvefold difference) of the volume of
scats at remnant sites (34.8% vs. 6.6% at novel
sites).
Earthworms were found in 13.5% of scats overall,
while vertebrate remains were found in only ﬁve
scats, including two incidences of bird eggshell, two
of skink (lizard) and one of frog.

Fungal spore taxonomic composition
We identiﬁed 80 distinct spore morphotypes from
the bandicoot scats (Fig. 3), representing at least 16
doi:10.1111/aec.12960

Frequency of occurrence (FO)

Sig. (P)

F.model

0.804
0.006
0.006
0.006
0.006
0.126

0.46
21.75
12.53
11.61
16.99
2.37

R2
0.004
0.200
0.130
0.200
0.270
0.100

Sig. (P)
1.000
0.006
0.006
0.006
0.006
0.552

fungal families (see Appendix S2). Two morphotypes
were identiﬁed to species level, 42 to genus, 16 to
family, eight to order, 10 to phylum and two could
not be identiﬁed (Appendix S2). We detected a
greater number of fungal taxa from novel sites
(Fig. 3), where more samples were collected
(Table 1). There was a high degree of similarity in
taxa composition across novel and remnant sites,
with most morphotypes (71%; n = 57) detected in
both habitat types. Of these, at least 44% (n = 25)
were hypogeal taxa (sporocarp type could not be
determined for some). The most frequently detected
hypogeal taxa included members of the Hysterangium
and Pogiesperma genera and the Mesophelliaceae family (found in >25% of samples), as well as those of
the Russulaceae family (found in >15% of samples;
Appendix S2). Two hypogeal morphotypes (genera
Pogiesperma and Elaphomyces) were found only at
remnant sites, although other morphotypes from
these genera were detected at novel sites (Appendix
S2). Hypogeal taxa made up at least 45% of known
sporocarp morphotypes at novel sites and 47% of
those at remnant sites (Fig. 3).
All bandicoot scats contained fungal spores, with
1–20 spore morphotypes per sample (x  SE:
6.47  0.30; Fig. 4.). At least 91.4% of samples from
novel sites and 85.3% from remnant sites contained
epigeous taxa, while at least 98.1% from novel sites
and 96.4% from remnant sites contained hypogeal
taxa (true ﬁgures may be slightly higher due to the
six taxa of unknown sporocarp type).
For both novel and remnant sites in Season 1,
2013, accumulation curves (using Chao2 and Jackknife2 estimators) predicted approximately twice the
total fungal morphtoype richness than was observed
(based on Mao Tau rarefaction curves at equal sample size; Fig. 5a-b). Similarly, the accumulation
curves did not reach a plateau, indicating insufﬁcient
sampling effort to detect the likely true total morphotype richness.
Both Chao2 and Jackknife2 estimators predicted a
higher fungal morphotype richness at remnant vs.
novel sites in Season 1, 2013, although the difference
© 2020 Ecological Society of Australia
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Fig. 2. Comparison of southern brown bandicoot (Isoodon obesulus obesulus) broad diet composition at novel and remnant
sites in the northern Western Port region, Victoria, Australia. Diet is shown in terms of (a) mean relative volume (RV) and
(b) frequency of occurrence (FO) of each food category (RV was not calculated for ‘earthworm’). For RV, error bars indicate
adjusted bootstrap 95% percentile (BCa) intervals, while for FO, they show 95% Bayesian credible intervals.

was not pronounced (Fig. 5a-b). The overlapping
95% conﬁdence intervals of the Mao Tau rarefaction
curves (Fig. 5c) did not support a signiﬁcant difference in observed morphotype richness between site
types, but this cannot be ruled out (Gotelli & Colwell
2011; Colwell et al. 2012; Chao & Jost 2012), particularly given the low sampling completeness.
When data from all seasons were combined, scats
from remnant sites contained signiﬁcantly more
spore morphotypes per sample (higher morphotype
richness) than those from novel sites (Wilcoxon ranksum test with continuity correction; W = 10915,
P = 0.036). This difference was due to the greater
richness of hypogeal morphotypes recorded in scats
from remnant sites (W = 881.5, P = 0.001), whereas
there was no signiﬁcant difference in epigeal morphotype richness between site types (W = 1633.0,
P = 0.360). These results should be interpreted with
caution given the insufﬁcient sampling effort already
acknowledged.
© 2020 Ecological Society of Australia

NMDS ordinations on fungal spore composition in
bandicoot scats showed considerable overlap in taxa
composition between localities (n = 4) and site types
(novel vs. remnant), for all three datasets tested
(morphotype level, family level or hypogeal only; see
Appendix S3). High stress levels in NMDS ordinations indicated poor differentiation of samples. Similarly, ANOSIM tests did not detect any signiﬁcant
differences in fungal spore composition between
localities or site types (Table 4) using any of the
three datasets (morphotype level, family level or
hypogeal only).

DISCUSSION
We found that the broad diet composition of the
southern brown bandicoot differed between ‘novel’
sites embedded within a peri-urban landscape and
nearby ‘remnant’ sites within designated conservation
doi:10.1111/aec.12960
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Table 3. Results of statistical comparisons of relative volume (RV) and frequency of occurrence (FO) of 11 diet categories
in southern brown bandicoot (Isoodon obesulus obesulus) scats from novel and remnant sites in the northern Western Port
region, Victoria, Australia. RV was not calculated for ‘earthworm’. Signiﬁcant results are shown in bold
Relative volume (RV)

Frequency of occurrence (FO)

Broad diet category

Wilcoxon test statistic (W)

Sig. (P)

Estimated difference

Sig. (P)

Vertebrate
Ant
Beetle/bug/cockroach
Caterpillar
Earthworm
Millipede
Invertebrate egg
Unknown/other invertebrate
Plant material
Seed
Fungi

1471.5
49.5
1461.5
1839
–
2561.5
1146
1038
1503.5
2241
1347

0.987
<0.001
0.965
0.027
–
<0.001
0.005
0.016
0.855
<0.001
0.367

0.01
0.13
0.24
0.25
0.06
0.66
0.21
0.11
0.06
0.52
0.02

0.062
0.012
<0.001
0.007
0.831
<0.001
0.006
0.100
0.223
<0.001
0.208

Fig. 3. Proportion of fungal morphotypes of each sporocarp type (epigeal, hypogeal, unknown) detected in southern brown bandicoot (Isoodon obesulus obesulus) scats from
novel and remnant sites in the northern Western Port
region, Victoria, Australia. Total number of taxa per category is shown in text, with number detected exclusively at
that site type (remnant or novel) shown in brackets.

reserves, although certain dietary groups – especially
fungi – appeared important across all sites. While
there appears to have been a greater richness of
hypogeal (trufﬂe-like) fungi per sample in scats from
remnant sites, we did not detect any differences in
the composition of fungal assemblages between novel
and remnant sites. Our discovery of at least 35 hypogeal taxa at novel sites demonstrates that complex
interactions between mycophagous mammals, fungi
and plants can occur within novel ecosystems in
human-dominated landscapes.

Broad diet composition
As predicted, we found signiﬁcant differences in the
broad diet composition of bandicoots from novel
doi:10.1111/aec.12960

Fig. 4. Number of fungal taxa (morphotype richness) per
sample in southern brown bandicoot (Isoodon obesulus obesulus) scats from novel and remnant sites in the northern
Western Port region, Victoria, Australia. Boxes represent
the interquartile (IQ) range which contains the middle 50%
of records, while the median is shown as a line across the
box. The ‘whiskers’ contain values within 1.5 times the IQ
range. Outliers (values 1.5 to 3 times the IQ range) are
shown as ﬁlled circles, while extreme outliers (values >3
times the IQ range) are shown as stars.

and remnant sites, probably reﬂecting variation in
food availability between the different vegetation
and habitat types. Although we did not quantify
food availability in this study, the novel sites occur
on fertile, moisture-holding clay loam soil, whereas
the remnant sites have relatively nutrient-poor welldrained sandy soil (Sargeant & Imhof 1996; Yugovic
& Mitchell 2006). This, along with the different
vegetation composition (which includes many exotic
species at novel sites), is likely to impact the type
© 2020 Ecological Society of Australia
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Fig. 5. Accumulation and rarefaction curves for fungal
morphotype richness detected in southern brown bandicoot
(Isoodon obesulus obesulus) scats at novel and remnant sites
in the northern Western Port region, Victoria, Australia, in
Season 1, 2013: (a) Chao2 and (b) Jackknife2 accumulation
curves (solid) with Mao Tau rarefaction curves (dashed)
overlaid; and (c) Mao Tau rarefaction curves (solid) showing 95% conﬁdence intervals (dashed), with vertical dashed
line to indicate equal sample size across site types (n = 15).

© 2020 Ecological Society of Australia
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and abundance of invertebrates, fungi (epigeal and
hypogeal) and plant material available to bandicoots.
The proximity of novel sites to human habitation
also presents the opportunity for bandicoots to
access human-provisioned food. Bandicoots are suspected to make use of food intended for pets or
other domestic animals (e.g. rabbits, cats, dogs,
sheep, pigs, parrots and chickens) at the novel sites
in our study (Maclagan et al. 2020). Exploitation of
anthropogenic food by opportunistic wildlife species
is common in urbanised landscapes throughout the
world (Oro et al. 2013; Lowry et al. 2013), including bandicoots (FitzGibbon & Jones 2006; Hillman
& Thompson 2016).
Thus, while remnant sites probably offered
bandicoots a more ‘natural’ array of food items
(e.g. ants, fungi), bandicoots at novel sites appear
to be taking advantage of novel prey and food
resources. For example, the strikingly high frequency and volume of millipedes consumed at
novel sites may reﬂect seasonal abundances of the
exotic Portuguese millipede (Ommatoiulus moreletii),
which tends to occur in moist conditions and can
be highly abundant and active in southern Australia
during autumn and spring (Baker 1985). Although
scat contents were not identiﬁed to species level,
large numbers of Portuguese millipedes were
observed during ﬁeldwork at novel sites, but not at
remnant sites (despite all surveying at remnant sites
being during autumn and spring months when millipedes would be expected to be most prevalent).
Likewise, some of the seeds detected in higher
abundance and frequency at novel sites may have
originated from the introduced blackberry, and/or
potentially as human-provisioned seed. Blackberry
has been previously detected in the diet of the
southern brown bandicoot (Quin 1988; Mallick
et al. 1998) and was present at all novel sites but
neither of the remnant sites in this study. The closely related quenda (Isoodon fusciventer) in Western
Australia has been found to consume whole grains,
seeds and horse muesli provided by residents in
the city of Perth (Hillman & Thompson 2016).
The prevalence of other, less-identiﬁable novel or
exotic food items at novel sites may also have contributed to dietary differences observed.
The long-term health implications of novel and/or
anthropogenic food on bandicoot health remains
uncertain. Maclagan et al. (2018) reported similar
female body condition in novel and remnant sites in
our study area and found that important demographic processes such as breeding, recruitment of
ﬁrst-year adults and survival of mature adults were
occurring at all novel sites, suggesting that bandicoots were faring well at novel sites. However, a
study of quenda suggests that there may be detrimental health impacts to bandicoots in urban
doi:10.1111/aec.12960
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Table 4. Results of nonparametric analysis of similarity (ANOSIM) tests comparing fungal taxonomic composition in southern brown bandicoot (Isoodon obesulus obesulus) scats from novel and remnant sites across four localities in the northern Western Port region, Victoria, Australia
Morphotype-level
ANOSIM test
Site type (novel, remnant)
Locality

R
−0.095
−0.04

Sig. (P)
0.994
0.900

environments, including different probability or
intensity of certain parasite infections, a tendency
towards obesity and reduced reproductive activity
(Hillman et al. 2017). Although this study appears to
have been conducted in a more urbanised environment, it suggests that research into bandicoot health
and any association with population trends should be
a key priority in our study region as well as similar
situations elsewhere.
Despite the differences in bandicoot diet between
novel and remnant sites, some dietary groups clearly
remain important across all sites. The observed dominance of invertebrate material is consistent with
other published dietary studies of this species (Heinsohn 1966; Stoddart & Braithwaite 1979; Opie 1980;
Lobert 1985; Quin 1988). The presence of fungi in
100% of scat samples is noteworthy. Fungi can offer
high concentrations of important nutrients (Claridge
& Trappe 2005), although specialised mycophagists
(e.g. potoroos) with foregut microbial fermentation
probably have a greater ability to use these than hindgut-fermenting mammals such as bandicoots (Johnson 1996; McIlwee & Johnson 1998). Claridge and
Trappe (2005) classify I. o. obesulus and other bandicoots as ‘preferential mycophagists’, meaning they
prefer fungal sporocarps when available, but regularly
or seasonally eat other types of food as well. The
prevalence of fungi in diet of I. o. obesulus in this and
previous studies (Opie 1980; Lobert 1985; Quin
1988; Mallick et al. 1998; Sicha 2003) is consistent
with this classiﬁcation.
A potential limitation of our study is that other
important food items may have been missed due to
high digestibility. For example, Heinsohn (1966)
found an abundance of slugs in the stomach contents
of southern brown bandicoots killed in Tasmania,
noting that they often appeared as large easily recognised pieces. We did not detect slugs at all; nor has
any other study on this species using scat analysis.
Human-provisioned food such as canned cat or dog
food is another food category that may have been
entirely missed in our study due to 100% digestibility. DNA testing, although prohibitively expensive at
the time of this study, may be a way to resolve this
problem in future.
doi:10.1111/aec.12960

Family-level
R
−0.04
0.029

Sig. (P)
0.783
0.234

Hypogeal-only
R
−0.087
−0.045

Sig. (P)
0.985
0.907

Fungal spore taxonomic composition
As predicted, our results suggest a higher diversity of
hypogeal fungi occurred at remnant vs. novel sites,
although further sampling is needed to conﬁrm this.
Contrary to our predictions, we did not detect any
differences in fungal assemblage between site types.
This was surprising, given the different biotic and
abiotic conditions present at novel and remnant sites.
It may be partly due to a predominance of cosmopolitan taxa, given a majority of morphotypes
(71%) were observed across both site types. However, it may also be due to insufﬁcient sampling – in
particular, the relative paucity of samples we obtained
from remnant sites (with >3.5 times as many samples
collected at novel sites), and the suboptimal timing
of our surveys at remnant sites (which did not
include any samples from May–early September,
when fungal diversity is probably highest; Claridge
et al. 2000a, 2000b). Future research should aim to
rectify this by increasing survey effort across the year,
particularly during the cooler wetter months.
Nevertheless, a key ﬁnding of our study is that
hypogeal fungi appear to be an important component
of bandicoot diet across both site types (found in
>95% of scats from novel sites and 100% from remnant sites). Although hypogeal morphotype richness
per scat was lower at novel sites, the detection of at
least 35 hypogeal morphotypes at novel sites demonstrates that highly modiﬁed landscapes can sometimes support a high diversity of these taxa. Studies
in human-dominated landscapes remain very limited,
but hypogeal fungi are generally thought to be negatively impacted by habitat alteration (Bougher &
Lebel 2001; Grilli et al. 2017). The presence of a relatively diverse hypogeal community at our novel sites
is an exciting discovery and warrants further research
into the causal mechanisms.
One possibility is that I. o. obesulus could be contributing to the high diversity of hypogeal fungi at
our novel sites. In addition to the dependency on
speciﬁc host plants, the absence of mammalian vectors has been implicated as a key factor in the low
hypogeal diversity observed in modiﬁed landscapes
elsewhere (Bougher & Lebel 2001). Three other
© 2020 Ecological Society of Australia
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mammal species known to consume hypogeal fungi
were present at some or all of our novel sites: the
native bush rat Rattus fuscipes and swamp rat Rattus
lutreolus, and the introduced black rat Rattus rattus
(S. Maclagan, unpublished camera trap data, 2014).
Of these, only the bush rat – a specialised mycophagist (Tory et al. 1997) – is known to consume a comparable diversity of fungi, and it was only observed at
our novel sites in the locality of Bunyip (but not
Koo-Wee-Rup). Furthermore, the bandicoot is substantially larger than these rat species and may therefore disperse spores over greater distances (larger
mammals tend to have larger home range sizes;
Tucker et al. 2014). The swamp wallaby Wallabia
bicolor is another important and longer-distance disperser of hypogeal fungi (O’Malley 2012; Danks
2012), but was only present at remnant, not novel,
sites in our study. Thus, the persistence of hypogeal
fungi in our highly modiﬁed study area could be
dependent on a novel suite of mammalian dispersers
including the southern brown bandicoot. Further
research is needed to examine these potential interactions, as they could have signiﬁcant management
implications. Priorities include the following: comparing hypogeal fungi present in the rhizosphere of
woody trees and shrubs with those consumed by
bandicoots and other mycophagous species at each
site; examining hypogeal fungal diversity at additional
novel sites with and without bandicoots; and monitoring trends in hypogeal fungal diversity over time.
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Appendix S2. Fungal taxa (morphotypes)
detected in the bandicoot scats.
Appendix S3. NMDS ordinations of fungal
spores in bandicoot scats according to locality and
site type.

Appendix S1. Frequency of occurrence and mean
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