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Abstract

Context The classical theory of island biogeography

explains loss of species in fragmented landscapes as an

effect of remnant patch size and isolation. Recently

this has been challenged by the habitat amount and

habitat continuum hypotheses, according to which

persistence in modified landscapes is related to total

habitat amount rather than habitat configuration or the

ability of species to use all habitats to varying degrees.

Distinguishing between these theories is essential for

effective conservation planning in modified

landscapes.

Objective Identify which factors of habitat type,

amount and configuration predict the persistence of a

keystone woodland specialist, the eastern bettong

Bettongia gaimardi, in a fragmented landscape.

Method In the Midlands region of Tasmania we

carried out camera surveys at 62 sites in summer and

winter. We included habitat and landscape features to

model whether habitat amount or patch size and

isolation influenced the presence of the eastern

bettong, and to measure effects of habitat quality.

Results Habitat amount within a 1 km buffer was a

better predictor of occupancy than patch size and

isolation. Occupancy was also affected by habitat

quality, indicated by density of regenerating stems.

Conclusion Our results support the habitat amount

hypothesis as a better predictor of presence. For a

species that is able to cross the matrix between

remnant patches and utilise multiple patches, the

island biogeography concept does not explain habitat

use in fragmented landscapes. Our results emphasize

the value of small remnant patches for conservation of

the eastern bettong, provided those patches are in good

condition.

Keywords Fragmentation � Habitat amount

hypothesis � Occupancy � Eastern bettong

Introduction

Conversion of native vegetation for agriculture is a

major and escalating threat to biodiversity globally

(Tittensor et al. 2014; Newbold et al. 2015; Maxwell

et al. 2016; Venter et al. 2016). Agricultural land
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covers 38% of the land surface of the earth (Kehoe

et al. 2017). The conversion of land for agriculture has

resulted in the widespread loss or reduction of

contiguous native vegetation across all habitat types,

including forests, grasslands and wetlands (Sodhi and

Ehrlich 2010; Johnston 2013; Haddad et al. 2015). The

socio-economic value of agricultural production

(Venter et al. 2016) and growing human population

will result in continuing expansion and intensification

of agriculture, coupled with increased infrastructure

and global human footprint (Lindenmayer and Fischer

2013; Laurance et al. 2014; Venter et al. 2016).

Species that persist in largely cleared agricultural

landscapes are often restricted to remnant fragments of

habitat, which are smaller and may have undergone

significant ecological modifications from their origi-

nal state (Fahrig 2007; Fischer 2007). Understanding

how biodiversity responds to the stressors of landscape

modification, including decreased quality, fragmenta-

tion and loss of habitat, is important for managing

persistence of biodiversity in agricultural landscapes.

Identifying features of fragmented agricultural

landscapes that influence the persistence of the

original native species is a significant research focus.

Much effort has focussed on the effects of size and

isolation of remnant patches of habitat (Haila 2002).

This research was grounded in the equilibrium theory

of island biogeography and the related theory of

metapopulation ecology. These hypotheses assume

that the target native species are unable to occupy the

matrix that surrounds habitat remnants and predict that

species richness increases with patch area and

decreases with patch isolation (Fahrig 2002; Krauss

et al. 2004; Laurance 2008). Patch size and isolation

have indeed been reported to be important for species

persistence, functional diversity and the retention of

ecosystem functions in many taxa as seen in plants,

invertebrates, amphibians and birds (Sahlin and

Schroeder 2010; Sodhi and Ehrlich 2010; Mönkkönen

et al. 2014; Munguı́a-Rosas and Montiel 2014; Magi-

oli et al. 2015; Almeida-Gomes et al. 2016; Seahra

et al. 2016).

Recent studies have questioned the relevance of this

framework for species that are able to use multiple

remnant patches of habitat. This is true of many

species that are primarily dependent on forests and

woodlands (Anderson et al. 2007; Ditmer et al. 2015;

Ripperger et al. 2015). For such species, persistence in

a given landscape may depend on the total amount and

the quality of preferred habitat that remains, as distinct

from the particular configuration of patches that

determines the pattern of size and isolation (Fahrig

2013, 2017). There are two alternative hypotheses to

explain species use of heterogeneous landscapes: the

habitat amount and the habitat continuum hypotheses.

The habitat amount hypothesis proposes the effects of

fragmentation are due to a loss of available habitat.

Species richness and abundance should increase with

increasing total amount of habitat surrounding a site of

interest, regardless of patch size and isolation. Instead,

habitat amount should replace the effects of the latter

(Fahrig 2013). This hypothesis has been supported by

some empirical studies (Püttker et al. 2011; Melo et al.

2017; Seibold et al. 2017), but is not universal in its

explanatory capacity. The amount of habitat explained

species richness of small mammals in fragmented

savannahs in Brazil, rather than patch size and

isolation (Melo et al. 2017). Conversely, the density

and species richness of plants in small fragments of

grassland and birds in orchards was better explained

by the island biogeography theory rather than by

habitat amount (Bailey 2012; Lindgren and Cousins

2017; Torrenta and Villard 2017). Alternatively, the

continuum hypothesis highlights all habitats can be

used regardless of configuration. Instead, species

distribution is driven by ecological processes (i.e.cli-

mate, latitude, food, shelter), and therefore occupancy

occurs at a gradient within a landscape (Fischer et al.

2006). For example, species richness and composition

of lizards gradually varied across a fragmented

landscape, explained by a variety of variables such

as climate, amount of food and space rather than site

area or amount of cover (Fischer et al. 2005).

Identifying which of the mechanisms posited by these

theories is operating in fragmented landscapes is

essential for management of biodiversity in such

landscapes.

Quality of available habitat affects persistence of

species in fragmented landscapes because the extent to

which vegetation patches provide food and shelter will

influence population vital rates, such as survival and

reproduction, and therefore abundance at a local and

landscape scale (Hanski 2015). While all patches in a

landscape, including native remnants and the agricul-

tural matrix, represent potential habitat (the habitat

continuum hypothesis), habitat quality will vary

greatly depending on a species’ habitat requirements,

niche breadth and the extent of impacts that degrade
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the native remnants (Battin 2004; Mortelliti et al.

2010). Furthermore, some features of modified land-

scapes can act as barriers to movement (Ascensão

et al. 2017) or cause elevated mortality during

movement through the matrix (D’Amico et al. 2015;

Ruiz-Capillas et al. 2015), and therefore limit the

ability of species to gain access to remnant habitat.

In this study, we assess the pattern of occurrence in

a fragmented agricultural region of a medium-sized

marsupial, the eastern bettong (Bettongia gaimardi;

Family Potoroidae). It is a solitary species, with an

average home range of 0.9 km2 (Gardiner et al. in

review). The eastern bettong is thought to be an

ecosystem engineer because, like other potoroid

marsupials, it modifies soil structure and fertility in

the course of digging for its food (Fleming et al. 2014).

It is also an ecological specialist, being largely

dependent on sporocarps of ectomycorrhizal fungi

that associate with eucalypts, acacias, and other

sclerophyll woodland plants (Taylor 1992, 1993a).

Potoroid marsupials are shown to be sensitive to patch

size in fragmented landscapes (Bennett 1990), and

have suffered major declines due to the impacts of

invasive predators and habitat loss (Woinarski et al.

2004; Johnson 2006). Eastern bettongs have become

extinct on the mainland of Australia but survive on the

island state of Tasmania, where they are distributed

across the drier eastern half of the island. Within this

area, their occupancy of the landscape is quite

heterogeneous and they have declined dramatically

in parts of their range that have been fragmented for

agriculture.

We focus our study on the Midlands bioregion of

Tasmania, one of Australia’s Biodiversity Hotspots. It

was originally dominated by native grasslands and dry

sclerophyll woodlands, but more than 200 years of

intensive agricultural production has resulted in con-

version of approximately 90% of the original vegeta-

tion communities to pasture for sheep and cattle.

Remnants are heavily modified by grazing and fire.

Furthermore, the feral cat (Felis catus), is an abundant

invasive predator across the state. It is a threat to native

mammals, both as a predator and as the definitive

primary host for the pathogen Toxoplasmosis gondii to

which many marsupials have little resistance (Spencer

et al. 2016; Doherty et al. 2017).

We use occupancy modelling to determine the

landscape and local-scale attributes that influence

presence of the eastern bettong in remnant woodland

in the fragmented agricultural landscapes of the

Tasmanian Midlands. In particular, we test whether

patch size and isolation or habitat amount were more

important in determining the species’ response to

fragmentation. We considered the habitat continuum

theory to not be as relevant to eastern bettongs, as they

don’t extensively use the matrix as primary habitat.

We also test whether disturbances are important in

predicting the presence of bettongs. Road mortality

from collisions with vehicles, pivot irrigation near

water sources, and urban settlements are common in

the Midlands bioregion. Lastly, as bettongs are prey

for both native and invasive mammalian predators, we

test whether the presence of predators—the Tasma-

nian devil (Sarcophilus harrisi), spotted tailed quoll

(Dasyurus maculatus) and feral cat (Felis catus)—

influence occupancy and detection of the eastern

bettong.

Methods

The Midlands bioregion is in the dry, lowland (below

500 m) parts of the catchments of the Macquarie and

Derwent Rivers in central-east Tasmania, Australia.

Native vegetation in the Midlands are now fragments

in a sea of agriculture, with less than 10% of native

woodland and less than 3% of native grassland

remaining (Jones and Davidson 2016). We used

camera traps (ReconyxTM PC800) to survey occu-

pancy of mammals, including eastern bettongs, at a

landscape scale across 7660 km2 of the Midlands

bioregion of Tasmania. Two five-week surveys were

carried out, one in the austral winter between June and

August 2015, and the second survey in the summer

between January and February 2016.

Site selection

To select sites based on these broad vegetation

categories, we used and combined the vegetation

classifications in the state government GIS vegetation

layer: TASVEG 3.0 (http://dpipwe.tas.gov.au/

conservation/development-planning-conservation-

assessment/planning-tools/monitoring-and-mapping-

tasmanias-vegetation-(tasveg)/tasveg-the-digital-

vegetation-map-of-tasmania). Much of the remnant

native vegetation of the Midlands is on private prop-

erty, is fragmented to differing degrees, and is
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unevenly distributed across the landscape. To repre-

sent the variability in patch size and isolation, we

stratified woodland patches into three size cate-

gories—small (20–100 ha), medium (100–200 ha)

and large ([ 200 ha). We then filtered the large

number of sites in each category by habitat condition,

presence of shrubby or grassy understorey, and

selected equal numbers of sites from each patch size

category. We differentiated native grassland from

pasture sites by their dominant plant species. Native

grasslands were dominated by at least 70% of native

grass species including Poa spp, Themeda, Microlina

and others. Pasture sites were chosen within paddocks

dominated by introduced grass species. To provide

independence for each habitat type sampled, sites were

separated by a minimum of 1 km, a distance too large

for a bettong to cross a matrix, however all of our sites

were separated than more than 1 km. We collated a

total of 18 variables considered a priori to be ecolog-

ically relevant to the study species (Fig. 1). A pre-

liminary analysis revealed that bettongs were never

detected at sites in pasture, and were detected only

twice at native grassland sites, both of which were

close to or surrounded by woodland. Given the low

detections in pasture and grassland habitats, the sites

that were in pasture and grassland were removed from

the analysis, which was re-run using only the wood-

land sites (n = 62).

Camera trapping and data handling

A total of 103 sites were selected to be geographically

representative of the Midlands, including 62 sites in

native woodland—the most common type of native

vegetation remnant—20 sites in native grassland, and

21 sites in introduced pasture. Cameras were set in the

middle of a patch, mounted on a vertical structure—a

tree, fence post or wooden stake—approximately 1 m

off the ground. A visual and an olfactory lure were

placed 1.5 m in front of the camera, with the field of

view of the camera targeted below the lure. The

olfactory lure was a mixture of rolled oats, peanut

Table 1 Name and definition of patch and landscape parameters used in our occupancy analysis, including minimum, maximum and

average values for each paramenters

Landscape Definition Min Max Average

Patch size Total patch size in meters squared 2151 166,122,0 768,071,3

Isolation Patch isolation measured by distance to nearest neighbour in meters 7 1400 200

Woodland Amount of woodland in meters within 1 km buffer 157,009 294,194,1 296,023,2

Plantation Amount of non-native plantation in meters within 1 km buffer 0 683,584 225954

Agriculture Amount of crop and pasture in meters within a 1 km buffer 0 284,932,3 133,832,3

Grassland Amount of native grassland in meters within a 1 km buffer 0 214,051,2 463,688

Urban Amount of urbanisation in meters within a 1 km buffer 0 94,861 32,342

Distw Nearest water body including rivers, dam and lakes in meters 10 1429 395

Distrd Nearest named road in meters 25 17,523 1513

Habitat

Over Percent cover of over storey trees ([ 5 m) within 25 9 25 m square 0 79 13

Mid Percent cover of mid storey trees (1–5 m) within 25 9 25 m square 0 30 8

Shrub Percent cover of shrub species within 25 9 25 m quadrat 0 90 23

Regen Number of regenerating stems counted within 5 m of the 2 9 50 m transect 0 430 35

Plant

richness

Number of plant life forms- species richness- within 5 m of the 2 9 50 m

transect

4 10 6

Vvs Averaged vertical visibility recorded 0–25 cm off the ground at each cardinal

point

0 100 62

Predators

Quoll Dasyurus maculatus Potentially greatest threat to B. gaimardii 0 10 2

Cat Felis catus Introduced, disease host and potential threat 0 33 3
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butter, nut oil, sardines and tuna oil, placed on the

ground in a PVC canister. The visual lure was a CD

suspended from a tree at a height of 1 m, a method

used to attract species attention (Algar et al. 2007).

Cameras were set to take a rapid-fire sequence of 3

consecutive pictures with a ‘no delay’ setting when the

infra-red sensor was triggered. Images were processed

in ExifPro software (http://www.exifpro.com/). All

animals captured in images were identified to species,

if possible, and recorded with time of capture, for each

survey night and site location. Images were used to

construct a binary detection history; given low detec-

tions and lack of unique identifying features of bet-

tongs we pooled detections. One or more detections

within a week was scored as 1, and lack of detections

were scored as 0. Images in which the species could

not be confidently identified were discarded, as were

false triggers. If cameras failed during the sampling

period, the weeks of lost data were classed as ‘NA’,

equivalent to not surveyed.

Landscape-scale variables

Landscape-scale variables were mapped andmeasured

using TASVEG 3.0 in ArcGIS 10.2. These included

patch size, patch isolation (Euclidean distance to

closest woodland), distance to nearest drainage line or

water body (wetland, farm dam), distance to nearest

road, and the proportion of native woodland, native

grassland, plantation (native restoration plantings;

mostly Eucalyptus spp.), agriculture and urban area

within a 1 km radius (buffer) of the camera site

(Table 1). This buffer size is approximately equal to

the typical home-range area of an eastern bettongs as

reported by Taylor (1993b) and Gardiner et al. (in

review).

Local-scale variables

Local-scale variables centred on the camera site

were measured on 2 9 50 m transects that formed a

cross with the camera site at the intersection

(Table 1). Within the area of the transect, we

estimated the percent cover of native vegetation in

the over-storey ([ 5 m), mid-storey (1–5 m) and

shrub (0.2–1 m) layers. To assess how bettongs

might use vegetation structure to detect and evade

predators, we measured horizontal visibility (VVS)

five meters from the camera at each cardinal point.

Visibility was measured using a 1 m2 white sheet

divided into units, held by an assistant and touching

the ground. We recorded the percentage of the

sighting sheet that was visible, i.e. not obscured by

vegetation at each of the heights 0–25, 26–50,

51–75, 76–100 cm off the ground. For this study on

bettongs, we used the average of the percentage

measures at the 0–25 cm height, which is approx-

imately the height of a bettong, at which it can

visually survey its surroundings for danger. To

provide an indicator of woodland health, we counted

the total number of regenerating stems of Eucalyp-

tus species (including seedlings, sprouts and sap-

lings) and the total number of vegetation life forms

(excluding invasive and perennial species) within

5 m of each transect. Greater numbers of regener-

ating stems have been suggested to indicate healthy

woodland remnants with good recruitment (Bailey

2012). To assess the potential influence of predators

on the occupancy of bettongs at a site, we included

a matrix of detections for the spotted tail quoll and

feral cat as a parameter. The Tasmanian devil was

not included due to the significant decline of the

species across the landscape.

Data handling and occupancy modelling

All analyses were run in R Studio version 3.2.1 using

package ‘unmarked’ (Fiske and Chandler 2011).

Occupancy was determined using a single-species,

multi-season model while accounting for detection

probability, as described by MacKenzie et al. (2003).

We did not expect changes in colonisation and

extinction within one year, therefore we kept these

parameters constant throughout the analysis. Prior to

modelling we performed a check of normality on all

landscape and habitat variables and applied transfor-

mations (z- transformations for discrete variables and

log transformations for continuous variables) if nec-

essary. A check for collinearity was performed using

variance inflation factors (VIF) and a visual pairwise

comparison of variables. None of the variables showed

high collinearity (VIF =[ 3) and therefore all were

retained for analysis.

First, we built and ranked models to determine

factors that influenced detection probability of bet-

tongs on any given night at a site. We ran models with

null, single and combinations of the detection covari-

ates including the age of the bait (starting at one day
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and increasing in daily increments until the end of the

survey) season (winter and summer), and detections of

quolls and cat at each survey while keeping occupancy

constant.We ranked models using Akaike Information

Criterion (AIC) and examined all models that were

within 2 AIC units of the model with the lowest AIC

value. Where there was more than one model in the

candidate set, we chose the most parsimonious model

(with the fewest parameters). The parameters in the

best model were thereafter incorporated into all

occupancy models.

We conducted the analysis in two steps. First, we

constructed models specifically to test and compare

the two hypotheses regarding response to landscape

fragmentation that are relevant to eastern bettongs:

patch size and isolation, and habitat amount. To test

patch size and isolation, we built single models

including patch area, and distance to nearest patch

(isolation). To test habitat amount, we included the

total amount of woodland within 1 km of the camera

location, to ensure it incorporated the majority of a

bettong’s home range.We also built models testing the

total amount of other landscape and vegetation types

within 1 km: total native vegetation, agriculture,

plantation and urban area. Each model was compared

and ranked to the null model (Table 2). The second

step of the analysis was to include the variable within

the best ranked model in all occupancy models. The

rationale for including this variable, which was the

amount of woodland habitat, was that initial analyses

revealed such an over-riding importance of woodland

habitat in describing the occupancy of bettongs that

any influence of other variables was not described. We

built models of single variables (in addition to the

variable from the best-ranked model in the first step),

followed by more complex models with combinations

of variables, and ranked these using Akaike Informa-

tion Criterion. Model fit to the data was assessed using

McKenzie and Bailey goodness of fit within the

AICModavg package (Mazerolle andMazerolle 2017)

using 1000 bootstrap samples to determine which

model best-supported bettong presence in woodland

habitats. We calculated the odds ratios (OR) for each

variable to determine the association between pres-

ence and each of the variables (Supplementary

Table 1).

Results

Eastern bettongs were only detected 67 times at a total

of 17 of the 62 woodland sites over the two camera

surveys. The detection model that included bait age

was the best-performing model compared with models

including single or combinations of season, feral cats,

quolls and or the null model (Table 3). The probability

of detecting a bettong decreased as bait age increased.

A detection model including bait age was subse-

quently included in all occupancy models.

The amount of woodland habitat in a 1 km radius of

the camera site was the only model of the eight single

parameter models run in step one of the analysis that

described the relationship of occupancy to habitat

amount and distribution (Table 2). Occupancy of

bettongs was positively related to amount of woodland

habitat within that radius. All other models were at

least 6 AIC values more than the best model suggest-

ing that patch size and patch isolation were not as
Table 2 Model ranking testing the importance of patch size

and isolation versus habitat amount in determining Eastern

bettong presence in a fragmented landscape

Model K AIC DAIC AICwt

Woodland 6 279.23 0 0.866

Null 5 285.72 6.49 0.034

Isolation 6 286.69 7.46 0.021

Agriculture 6 286.75 7.52 0.02

Grassland 6 287.03 7.8 0.018

Plantation 6 287.22 7.99 0.016

Patch size 6 287.58 8.35 0.013

Urban 6 287.72 8.49 0.012

Table 3 Model ranking of detection covariates which could

influence Eastern bettong presence, and incorporated into

occupancy modelling

Model K AIC DAIC

Bait 5 285.72 0

Bait ? season 6 287.72 2

Null 4 288.67 2.95

Cat 5 288.95 3.23

Quoll 5 289.45 3.73

Season 5 290.67 4.95
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important in predicting presence as the amount of

woodland (Fig. 2). Similarly the amount of pasture,

plantation and native grassland within the buffer were

not important predictors; all showed trends of decreas-

ing presence of bettongs with increasing amount of

pasture, plantation, urban settlement and native grass-

land within a 1 km buffer of the camera location.

When the amount of woodland was retained in all

models, there were two competing models in the final

candidate set (within 2 AICs). The top model, which

carried more than 50% AIC model weight, included

the amount of woodland in the 1 km buffer and the

number of regenerating stems. The second model

additionally included plant species richness and had an

AIC weight of 30% (Table 4). These models both

indicated that the predicted presence of eastern

bettongs was likely to increase as each variable

subsequently increased. The next model was separated

from the candidate set by more than 4 AIC values,

indicating little influence on bettong occupancy of

predator detections or other factors of landscape

disturbance and environmental characteristics.

Discussion

We tested whether the occupancy of a dietary and

habitat specialist, the eastern bettong, was better

explained by the amount of habitat in the landscape

(habitat amount hypothesis) or the configuration of

Fig. 1 Outline of the

Midlands bioregion in

Tasmania, Australia and the

spread of sites sampled.

Circles represent woodland,

triangles represent native

grassland and crosses

represent pasture sites.

Filled shapes represent sites

bettongs were detected
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Fig. 2 Estimated

occupancy of eastern

bettongs in a fragmented

landscape considering

a Amount of woodland

within a 1 km buffer,

b Patch isolation (distance to
nearest patch in km2 and

c Patch size in km2

Table 4 Candidate models

used to determine best

predictors of occupancy, for

eastern bettongs in a

fragmented landscape in the

Midlands, Tasmania

Model K AIC DAIC AICwt

Woodland ? regen 7 270.95 0 0.51423

Woodland ? regen ? plant.richness 8 272.01 1.06 0.30266

Woodland ? quoll 7 275.65 4.7 0.04908

Woodland ? quoll ? cat 8 277.12 6.17 0.02353

Woodland ? distrd 7 277.98 7.03 0.0153

Woodland 6 279.23 8.28 0.00818

Woodland ? shrub 7 279.28 8.33 0.00798

Woodland ? mid ? shrub 8 279.49 8.54 0.00717

Woodland ? plant.richness 7 279.68 8.73 0.00654

Woodland ? distw 7 279.69 8.74 0.0065

Woodland ? mid 7 279.7 8.75 0.00646

Woodland ? over 7 280.99 10.04 0.0034

Woodland ? over ? shrub 8 281.14 10.2 0.00314

Woodland ? Vvs 7 281.2 10.25 0.00306

Woodland ? cat 7 281.2 10.26 0.00305

Woodland ? over ? mid 8 281.68 10.73 0.00241

Woodland ? distw ? distedge ? distrd 10 281.72 10.77 0.00235

Woodland ? over ? mid ? shrub 10 283.33 12.38 0.00105

Null 5 285.72 14.77 0.00032

Isolation 6 286.69 15.74 0.0002

Agriculture 6 286.75 15.8 0.00019

Grassland 6 287.03 16.08 0.00017

Plantation 6 287.22 16.27 0.00015

Patch size 6 287.58 16.63 0.00013

Urban 6 287.72 16.77 0.00012

Patch size ? isolation 7 288.47 17.54 0.00011
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patches of habitat (island biogeography and metapop-

ulation theory). Bettongs do not explicitly occupy the

matrix, but rather use it to traverse between patches

and so did not explicitly test the habitat continuum

hypothesis. The key result of our study showed

bettong occupancy to be strongly predicted by the

amount of woodland habitat within a radius compa-

rable to the size of individual home ranges. This result

suggests that eastern bettongs respond to landscape

alteration by incorporating sufficient habitat into their

home range, even if they have to move across pasture

to reach several patches of woodland. Our results are

consistent with the habitat amount hypothesis of

species’ response to landscape fragmentation. We

did not find any effect on bettong occupancy of the size

of patches of woodland or the degree of isolation of

remnant patches independent of habitat amount,

indicating that the classical theory of island biogeog-

raphy (or metapopulation ecology) was not useful in

predicting the effects of habitat loss on this species in

this region. We also found that a measure of habitat

quality—stem density, indicating both the ongoing

tree regeneration in woodland patches and availability

of food for bettongs—was a useful predictor of habitat

quality. That is, in this disturbed and fragmented

habitat, small and isolated patches of remnant wood-

land are valuable in supporting the persistence of the

eastern bettong provided those patches remain in good

condition.

Habitat fragmentation will affect species differ-

ently due to their different dietary requirements and

movement patterns. Generalists have a broader niche

breadth, and are more likely to persist in modified

landscapes, while specialists or species in high trophic

positions and rarer species are more at risk of local

extinction (Doherty et al. 2018; Martinson and Fagan

2014). Patterns of patch-occupation of species will

also differ according to their movement capacity. Low

innate movement capacity can result in species being

isolated to a patch, and therefore more likely to be

influenced by habitat patch size and isolation. This

could explain why some studies that have found

stronger effects of patch size and isolation have been

of plants and arthropods (Bullock et al. 2002; Ghazoul

2005; Evju and Sverdrup-Thygeson 2016; Haddad

et al. 2017). Larger ranging species are more able to

reach multiple patches of habitat within a landscape to

find the resources they need (Gastón et al. 2016;

Fattebert et al. 2017). The eastern bettong, while a

woodland specialist species, is a mobile animal in

which individuals have relatively large ranges for their

size. GPS-tracking of eastern bettongs in this study

area shows that bettong’s can occasionally cross small

gaps between remnant woodland patches (Gardiner

et al. in review). The classic metapopulation theory is

therefore less applicable to species with movement

patterns extending beyond single patches.

Each of the hypotheses considered in this study

depicts the importance of fragmentation at different

spatial scales. At one extreme, the metapopulation and

island biogeography theory categorises landscapes into

‘habitat’ and ‘non-habitat’, disregarding the ability of

individual species to use the spaces between habitat

patches. On the other hand, the habitat continuum

hypothesis suggests that all habitats are used by

individual species, albeit at different intensities.

Because landscapes are heterogeneous, no one hypoth-

esis is likely to be applicable to all regions or species, as

is evident from the varying support for each hypothesis

in the literature. Also, as many of the different types of

patterns of fragmentation are correlated (Evju and

Sverdrup-Thygeson 2016), the habitat amount hypoth-

esis can be considered as one component of a scale in

measuring responses to habitat fragmentation. Hanski

(2015) suggests the habitat amount hypothesis would

be applicable only at small spatial scales and in regions

that still retain much of their original habitat. Our

results revealed a strong effect of habitat amount at

large scales in an area that has lost most of its original

woodland vegetation, in agreement with other large-

scale studies (Melo et al. 2017; Seibold et al. 2017).

The habitat amount hypothesis places importance on

smaller fragments, which are often disregarded as

being usable habitat. Our study indicates that smaller

fragments can indeed make valuable contributions to

the total amount of habitat accessible to a species. In

such cases, the amount of available habitat can be

achieved by restoring and or planting native vegetation

around remnants. By removing the strict delineation of

what is considered habitat, the habitat amount hypoth-

esis can be an effective management tool in modified

landscapes which still retain scattered remnants.

Habitat quality is a key factor in habitat selection, and

therefore influences the presence of a species (Chandler

and King 2011). The strongest indicator of woodland

quality as habitat for bettongs was the total density of

stems of over storey trees. High stem density indicates

larger numbers of small stems, which in turn is an
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indication of continuing woodland regeneration and

thus healthy woodland. Stem density also indicates

availability of food for the eastern bettong. This species

feeds mainly on the subterranean fruiting bodies of

ectomycorrhizal (ECM) fungi (Johnson 1994b), and the

abundance of bettongs in different habitats is positively

related to mycorrhizal activity (Taylor 1992). ECM

fungi are associated with the fine roots of trees and

shrubs, especially with Eucalyptus and Acacia, which

are the dominant canopy and mid-storey genera in our

study area. Foraging activity of eastern bettongs is

concentrated in areas where the density of stems is high,

probably because this is related to higher biomass of fine

roots, and therefore higher production of ECM fungi

(Johnson 1994a). Apart from this effect of stem density,

we found no relationships of vegetation cover or plant-

species richness on the presence of bettongs.

Surprisingly, occupancy by eastern bettongs was

not strongly related to detections of predators. Our

camera study and current ongoing studies have

recorded bettongs, feral cats and spotted-tailed quolls

frequently using the same woodland. The Midlands

has the highest recorded density of feral cats in

Australia and their occupancy in the Midlands is best

predicted by edge habitats between remnant woodland

and pasture or grassland (R. Hamer, unpubl. data).

Spotted-tailed quolls use the interior of woodland

remnants (R. Hamer, unpubl. data) and both spotted-

tailed quolls and Tasmanian devils are significant

predators of medium sized mammals (Jones and

Barmuta 1998; Pemberton et al. 2008; Andersen

et al. 2017) and would probably prey on bettongs in

shared habitat. Devils are currently very scarce due to

severe population decline from facial tumour disease

(Lazenby et al. 2018) The Midlands landscape

supports high densities of European rabbits (Orycto-

lagus cuniculus) which are common prey for spotted-

tailed quolls on mainland Australia (Belcher et al.

2007). It is possible that feral cats and spotted-tailed

quolls focus on abundant alternative prey, including

rabbits, black rats, and lizards. On the mainland of

Australia, the eastern bettong has disappeared, pri-

marily because of predation by red foxes (Woinarski

et al. 2004; Johnson 2006). The red foxes have not

been detected since 2009 (Sarre et al. 2013) and are

likely no longer present in Tasmania.

The occupancy of eastern bettongs was not influ-

enced by distance to infrastructure or water bodies.

This could be attributed to the configuration of these

features within the landscape. Most roads and water

bodies are adjacent to expanses of pasture and the lack

of detections of bettongs in pasture meant that

bettongs were not present in close proximity to these

landscape features. Species can be influenced by

abiotic factors such as climate and soil type, as these

directly influence mycorrhizal productivity. However

it was unlikely these would be significant because

there was not enough variation across the study site

and within our study period.

The Midlands region of Tasmania is a National

Biodiversity Hotspot and the focus of a restoration

project to minimize and reverse the loss of biodiversity

caused by the expansion of agriculture. Two large

biodiversity corridors are being constructed across the

Midlands to connect core the dry woodlands and

forests from the Eastern Tiers to the Great Western

Tiers (Jones and Davidson 2016). Existing remnant

patches are being restored by managing grazing and

fire and corridors planted following riverine systems to

link remnants and core habitat. In both restoration and

plantings, the full complement of tree, shrub and

understorey species are being restored. Our results

indicate that bettongs are likely to respond positively

to these efforts as the total amount of habitat increases,

the remnants are better connected and thus more

accessible, and the regeneration (number of stems)

improves habitat quality by increasing germination

and survival of seedlings of the tree and understorey

species which provide food for bettongs. We didn’t

detect bettongs in any of the 23 restoration sites that

were part of this survey. This can be explained by the

current distribution and age of restoration plots. The

new plantings, that are part of the recent biodiversity

corridor construction, are too young to provide useful

habitat to bettongs. Older restoration plots on farms

have usually been established in extensively cleared

areas, where they provide ecosystem services such as

shelter for livestock in very open parts of the

landscape. These restoration plots are thus often

surrounded by pasture and grazing paddocks and are

at a significant distance from woodland habitat. As a

woodland specialist that plays an important functional

role in ecosystem health, potentially promoting plant

germination in diggings (Eldridge et al. 2015) and

dispersing the spores of ectomycorrhizal fungi which

provides nutrients of trees in low fertility soils, the

bettong could itself enhance the success of restoration

and recovery of degraded areas.
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Conclusion

Our study shows habitat amount to be a more useful

predictor of patch occupancy than patch size and

isolation in a habitat specialist that is also sufficiently

mobile to move between habitat patches. When a

species is able to move across unsuitable habitat such

as pasture to reach multiple patches, all remnants

including smaller fragments contribute to the total

amount of habitat available to the species. Habitat

quality is also important and the use of these large and

small remnants is increased as their quality improves.

Where the species has disappeared due to the extent of

habitat loss, increasing the amount of habitat and

improving the quality of the remnants could be

effective strategies for their persistence. Future work

combining movement ecology and landscape ecology

could further our understanding of the effective scale

of management needed.
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MönkkönenM, Rajasärkkä A, Lampila P (2014) Isolation, patch

size and matrix effects on bird assemblages in forest

reserves. Biodivers Conserv 23(13):3287–3300

Mortelliti A, Amori G, Boitani L (2010) The role of habitat

quality in fragmented landscapes: a conceptual overview

and prospectus for future research. Oecologia

163(2):535–547

Munguı́a-Rosas MA, Montiel S (2014) Patch size and isolation

predict plant species density in a naturally fragmented

forest. PLoS ONE 9(10):e111742

Newbold T, Hudson LN, Hill SL, Contu S, Lysenko I, Senior

RA, Day J (2015) Global effects of land use on local ter-

restrial biodiversity. Nature 520(7545):45

123

1848 Landscape Ecol (2018) 33:1837–1849



Pemberton D, Gales S, Bauer B, Gales R, Lazenby B, Medlock

K (2008) The diet of the Tasmanian devil, Sarcophilus

harrisii, as determined from analysis of scat and stomach

contents. In: Papers and Proceedings of the Royal Society

of Tasmania, vol 142, pp. 13–22
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