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A B S T R A C T   

Conservation and natural resource management are frequently hampered by poor understanding 
of how species distributions have changed over time. Species Distribution Models (SDMs) 
correlate known occurrences with environmental variables to predict a species’ potential range. 
These models can then be projected to unsurveyed areas or time periods to overcome gaps in data 
on species’ distribution. The eastern quoll Dasyurus viverrinus is restricted to Tasmania but until 
recently occurred over a large area of south-eastern mainland Australia. We used SDMs to 
reconstruct the distribution of climates suitable for D. viverrinus during the mid-Holocene and 
present day and identified areas likely to remain suitable in the future which could be prioritised 
for conservation. Climatically suitable habitat has mostly remained stable since the mid- 
Holocene, with some expansion. The historic contraction of the species’ distribution was 
evidently due to threatening processes other than climate change, which are still operating. Under 
current conditions, large areas of south-eastern Australia still provide suitable habitat for eastern 
quolls and will continue to do so under predicted climate change scenarios for 2055. Suitable 
areas include offshore islands, in particular islands within the Nooramunga Marine and Coastal 
Park in Victoria, and islands that make up the Furneaux Group in the Bass Strait. Translocations to 
these islands would establish populations in climatically suitable areas separate from threatening 
processes.   

1. Introduction 

The eastern quoll (Dasyurus viverrinus) is a marsupial insectivorous mesocarnivore that was once widespread throughout south- 
eastern Australia, but has been functionally extinct on the Australian mainland (hereafter mainland) since the 1960s and is now 
restricted to Tasmania (Rounsevell et al., 1991; Woinarski et al., 2014). The Tasmanian population declined between 1999 and 2009, 
possibly because of a period of unsuitable weather which may have affected food abundance (Fancourt et al., 2018). Weather patterns 
in Tasmania are expected to undergo further change in the future, with extreme weather events (e.g., floods, bushfires) becoming more 
frequent, alongside significant changes in weather regimes (Grose et al., 2012). This unpredictability of weather patterns is likely to be 
combined with additional threats including predation, persecution and loss of suitable habitat, making the eastern quoll a suitable 
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candidate for conservation translocation. 
Species Distribution Modelling (SDM) is a tool that can be applied to at-risk species, such as the eastern quoll, to overcome spatial 

and temporal gaps in knowledge of distribution. SDMs are statistical algorithms that correlate known occurrences of a species with 
environmental variables and allow projections of suitable conditions in space across different time periods (Elith and Leathwick, 2009; 
Acevedo et al., 2012; Veloz et al., 2012). Hindcasting and forecasting are applications of species distribution modelling that involve 
building niche models based on current conditions, then projecting these onto different spatial periods. Hindcasting projects current 
models onto periods in the past while forecasting projects onto predicted future climate data (Lawler et al., 2011; Huntley et al., 2013). 
Hindcasting can be used to investigate the extent of shifts in suitable habitat and explore how species have responded to past climatic 
shifts through expansion or contraction (Stigall, 2012; Scheele et al., 2017). Forecasting enables predictions of how species distri-
butions may change in the future, while also assessing potential impacts of threats. These approaches support conservation decisions 
by predicting likely responses of species in the future and identifying potential locations for reintroductions based on historically 
occupied habitats (Gavin et al., 2014; Deb et al., 2019). They are increasingly being used to guide conservation decision-making, 
particularly for the selection of suitable sites for translocations (Lentini et al., 2018; McDonald et al., 2018). 

Conservation translocations are human-mediated movements of organisms from one area to another, intended to benefit conser-
vation of either a population, species or ecosystem (IUCN, 1998). Translocations are becoming an increasingly important tool in 
conservation and are commonly used for threatened and declining native species (Fischer and Lindenmayer, 2000). However, although 
translocations are common, current success rates are low (Morris et al., 2021). Insufficient evidence supporting the choice of release 
site may contribute to failure of translocations, especially for species whose long-term distributions are poorly understood prior to 
decline. In such cases, SDMs can be used to identify potential sites for translocation, including places such as offshore islands. Islands 
are often identified as ideal locations for species translocations and have been vital for the survival of nine Australian mammal species 
(Short and Smith, 1994; Burbidge et al., 2018). Islands provide benefits for conservation translocations that mainland sites do not. 
These include the absence or significant control of major threats, especially invasive species (Woinarski et al., 2010; Abbott and Wills, 
2016). Translocations to islands are easy to monitor and ongoing management is often more convenient compared to the intensive 
intervention required for mainland populations (Abbott, 2000). 

Here we explore the potential of using islands in south-eastern Australia as translocation sites for the eastern quoll. Establishing 
eastern quolls on islands could provide insurance populations in the event of ongoing or future population decline, provide a source 
population for further translocations, and even restore the lost ecosystem function in the translocated sites. 

We use climate variables to predict the post-European distribution of the eastern quoll across south-eastern Australia. We 
extrapolate the current habitat suitability models onto paleoclimatic surfaces to predict the potential distribution during the mid- 
Holocene. We then forecast the current models under future climatic conditions by the year 2055, identifying changes in suitable 
habitats over time. We identify how the distribution of eastern quolls is expected to change and provide a focus for future translocation 
efforts. 

2. Materials and methods 

2.1. Species data collection and processing 

Occurrence records for the eastern quoll were obtained from the Atlas of Living Australia (ALA; ala.org.au). We retained only 
records originally sourced from the Tasmanian Natural Values Atlas (NVA) and iNaturalist databases (Appendix 1) and we removed 
spatially suspect records. Within their current range in Tasmania, we retained records post-1970. Within their historic range in 
southeast mainland Australia, we filtered the data to pre-1970 records only, to remove any data from reintroduction efforts. Duplicates 
were removed by converting presence points into grid presences at 1 km2 resolution. 

As true absence records were unavailable, we used apparent absences to generate pseudo-absences. In comparison to using pseudo- 
absences produced from unsurveyed areas or random selection, pseudo-absences generated from surveyed sites without any detections 
of the study species implies a lower probability of presence - this is a more balanced approach for correlative SDMs due to similar 
sampling biases in both presence and absence data (Hanberry et al., 2012). Therefore, we generated pseudo-absences by collating 
species occurrence data for three species with similar detection probability to the eastern quoll: the spotted-tailed quoll (Dasyurus 
maculatus), brushtail possum (Trichosurus vulpecula) and southern brown bandicoot (Isoodon obesulus) (Appendix 1). We then excluded 
all grid cells with eastern quoll detections and removed any records within 5 km of an eastern quoll presence. 

Citizen-science data are often biased towards easily accessible areas (e.g., roads and settlement areas), and so may not randomly 
sample a species’ true occurrence (Barve et al., 2011). Biased sampling can lead to over-representation of environmental conditions 
associated with regions of higher sampling effort. In such cases, data debiasing is required to maximise the information-to-noise ratio 
of any subsequent fit of a species-distribution model (SDM). Accordingly, we reduced spatial autocorrelation by re-sampling the 
presence and pseudo-absence grids and removing grids closer than a pre-defined (minimum linear) Nearest-Neighbour Distance 
(NMD) (Pearson et al., 2007). However, the optimal NMD varies with species and study regions and is typically user-defined due to a 
lack of available systematic approaches (Aiello-Lammens et al., 2015). We followed Amin et al. (2021), to find the optimal NMD – 
adjusted to human density. We implemented this using the ‘thin’ function in R package spThin (Aiello-Lammens et al., 2015), 
randomly re-sampling presences and pseudo-absences separately. The final adjusted NMD for records in high-human activity grids was 
7.25 and 5.75 for medium-activity grids. We maintained 20 repetitions per sampling run and retained the data with the maximum 
number of re-samples. This resulted in a total of 421 presence points and 575 absence points. 
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2.2. Species distribution modelling 

We created an ensemble SDM in the R package sdm (Naimi et al., 2016). The ensemble included four widely used model algorithms: 
Generalised Linear Models (GLMs), Generalised Additive Models (GAMs), Random Forests (RF), and Gradient Boosted Machines 
(GBMs), weighted by model fit and performance. Most SDM algorithms require tuning to avoid overfitting the data and to improve 
predictive accuracy (Kuhn and Johnson, 2013). To improve model performance, we used repeated k-fold cross-validation (k = 10; 25 
repetitions) in the R package caret to evaluate model accuracy. We then tuned the model parameters until the maximum Area Under 
the Curve (AUC) of Receiver Operating Characteristics (ROC) value for test (k-fold hold-out) data and the Test-skill Statistic (TSS) was 
achieved. We used both AUC and TSS as the metrices to assess model accuracy because of their advantages in identifying omission and 
commission errors using a threshold-independent measure of performance (Allouche et al., 2006; Jiménez-Valverde, 2012). 

For the current models, we used climatic data collected and summarised for the period 1976–2005 sourced from the Biodiversity & 
Climate Change Virtual Laboratory (BCCVL; bccvl.org.au). Climatic variables provide the ability to model suitable habitat without the 
inclusion of additional environmental factors, as climate often significantly influences those other factors that control distribution 
(Iannella et al., 2017). Climatic layers were selected based on knowledge of the species’ ecology. For example, the range of eastern 
quolls in Tasmania is known to correlate with annual rainfall (Jones and Rose, 1996). As rainfall is a key environmental factor driving 
distribution, several precipitation variables were included. Further, we used AUC values for variable selection/rejection - retaining 
only the predictors that provided the most accurate (i.e., highest AUC) and parsimonious predictions. For the final models, four cli-
matic layers were selected: annual mean temperature, temperature seasonality, precipitation of wettest month, and precipitation 
seasonality. We tested these data for collinearity, ensuring there was no inter-correlation above r = 0.7. All layers were also centred 
and normalised using Z-scores as the modelling algorithms require standardisation of predictors. We maintained a resolution of 1 km2 

for all raster layers. 
The final ensemble model was projected to the current environmental conditions, conditions during the mid-Holocene period (~ 6 

000 years ago; hereafter ‘hindcasting’), and the future environment by the year 2055 (hereafter ‘forecasting’) at 1 km2 resolution. We 
forecast habitat suitability under a high emission Representative Concentration Pathway (RCP) 8.5 scenario and a moderate emission 
RCP 4.5 scenario. We chose miroc3_2_medres General Circulation Model (GCM) for each selected predictor used in the current-day 
SDM (mid-Holocene and 2055 climate data sourced from BCCVL; bccvl.org.au) to hindcast and forecast the suitability of habitats 
regions. The GCM was selected for its merits of high model performance and independence (Evans and Ji, 2012). 

3. Results 

3.1. Potential current distribution 

Our model successfully predicted the current habitat suitability for eastern quolls across south-eastern Australia (ensemble AUC =
74; Table 1). The model indicates that at present, unfragmented areas of highly suitable habitats (Habitat Suitability Index (HSI) > 0.7) 
are available across the eastern half of Tasmania, extending into the midlands (Fig. 1). Among the larger Bass Strait islands, climat-
ically suitable habitat is limited to the Furneaux Group, where highly suitable conditions are present on Flinders, truwana (Cape 
Barren), lungtalanana (Clarke), Prime Seal and Badger islands. 

On the mainland, highly suitable habitat (HSI > 0.7) extends along the eastern edge of Victoria (Fig. 1). This is concentrated around 
the East Gippsland region, and along both sides of the Victoria-New South Wales border. In New South Wales, highly suitable habitat 
follows the path of the Great Dividing Range, extending north into Queensland. Islands offshore of the mainland exhibit varying levels 
of suitability. Kangaroo Island in South Australia exhibits very low suitability (HSI < 0.3), while Phillip and French islands in Victoria 
appear moderately suitable (0.3 < HSI < 0.7). 

3.2. Past distribution 

Based on the hindcast projection of climatically suitable conditions for eastern quolls, large areas of suitable habitat were available 
during the mid-Holocene (Fig. 2a). Many areas on both the mainland and in Tasmania appear to have remained unchanged and have 
retained their level of climatic suitability over time. The greatest variation between the mid-Holocene (Fig. 2a) and present (Fig. 2b) in 
Tasmania is a recent extension into the north-east corner of the island, as well as across the eastern islands of the Bass Strait. On the 
mainland a similar trend is apparent. The distribution of climatically suitable habitat available during the mid-Holocene appears 
similar to what is available at present. However, at present, the availability of climatically suitable habitat extends further north than it 

Table 1 
Out-of-sample predictions for each algorithm used in the ensemble species distribution model. GAM = Generalised Additive Models; GLM =
Generalised Linear models; RF = Random Forests; and BRT = Boosted Regression Trees. For each algorithm, values for Area Under the Curve (AUC) 
for the Receiver Operating Characteristic (ROC) and Test Skill Statistic (TSS) are shown. The weighted mean of these models was calculated for the 
ensemble score.   

GAM GLM RF BRT Ensemble 

AUC  0.72  0.72  0.78  0.75  0.74 
TSS  0.41  0.40  0.47  0.44  0.43  
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Fig. 1. Ensemble species distribution model projections for currently available climatically suitable habitats for the eastern quoll (Dasyurus 
viverrinus) in south-eastern Australia. Habitat suitability is scaled from 0 to 1, where 1 (i.e., the green areas) indicates the highly suitable grids and 
0 (i.e., the white areas) indicates the unsuitable grids. The black dots represent eastern quoll occurrence records. 

Fig. 2. Projected change in the availability of climatically suitable habitat for the eastern quoll (Dasyurus viverrinus) across south-eastern Australia 
from (a) the mid-Holocene (~ 6 000 years ago) to (b) the present day; and to the year 2055, under (c) moderate (RCP 4.5) and (d) extreme (RCP 8.5) 
climate-change scenarios. Habitat suitability is indexed from 0 to 1, where 1 (i.e., the green areas) indicates the grids with high climatic suitability 
and 0 (i.e., the white areas) indicates the unsuitable areas. 
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Fig. 3. Areas that have retained climatic suitability over time for the eastern quoll (Dasyurus viverrinus) in south-eastern Australia. Dark green indicates areas that have remained highly climatically 
suitable (Habitat Suitability Index (HSI) > 0.5) over time (i.e., the mid-Holocene, present day and the year 2055); bright green indicates areas that are climatically suitable at present and will remain so 
by 2055; light green/ yellow indicates areas that will become climatically suitable by 2055; and grey indicates climatically unsuitable areas (HSI < 0.5) over time. Insets show three areas of particular 
importance – the islands that make up the Furneaux group in the Bass Strait (b), Phillip and French islands in Victoria (c) and Wilsons Promontory, Sunday and Snake islands in Victoria (d). 
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did during the mid-Holocene. 

3.3. Future distribution 

Predicted future distributions were modelled for eastern quolls based on the species’ current optimum conditions, to indicate the 
availability of suitable habitat by 2055. Regardless of the emission scenario, models forecast that highly suitable habitat (HSI > 0.7) 
will remain in Tasmania and south-east Australia until at least 2055 (Fig. 2c and d). The two future models differ only slightly in their 
projections. 

When compared to our model of current suitability (Fig. 2b), both forecast models indicate highly suitable habitat (HSI > 0.7) will 
become patchier in Tasmania, especially throughout the eastern and central part of the distribution. Similarly, on the mainland some 
areas of currently available suitable habitat are not predicted to retain this high suitability by 2055. Contractions in climatically 
suitable areas are evident on the mainland, especially in northern New South Wales. Meanwhile in some areas, especially through 
Victoria, a slight westward shift is evident. 

Our models indicate climatically suitable habitat will be available on some offshore islands by the year 2055 (Fig. 2c and d). Both 
models indicate areas of highly suitable habitat (HSI > 0.7) will remain on the larger islands of the Furneaux Group, in particular 
Flinders, truwana and lungtalanana. In Victoria, both Phillip and French islands will transition from areas of moderate suitability at 
present, to higher suitability by 2055. Parts of Wilsons Promontory, and islands such as Sunday and Snake islands within the Noor-
amunga Marine and Coastal Park will also become more climatically suitable. 

This temporal shift in climatic suitability is demonstrated in the consensus model which indicates changing levels of suitability over 
time while also highlighting areas of interest (Fig. 3). It shows that areas on both the mainland and in Tasmania have remained suitable 
since the mid-Holocene and will continue to be suitable by 2055. In addition to this, the availability of climatically suitable habitat has 
increased since the mid-Holocene, especially along the western side of their former mainland range (Fig. 3a). This map also predicts an 
expansion in the availability of climatically suitable habitat may be expected for the future. 

4. Discussion 

We applied SDMs to model the extent of climatically suitable habitat available for eastern quolls. By producing temporal models 
from the mid-Holocene to 2055, we identified trends in shifting habitat suitability across south-eastern Australia. Hindcasting showed 
that suitable habitat across both the mainland and Tasmania was available during the mid-Holocene. Some of these areas still persist, 
providing an important refuge under environmental change. Using this information of changing trends of habitat suitability over time, 
past occupancy of areas in south-eastern Australia and conditions known to be currently preferred by eastern quolls, we investigated 
whether any offshore islands could provide refuge in the near future. 

Eastern quolls likely had large areas of climatically suitable habitat available during the mid-Holocene (~ 6 000 years ago). 
Although our model indicates this to a reasonable extent, hindcast models commonly have gaps due to limitations of spatial modelling, 
which may apply here. Hindcasting assumes the niche conservatism hypothesis: that parameters defining the niche of a species remain 
stable in space and time. That is, niches can be inferred from current distributions, and applied to populations in the past (Schorr et al., 
2012; Stigall, 2012). However, species may respond to environmental change by evolution of their niche (Svenning et al., 2008; 
Levinsky et al., 2013). In this case, the bioclimatic envelopes of species during past time periods are not completely represented in the 
models, as their historic niche dimensions are not encapsulated in conditions of the present. 

In addition, present-day distributions may not be in equilibrium with the available environment and may be restricted by anthropic 
environmental modifications (Levinsky et al., 2013). The existence of novel climates in the past that do not currently exist is an 
additional consideration that limits the usefulness of hindcasts (Worth et al., 2014). Therefore, hindcasts of eastern quoll distribution 
may underpredict the extent of suitable habitat available. This underprediction may however be beneficial in the identification of 
translocation sites. Underpredicting suitable habitat will identify core potential habitat, which is far more beneficial than overly 
optimistic predictions. Indeed, such over-predictions are likely to misguide decisions and translocations to inappropriate locations 
(Fernandes et al., 2019). 

It is likely that our model has underpredicted the full extent of climatically suitable habitat available for eastern quolls during the 
mid-Holocene. For example, all islands among the Bass Strait exhibit low suitability according to our models. However, fossil evidence 
shows that eastern quolls were present during the Holocene on Flinders, Prime Seal and Badger islands in the Furneaux group, and 
Hunter island off the north-west coast, while anecdotal evidence from early Europeans also suggests they had a presence on truwana 
(Le Souef, 1929; Hope et al., 1973; Hope, 1974; Sim, 1998; Bowdler, 2017). This evidence validates that climatically suitable habitat 
for eastern quolls prevailed in areas during the mid-Holocene, as in comparison to SDMs, palaeoecological evidence does not 
overpredict. 

As demonstrated by our consensus model, large areas of highly suitable habitat across south-eastern Australia have remained 
relatively unchanged for eastern quolls over the last 6 000 years. In addition to this, niche expansion is also evident. Although our 
current model is generally consistent with what is known about eastern quoll occupation of the mainland, there are known areas of the 
eastern quoll’s historic range that our model is not identifying, in particular coastal regions of New South Wales and Victoria. We 
hypothesise that this is due to bias in occurrence data and is the result of using a high proportion of data points from Tasmania post- 
1970. Probably, populations of the Tasmanian eastern quoll currently occupy a narrower niche than the niche formerly occupied by the 
species on the mainland, having undergone a ‘niche-shrink.’ When modelling with a dataset biased towards this smaller range of 
conditions, the narrower niche that eastern quolls currently occupy in Tasmania translates to an underprediction of climatically 
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suitable habitat on the mainland. For example, eastern quolls reintroduced to coastal areas of New South Wales, to areas not identified 
as suitable by our models, are known to have thrived in the climatic and environmental conditions of the area and would likely have 
persisted if not for additional threats such as predation (Robinson et al., 2019). 

While niche-shrink may be the result of physiological changes to quolls since their isolation from mainland Australia, there are 
additional factors that reduce the realised niche of a species and hence influence their distribution (Di Marco et al., 2021). Evidence 
suggests that other factors beyond bioclimatic variables have influenced quoll distribution across Tasmania and therefore data used in 
our models may underrepresent the environmental conditions these quolls can currently tolerate. Anthropogenic threats to eastern 
quolls over the past 200 years may have reduced the species’ ability to persist in otherwise suitable parts of the Tasmanian landscape, 
which may be reflected in their distribution records. For example, the eastern quoll was hunted to extinction on the Bass Strait islands 
and was heavily persecuted by humans on mainland Tasmania throughout the 19th and 20th centuries (Peacock et al., 2018). 

Our consensus map indicates that a high proportion of the eastern quoll’s historic range from the mid-Holocene through to present 
day will continue to remain climatically suitable until at least 2055. In addition to this, further niche expansion may also be expected 
over the following decades. Looking at islands as an ideal translocation setting, we suggest an initial consideration of the islands 
identified as climatically suitable both at present, and in the near future. In Tasmania, these include Flinders, Badger, Prime Seal, 
truwana and lungtalanana. In Victoria, these include Sunday and Snake islands within the Nooramunga Marine and Coastal Park. 
Secondary consideration could also be applied to areas that may become suitable by 2055, including Phillip and French islands. A pre- 
translocation removal of invasive predator species combined with the geographical isolation and climatically suitable habitat these 
islands provide, would provide opportunities to establish additional island strongholds for eastern quolls. Although not an island, 
Wilsons Promontory may contribute similar features making it equally beneficial as a potential introduction site worthy of assessment, 
particularly if safe haven (fox and cat exclusion) fencing is installed across the isthmus as has been proposed by the land managers of 
the peninsular (Parks Victoria, 2017). 

Several other areas in south-eastern Australia may be climatically suitable for eastern quolls other than the above-mentioned 
refugia. As previously stated, we may be underpredicting their potential tolerances and hence may be underestimating the poten-
tial for the species to thrive in situations currently assumed to be sub-optimal. For example, the minor variation between our two 
forecast models under differing RCP scenarios suggests the distribution of eastern quolls may be only minimally determined by tra-
jectory of greenhouse gas emission. The species is also currently utilising agricultural and other cleared landscapes, suggesting it may 
be less at risk of anthropogenic land use than other species. As a highly insectivorous species, eastern quolls may also have greater 
potential to exploit new climates and ecosystems (Di Marco et al., 2021). 

The approach of climate-based modelling used in this study disregards many factors that determine species distribution, and 
additional management considerations are required prior to a translocation being undertaken. Most reintroductions are constrained by 
the presence of predators, and threats must be managed for success. Humans are a predominant predator of eastern quolls, and as such, 
an assessment of the risk posed from humans to translocated populations and an investigation into community willingness to cohabit 
with quolls is required. More complex considerations also need to be addressed prior to translocation, including the potential loss of 
antipredator behaviour (Jolly et al., 2018). It is also important to investigate the impact quolls would have on an ecosystem, as 
introduced carnivore presence can have significant consequences on all trophic levels of an ecosystem (Alto et al., 2012; Fielding et al., 
2020). 

5. Conclusion 

Species distribution models can benefit conservation programs by providing predictions to support decision making. For eastern 
quolls, there are knowledge gaps in the factors that may influence the success of a translocation. Our modelling suggests strategy to 
focus initial translocation planning efforts and identify sites where further assessment could be concentrated. We suggest a focus on the 
islands identified by our models as climatically suitable both at present and in the near future (2055) including Sunday, Snake, 
Flinders, Badger, Prime Seal, truwana (Cape Barren) and lungtalanana (Clarke) islands. Based on evidence provided by SDMs, fossil 
and anecdotal verification of where quolls had a historical presence and knowledge of where threats to eastern quolls are absent or 
managed, we suggest these islands be further assessed by translocation ecologists as potential translocation sites. 
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