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ARTICLE INFO ABSTRACT

Apex predators are critical to ecological function, however their life history traits are often not conducive to
survival in urban environments. While this can result in the loss of some apex predators, others are able to
inhabit and utilize urban environments. Understanding predator resource requirements and the factors driving
their distribution is often difficult due to their cryptic nature, however, this understanding is essential, given the
current rate of urban expansion. In this research we use a threatened apex predator, the powerful owl (Ninox
strenua) as a case study. Specifically, we aim to (1) develop a Species Distribution Model (SDM) to ascertain
environmental variables driving habitat suitability across an urban gradient (2) determine fine scale spatial
movements of powerful owls using GPS telemetry; (3) validate the SDM against collected GPS movement data;
and (4) evaluate habitat predicted by the SDM against current reserve systems to establish whether they are
adequate for the future protection of this species. We used MaxEnt and citizen science data to produce SDMs that
predicted habitat suitability for powerful owls and identified the environmental variables driving habitat across
the landscape. Fine-scale spatial movements for urban powerful owls, gained via GPS telemetry, were used to
establish home-range sizes, validate models and assess the fit of telemetry data against SDM predictions. Rivers,
vegetation (particularly dense tree cover) and distance to riparian areas were the ecological variables driving
predicted habitat for powerful owls across the urban gradient. There was a strong relationship between habitat
predicted by the SDM and the fine scale movements of powerful owls in urbanized environments. Home-ranges
within this urban study were notably smaller than previous estimates established for forested environments. The
powerful owls in our study were also shown to utilize considerable amounts of habitat outside of the reserve
system. This has severe conservation implications because it is often the space outside of reserves that are at most
risk from urban intensification. Conservation of the powerful owl in urban environments, therefore, needs to
focus on both habitat management within existing reserves, and on establishing clear vegetation management
strategies in the surrounding urban matrix.
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1. Introduction

The global loss of apex predators, due largely to anthropogenic
threats, is having pervasive impacts on natural ecosystems throughout
the world (Cardillo et al., 2004; Estes et al., 2011; Ripple et al., 2014).
Apex predators are critical in maintaining ecosystem structure and
function (Wallach et al., 2015) as these typically large bodied con-
sumers structure faunal communities by applying top-down pressure on
the dominant prey and smaller predator species (Ripple et al., 2014;
Sergio et al., 2014; Wallach et al., 2015). This pressure results in trophic
cascades where the densities of mid-level consumers or mesopredators
are suppressed, resulting in a higher abundance of basal producers and
increased biodiversity (Pace et al., 1999; Estes et al., 2011). The role of
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apex predators within ecosystems is often not realised until they have
disappeared, at which point the capacity to restore the balance is sig-
nificantly compromised (Estes et al., 2011). Apex predator populations
generally exist at low densities but their density can be further reduced
in disturbed urban landscapes (Sorace and Gustin, 2009).

Despite their lower abundance, some predator species are able to
exist in urban environments, and others are increasingly colonizing
urban landscapes (Chace and Walsh, 2006; Wang et al., 2015). Main-
taining predators in urban landscapes has potentially important im-
plications for urban species conservation as a whole. Using predators as
umbrella species to provide a focus for urban conservation strategies is
a useful conceptual approach (Wilcox, 1984; Lambeck, 1997; Roberge
and Angelstam, 2004; Sattler et al., 2014; Sergio et al., 2014). Many
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predators have large spatial requirements and require access to habitat
that supports a reasonable prey base, therefore by maintaining and
enhancing populations of predators in urban environments numerous,
less resource demanding species, gain conferred protection (Ripple
et al., 2014). The challenge, however, with this approach is that our
knowledge of predators in urban environments is extremely limited
when compared to more conspicuous, higher density groups of animals.
Their naturally low population densities, large home-range sizes, often
nocturnal or cryptic behaviours and the difficulty in detecting or cap-
turing predators has the potential to compromise any conservation
strategies built around predators (McKinney, 2002; Cardillo et al.,
2004; Santos et al., 2006). New approaches to modelling habitat suit-
ability using presence-only datasets, increasing development of citizen
science databases and significant advances in tracking technologies
have the potential to revolutionise our understanding of predators in
urban landscapes.

Species Distribution Models (SDMs), using presence-only datasets,
are an approach that has gained popularity throughout the past decade
(Guisan et al., 2013; Radosavljevic and Anderson, 2014; Ochoa-Ochoa
et al., 2016). SDMs have greatly improved many aspects of conserva-
tion, including: translocation, understanding biological invasions, re-
serve selection and the identification and protection of critical habitat
to maintain habitat connectivity (Guisan et al., 2013). Collecting pre-
sence and absence data on cryptic species such as apex predators can be
labor and cost intensive due to their inherently low detection prob-
abilities (Wintle et al., 2005). The use of presence-only data sets col-
lected by citizen scientists, however, provides a viable alternative to
presence/absence field surveys for apex predators (e.g. Santos et al.,
2006; Isaac et al., 2014a; Angelieri et al., 2016). These datasets are also
readily available through museums and government agencies and are
an important source of public and private investment in biodiversity
monitoring (Weston et al., 2006; Elith et al., 2011). This data however,
may be unreliable in representing a whole population, or providing a
complete coverage of their habitat use (Santos et al., 2006; Monterroso
et al., 2009). Urban environments could benefit from citizen science
datasets as this is where the vast majority of the human population
resides, and also where many species records are reported by the public
(Barrett et al., 2003). Species of public interest are also more likely to
be reported by members of the public compared to common widespread
species, adding value to such datasets for predators (Bonney et al.,
2009; Geldmann et al., 2016).

An issue with SDM approaches is that while they may use internal
validation (i.e. AUC within MaxEnt) or external statistical validation
(i.e. AICc in ENMtools), they are rarely validated against independently
collected spatial-use data. This is a significant issue, especially given
that models are extrapolated to non-sampled areas, and wide-ranging
species such as predators which often have large spatial requirements
(Pinto et al., 2016). Adding to this problem is the lack of spatial-use
research on predators in urban environments. This is generally asso-
ciated with the difficulty of capturing predators in urban areas, and the
inherent difficulty of tracking wide ranging species across urban land-
scapes where access to large areas of privately owned land is challen-
ging. Significant improvements in automated tracking approaches such
as the use of GPS telemetry may, in part, help to fill this substantial
knowledge gap.

The powerful owl (Ninox strenua), Australia's largest owl, is non-
migratory, maintains year-round territories (McNabb, 1996) and is of
conservation interest both nationally and internationally (Appendix II
CITES and IUCN (2012 IUCN Red List of Threatened Species)). The
powerful owl has traditionally been perceived as a forest dependent
raptor, preferring densely vegetated gullies of tall open forest (McNabb,
1996; Cooke et al., 2002a). This species does, however, persist in me-
tropolitan reserves close to major cities such as Melbourne (Cooke
et al., 2006), Sydney (Kavanagh, 2004) and Brisbane (Pavey, 1995)
suggesting that they can exist in a more diverse range of environments
than previously thought (Cooke, 2000). In urban environments,
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powerful owls exploit the abundant arboreal marsupial prey base
(Cooke et al., 2006), and reside in areas that provide habitat for
roosting and in some cases nesting (Cooke et al., 2002b). Few studies,
however, have been able to examine powerful owl spatial ecology di-
rectly due to their elusive (nocturnal) behaviour, low population den-
sities, high mobility and low detectability (Wintle et al., 2005). They
are extremely difficult to capture, which has resulted in a paucity of
spatial-use data in this species. The few studies that have been suc-
cessful in capturing and tracking powerful owls are representative of
forest/woodland environments, with no data available for urban owls
(Kavanagh, 1997; Soderquist and Gibbons, 2007; Bilney, 2013).

Using powerful owls as a case study this research aims to investigate
the accuracy of SDMs derived from substantial citizen science datasets
in predicting the fine-scale spatial-use of powerful owls across an urban
landscape. This paper provides a rare case study in the spatial ecology
of an urban predator, and also demonstrates how GPS tracking data can
be used to externally validate SDMs as well as investigate the adequacy
of reserve systems for protecting predators.

2. Methods
2.1. Study area

Melbourne is the second largest Australian city (4.5 million people)
and has the fastest growing population (2.1% annual growth)
(Australian Bureau of Statistics, 2016). It therefore offers an ideal
landscape to examine the impact of urbanization on a predator species
of conservation priority. Our modelling study site covered 372,136 ha
of Melbourne, Australia (Fig. 1). It covered the urban gradient, ex-
tending from the urban core (consisting of high levels of disturbance,
impervious surfaces, and human population density), through the urban
fringe (containing moderate to low disturbance, higher tree cover and a
lower population density) to forested environments (lowest dis-
turbance, lowest population densities and highest tree cover).

2.2. Development of SDMs based on atlas records

2.2.1. Powerful owl presence records

We collated powerful owl records from the BirdLife International
Atlas, Department of Environment, Land, Water and Planning's
Victorian Biodiversity Atlas, and from the Atlas of Living Australia.
Additional records were sourced from BirdLife Australia's citizen sci-
ence “Melbourne Powerful Owl Project”. New records were combined
with presences from Isaac et al. (2013) in ArcGIS version 10.2.2 (ESRI,
2014). Presence records collected prior to 1997 were removed to limit
historical environmental change and any duplicate presences (i.e.
multiple records for the same location) were also removed to establish a
presence layer with a single presence point per 20 X 20 m grid cell. The
resulting presence layer was used in SDM development.

2.2.2. Ecological geographical variables and validation

Environmental layers originally collated by Isaac et al. (2013) were
selected based on a priori understanding of powerful owl ecology. Eco-
geographical variables used for modelling included lineal density of
ephemeral and permanent rivers, Euclidean distance to riparian areas,
riparian vegetation, slope position classification, Normalised Difference
Vegetation Index (NDVI), land cover and density of tree cover (Table 1).

2.2.3. Species distribution model building

The maximum entropy modelling approach predicts habitat suit-
ability based on the relationship between presence data and eco-geo-
graphical variables. We chose MaxEnt (Version 3.3.3k, Phillips et al.,
2004), to establish habitat suitability for the powerful owl because it
has consistently outperformed other models in terms of predictive
performance, particularly for species foraging and presence only data-
sets (Elith et al., 2011; Yackulic et al., 2013; Fonderflick et al., 2015;
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Fig. 1. The area over which this research was conducted in Melbourne, Australia. The background indicates variation in NDVI and thus greenness of the vegetation. The map also includes
the atlas record locations the SDM was derived from as well as the 4 locations we were successful in capturing powerful owls.

Guillera-Arroita et al., 2015).

We established SDMs by randomly partitioning the powerful owl
presence data with 75% used to train the model and 25% used for
testing. The parameters that we varied were the regularization beta-
multipliers at 0.5, 1, 2, 3, 4 and 5, and the features, using combinations
of linear, quadratic, product, threshold and hinge. We did not include a
bias file, as it was demonstrated to have very little influence on the
overall fit of the data for the powerful owl in previous modelling (Isaac
et al., 2013). Each model was run in raw format with 20 replicates at
5000 iterations. Models were evaluated within MaxEnt, based on the
area under the receiver operator curve (AUC) (Jiménez-Valverde,
2012), then externally using Akaike information criterion corrected
(AICc) values established in ENMtools (Warren, 2016). The model with
the highest raw AUC and lowest AICc value was selected as the most
parsimonious SDM and was rerun in logistic format. Although thresh-
olds have their limitations (e.g. Merow et al., 2013) we applied the 10%
threshold to create a binary map of potential and no potential habitat to
conduct further analysis. In the instance where a threshold is required,
the 10th percentile threshold is favoured due to its conservative nature

Table 1
Eco-geographical variables used for the development of the powerful owl SDM.

and the production of more ecologically meaningful results (Razgour
et al., 2011; Isaac et al., 2014b).

2.3. Locating, catching and GPS telemetry of powerful owls

Site occupancy of powerful owls across Melbourne was established
through targeted playback surveys within urban and urban fringe re-
serves. Playback sites were selected based on known powerful owl
territories from previous research by Cooke (2000) and Isaac et al.
(2013) as well as from atlas records. Establishing site occupancy for
powerful owls allowed us to focus our trapping efforts in locations with
confirmed powerful owl occupancy. To capture owls we used the sus-
pended net catching technique described by Kavanagh (1997). When
captured in the suspended nets, the owls were immediately lowered to
the ground, extracted and processed. Processing entailed weighing the
owl, GPS and RF telemetry attachment and feather removal for DNA
analysis.

A 35 g telemetry package that included a modified i-GotU GT-120
GPS logger (Mobile Action Technology Inc., Taiwan) and a radio

Eco-geographical variable Categories

Data source

Tree cover density Dense, moderate, scattered, none
Land cover

rivers and water bodies
Riparian vegetation Present, absent

Slope position classification

Lineal density of ephemeral rivers Continuous

Lineal density of permanent rivers Continuous

Normalised Difference Vegetation Index Continuous
(NDVI)

Euclidean distance to riparian areas Continuous

Grass/agriculture, impervious surfaces, tree cover,

Ridge, upper, middle, flat, lower slope, valley

Tree Cover Density (percent cover) - VICMAP (TREEDEN25)

SPOT 10 Imagery - SPOT10

(Syst.m Pour 1'Observation de la Terre)

Ecological Vegetation Classes - (EVC)NV2005_EVCBCS Department of
Environment, Land, Water and Planning.

Digital Terrain Model (DTM) 20 m - VICMAP

Rivers - VICMAP (HYDRO25)

Rivers - VICMAP (HYDRO25)

SPOT 10 Imagery - SPOT10

(Syst.m Pour 1'Observation de la Terre)

Ecological Vegetation Classes - (EVC)NV2005_EVCBCS Department of
Environment, Land, Water and Planning.
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frequency (RF) transmitter (SirTrack, New Zealand, packaged by
FaunaTech, Victoria) (Allan et al., 2013) were mounted to the two
central tail feathers of captured owls. The GPS logger and RF trans-
mitters ran on separate batteries, with the GPS likely to last for 40
nights, and the RF approximately 4 months. The i-GotU GPS logger was
programmed to record a spatial location every 20 min from dusk to
dawn. This timing allowed us to capture the daytime roost location of
the owls (dawn and dusk) and their nightly foraging movements. Owls
were recaptured and the telemetry device removed using the same
capture method.

To assign an accurate sex to each tracked bird, two chest feathers
were collected from each powerful owl for DNA sexing. DNA was iso-
lated using the QIAGEN DNeasy blood and tissue kit (QIAGEN Inc.,
Valencia, California). Sex was inferred by amplifying the CHD-1 gene
using the primer pair P2/P8 (Griffiths et al., 1998). PCR products were
separated on an AB3730 capillary sequencer and analysed using GEN-
EMAPPER v 3.7 software (Applied Biosystems) by Australian Genome
Research Facility (AGRF). Sex was determined by scoring the alleles
based on size (base pairs) where a male is homozygous 365/365 (ZZ)
and the female is heterozygous 365/377 (ZW).

2.3.1. Analysis of powerful owl GPS locations

GPS locations were downloaded from the GPS logger via @trip PC
(Mobile Action Technology Inc., Taiwan). We validated position accu-
racy and converted from Greenwich Mean Time to local time. Positions
were imported into ArcGIS and multiple roost locations (i.e. on the
same day) were deleted, to minimise the potential impact that roost
locations would have on home-range estimates. Home-range size and
core-use area estimates were developed in Geospatial Modelling
Environment (GME) (Beyer, 2012). Minimum convex polygons (MCP)
provided a comparison with other studies, while kernel density esti-
mators (KDE) of 50%, 75% and 95% fixed-kernel isopleths predicted
the home-range size and core-use area (Weaving et al., 2014). We used
the Plug-in smoothing parameter/bandwidth to provide more accurate
home-range estimates for large datasets from satellite or GPS telemetry
(Gitzen et al., 2006).

2.3.2. Using a GPS dataset to verify the powerful owl SDM model

The accuracy of the SDM in predicting the fine scale movements of
powerful owls was determined by comparing the percentage of GPS
telemetry points that were within areas categorised as predicted habitat
versus those categorised as non- habitat by our model. Home-range
outlines were also plotted against the SDM to allow us to establish the
percentage of the home-range that comprised of predicted habitat. An
open space layer containing public and private reserves (Department of
Environment, Land, Water & Planning, 2013) was also used to de-
termine the number of powerful owl GPS points and the area of home-
range estimates covered by the reserve system.

3. Results
3.1. Species distribution models
We collated 749 presence records from the atlas databases and 683

Table 2
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presences from Isaac et al. (2013). After accounting for bias and du-
plicate records, 851 independent presence locations were used to de-
velop the SDM for powerful owls. A total of 61 powerful owl models
were developed with raw AUC test values ranging from 0.75 to 0.80.
The best or most parsimonious raw model used the threshold feature, a
beta-multiplier of one and had a very good fit with an AUCe; = 0.80;
AUC4in = 0.82 and the lowest AICc value. When run in logistic format
the AUCes and AUC i, were 0.79 and 0.81, respectively.

When combined, the four eco-geographical variables of land cover,
lineal density of ephemeral rivers, the Normalised Difference
Vegetation Index (NDVI) and tree cover explained 77.1% of the model's
performance. Land cover was the most important contributing variable
when used in isolation at 25.4%, while lineal density of ephemeral
rivers at 22.8% contributed the most unique information to the model.
The contribution of land cover to the model suggests powerful owls are
less likely to occur in areas with agriculture, grass and impervious
surfaces, but more likely to occur in areas with rivers and tree cover
(Supplementary Fig. 1a). Although rivers were highlighted as important
for the occurrence of the powerful owl by the land cover layer, their
density and nature (ephemeral or permanent) influence the potential
occurrence of the powerful owl. Potential powerful owl occurrence was
greater in the presence of lower densities of ephemeral rivers but de-
clined as the lineal density of ephemeral rivers increased
(Supplementary Fig. 1b). Lineal density of permanent rivers, overall
contributed less to the model at 10.9%, but intermediate densities of
permanent rivers resulted in the highest probability of occurrence for
this species (Supplementary Fig. 1c).

Vegetated environments were also important for the occurrence of
the powerful owl, as indicated by the land cover, NDVI, tree density and
Euclidean distance to riparian vegetation layers. Tree cover density
contributed 13.2% to the model and suggested that habitats with dense
tree cover promote a greater potential occurrence of this species
(Supplementary Fig. 1d), which is also confirmed by the NDVI
(greenness index) (Supplementary Fig. le) that contributed 15.7% to
the model. Although the presence or absence of riparian vegetation did
not greatly influence the occurrence of this species, the distance from
riparian vegetation was important with a 10.9% contribution to the
model. Potential occurrence declined as the distance from riparian
vegetation increased, with a marked decline in potential occurrence of
this species at 4.5 km away from riparian vegetation (Supplementary
Fig. 1f).

3.1.1. Generating powerful owl spatial data from GPS tracking

We were successful at capturing powerful owls at four trapping sites
in the urban landscape after confirming site occupancy of powerful
owls. These sites were located in Glen Waverley, Park Orchards,
Warrandyte and Viewbank (Fig. 1). In total, 29 nights of catching effort
were undertaken to capture urban powerful owls. We trapped five
powerful owls during this study comprising of two females (F1 and F2),
one male (M3), and one pair (F4 and M4) (Table 2). All birds were
sexed based on weight and behaviour, and then validated by sub-
sequent DNA analysis of feathers. Five complete powerful owl nightly
foraging datasets totalling 5149 individual GPS points were obtained.
The five birds had functional GPS loggers recording data for a total of

Powerful owls trapped in this study including breeding pair, location, weight (g), number of nights tracked, total GPS fixes and breeding information.

Breeding pair/ID Location Owl weight (g) Duration tracked (nights) Total fixes* Successfully nested for 2016 Successfully fledged chicks
F1 Glen Waverley 1420 48 1720 Y 1

F2 Warrandyte 1317 36 1422 Y 2

M3 Viewbank 1716 29 1034 Y 1

F4 Park Orchards 1430 14 483 Y 2

M4 1616 14 490

*Total fixes before validation and removal of duplicate diurnal positions.
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Table 3
Minimum convex polygon and Kernel density estimates for powerful owl home-range (ha)
collected during this study and compared to other studies.

Source D MCP 95% KDE 75% KDE 50% KDE
This study’ F1 446 137 48 19
F2 388 157 57 20
M3 1805 1162 446 170
F4 546 401 162 71
M4 863 605 237 93
This study averages F 460 232 89 37
M 1334 884 342 170
Bilney (2013)? F 1589 871 228 88
Soderquist and Gibbons (2007)2 F 4774 2721 - -
F 1382 1019 - -
M 1770 1431 - -
M 2896 2159 - -
Kavanagh (1997)* F 808 715 - -
F 311 352 - -
Other study averages F 1773 1136 228 88
M 2333 1795 - -

1 2 3

Locations: ' = Urban Melbourne; © = Forests of East Gippsland, Victoria; ® = Box-

Ironbark woodland of central Victoria; * = Forests of south-eastern New South Wales.

141 nights (Table 2). We continued to follow the owls throughout the
breeding season to establish whether they successfully bred. All five
owls were from previously known breeding pairs and all successfully
bred and raised nestlings to the point of fledging for the 2016 season,
suggesting that the capture and tracking of these owls had no impact on
their breeding success.

The home-range size estimates varied substantially between in-
dividual owls and by the sex of the owl, with male powerful owls
maintaining larger ranges compared to females (Table 3). These dif-
ferences in home-range size between sexes is also clearly illustrated
with the pair that we captured, the male (M4) having a 33.7% larger
95% KDE home-range compared to the female (F4). The urban powerful
owls in our study had comparatively small home-range estimates when
compared to forest and woodland birds within the only other reported
powerful owl tracking studies (Table 3). One owl in particular (F1) had
a 95% home-range estimate that is the smallest home-range ever
documented for powerful owls, and is under half of the smallest
documented MCP range estimate by McNabb (1996) at 300 ha. The
powerful owl we documented with the largest range (M3) however, is
more similar to previously recorded estimates of owls in forested
landscapes.

3.2. Validation of presence only SDM against GPS tracking datasets

We tested the validity of the SDM using the powerful owl GPS po-
sitions and home-range estimates. The SDM predicted very well, with
95.9% ( = 5.95 SD) of total powerful owl GPS points (actual locations)
situated within predicted habitat (Table 4). The model predicts diurnal
roost locations very well at 99.3% ( = 3.31 SD), with only one roost
location recorded in an area deemed as being non-habitat for powerful
owls. Foraging movements were also predicted well at 95.8% ( = 6.16

Table 4

Biological Conservation 213 (2017) 27-35

SD) being higher than we expected given fewer nocturnal atlas records
are reported in the atlas data. The foraging movements in predicted
habitat for the powerful owl pair (F4 and M4) are slightly less than for
the other three owls as their range is embedded in a more urbanized
matrix.

All five powerful owl core home-range estimates (i.e. 50% kernel
density isopleths) aligned well with the SDM, with an average of 91.4%
of the core home-range areas predicted as habitat (Fig. 2). As the home-
range estimates were expanded (i.e. 75% and 95% KDEs), more area
classified as non-habitat was incorporated. This is the case in particular
for the powerful owl pair (F4 and M4), where their range is within a
residential landscape with fragmented patches of quality habitat
(Fig. 2). The KDE's are extrapolated from powerful owl GPS data and
incorporate tracts of non-habitat, however we know based on their GPS
positions that they mostly avoid these areas. The KDEs of 95% suggest
F4 and M4 only use 72.2% and 64.8% predicted habitat, while their
GPS data is much higher at 92.3% and 87.4% within predicted habitat
respectively (Table 4).

3.3. How well do reserves protect powerful owl home-ranges?

We also compared the SDM to an open space layer containing
managed public and private reserves to the powerful owl GPS positions
and home-range estimates (Figs. 2 and 3). For powerful owls (F1, F2
and M3) that contain extensive continuous tracts of suitable habitat
within their home-range (Table 4), they also have the majority of their
range protected by managed reserves (Table 5). We observed three
different tiers of powerful owls utilizing reserves: 1. Owls that roost and
forage almost exclusively within reserves, not in the surrounding re-
sidential landscape; 2. Owls that almost exclusively roost within re-
serves, but utilize some of the surrounding land-use to forage; and 3.
Owls that spend approximately two-thirds of their time outside of re-
serves, but still in areas predicted as habitat by the SDM.

4. Discussion

We have successfully demonstrated the utility of a large citizen
science data set of predator records in developing accurate models of
habitat availability across an entire urban landscape. The models were
externally validated against real fine-scale spatial use data, an aspect
we encourage other researchers to consider, but is rarely conducted in
the validation of species distribution models. Using the SDM and real
spatial use data we have shown that much of the habitat for powerful
owls across this urban landscape is not in the current reserve system
with powerful owls readily utilizing habitat outside of reserves to sur-
vive. Continued occupancy of powerful owls in urban landscapes will
require careful urban planning to maintain enough habitat outside of
the current reserve system. The SDM developed during this research
however, allows urban planners to identify the critical tracts of pow-
erful owl habitat in urban environments and adjust planning ap-
proaches towards protecting this habitat.

In this research we focussed on the powerful owl as a case study

Percentage of powerful owl GPS positions in areas predicted as habitat by the SDM (figures in brackets represent the total number of positions) and the percentage of different owl home-

range estimates within predicted habitat.

% GPS points

% Home-range estimates

ID Roost Forage Total* MCP 95% KDE 75% KDE 50% KDE
F1 100% (47) 98.0% (1628) 98.0% (1675) 81.0% 95.2% 97.6% 96.7%
F2 100% (36) 96.0% (1352) 96.0% (1388) 85.9% 88.4% 96.0% 96.4%
M3 100% (28) 98.0% (978) 98.0% (1006) 77.7% 87.7% 94.1% 97.0%
F4 92.6% (14) 92.3% (456) 92.3% (470) 64.8% 72.2% 83.0% 88.0%
M4 100% (14) 87.0% (463) 87.4% (477) 65.2% 64.8% 70.0% 78.8%
Total mean 99.3% (139) 95.8% (4877) 95.9% (5016) 74.9% 81.7% 90.1% 91.4%
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Fig. 2. Home range maps of the five tracked powerful owls. The background represents the habitat predictions from the SDM as well as the current reserve network (in green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

predator in an urbanizing landscape. This is a species of interest to ci-
tizen scientists, and as such many records exist for the species across
Melbourne's urban landscape. Citizen science and atlas survey data is a
crucial resource for biodiversity monitoring around the world (Weston
et al., 2006) and encourages public participation in the process of sci-
ence (Bonney et al., 2009), but there are limitations to using atlas data.

Atlas records can have strong spatial biases towards easily accessible
areas such as towns, roads or walking tracks (Barrett et al., 2003;
Bonney et al., 2009; Phillips et al., 2009; Elith et al., 2011). There is
also bias towards more easily detected species, with rare and cryptic
taxa detected less frequently (Bonney et al., 2009; Robertson et al.,
2010; Geldmann et al., 2016). Some species, such as apex predators,

Legend
* Melbourne
Permanent Rivers
No potential habitat
- Potential habitat
Reserves

0 5 10
s Kilometers

Fig. 3. Habitat availability for powerful owls as predicted by our SDM aligned with the current reserve network.
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Table 5
Percentage of powerful owl GPS positions within a reserve system (figures in brackets represent the total number of positions) and the percentage of owl home-range within a reserve
system.
% GPS points % Home-range estimates
ID Roost Forage Total* MCP 95% KDE 75% KDE 50% KDE
F1 100% (47) 93.1% (1628) 94.8% (1675) 66.8% 86.9% 93.8% 94.7%
F2 97.2% (36) 53.9% (1352) 55.0% (1388) 28.9% 38.9% 61.4% 65.0%
M3 96.4% (28) 71.5% (978) 72.2% (1006) 47.3% 58.3% 74.2% 82.9%
F4 35.7% (14) 29.2% (456) 29.4% (470) 9.9% 11.7% 23.5% 38%
M4 35.7 (14) 29.8% (463) 30.0% (477) 8.0% 9.1% 19% 35.5%
Total mean 85.6% (139) 65.9% (4877) 66.6% (5016) 34.2% 39.0% 52.0% 62.2%

*Total fixes after validation and removal of duplicate diurnal positions.

undergo taxonomic reporting bias, and are more likely to be reported
by citizen scientists as they are species of public interest (Bonney et al.,
2009; Robertson et al., 2010; Geldmann et al., 2016). In the case of this
research, we have benefitted from these biases by focussing on a pre-
dator species of high public interest in an urban landscape where the
density of citizen scientists is high. This resulted in a very large data-
base of independent presence records (n = 851) across Greater Mel-
bourne which we were able to use in the development of a SDM.

Although prey is an important driver in the occurrence and home-
range size of powerful owls (Soderquist and Gibbons, 2007), if an
abundant prey base in urban environments was the only determinate of
powerful owl distribution, we would expect the citizen science presence
records to be evenly distributed across urban Melbourne. This is be-
cause the main prey species the common ringtail possum (Pseudocheirus
peregrinus) and common brushtail possum (Trichosurus vulpecula) are
distributed widely across the more urban components of the landscape
(Isaac et al., 2014c). Presence records, however, were concentrated in
hotspots throughout the landscape (Fig. 1) indicating that factors other
than prey are driving the distribution of powerful owls in urbanized
landscapes.

During the species distribution model development land cover, river
type and distance to riparian habitat were the most influential variables
in predicting habitat for powerful owls across the urban landscape.
More specifically, powerful owl occurrence is driven by dense vegeta-
tion, containing intermediate densities of permanent rivers and lower
densities of ephemeral rivers. The importance of riparian habitat was
also highlighted, with occurrence declining with distance from riparian
areas. Riparian areas are ecologically significant in the conservation of
biodiversity because they provide refuges and important dispersal
corridors for aquatic and terrestrial species (Palmer and Bennett, 2006;
Palmer et al., 2008). Although the distribution of this species is asso-
ciated with water sources, the dependence on these areas within urban
environments may be an artefact of protection from past vegetation
removal practices.

Prior to this study VHF tracking had been employed ad-hoc and on
small scales to attempt to gauge home-ranges for powerful owls.
Significant advances in GPS telemetry allowed us to collect regular and
precise locations (majority of positions < 10 m Estimated Horizontal
Position Error) for this species, which is a benefit in the urban land-
scape where private property is predominant, and access is extremely
limited. Using GPS loggers significantly reduced the amount of dis-
turbance to the owls as it eliminated the need to follow each individual
with VHF radio-tracking every night. Lastly, these devices were very
cost effective (approximately AUD$ 500 each) allowing us to deploy
multiple trackers, compared to one traditional satellite tracker costing
several thousand dollars (Allan et al., 2013).

Through observation and atlas data alone we have evidence of
powerful owls residing in and around the urban component of our study
landscape, which suggests, at a minimum, some urban areas are pro-
viding resources suitable for powerful owls to persist. Surprisingly,
during this research we were able to document the smallest ever home-
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range estimates for powerful owls, with four of the five urban powerful
owls having much smaller home-ranges when compared to research on
powerful owls in forest environments. The question then arises as to
why powerful owl home-range estimates are smaller than those in other
studies? It is likely that prey is an important driver in establishing the
size of the powerful owls home-range, as has been recorded in previous
research for raptors (Chace and Walsh, 2006; Donézar et al., 2016).

Arboreal marsupials, the predominant prey of powerful owls, are
also affected by urbanization. Along the forest to urban gradient, the
diversity of arboreal marsupials declines, but urban regions maintain a
highly elevated density of the two generalist prey items (common
brushtail possums and common ringtail possums), providing a high
density and consistent prey base for the powerful owl (Cooke et al.,
2006; Isaac et al., 2014c). The powerful owl is able to capitalise on this
prey resource, with these two prey items shown to dominate the diet of
owls from more urbanized areas (Cooke et al., 2006), whereas forests
owls maintain a broader range of prey items in their diet (Cooke et al.,
2006; Bilney et al., 2011; Bilney, 2013). This plentiful prey resource
means that urban owls do not need to travel as far as their forest
counterparts to source enough food to support their day to day energy
and seasonal breeding requirements. The reverse of this is indicated by
prior work by Soderquist and Gibbons (2007) who reported much
larger home-range estimates within regions where arboreal marsupial
prey was scarce resulting in prey substitution with a greater percentage
of birds represented within their diet.

A key aspect of this research was to use real spatial use data of
powerful owls to assess the predictive performance of SDMs. While
SDM approaches are beneficial in efficiently assessing potential habitat
for species over large landscapes their utility in providing an accurate
representation of biological systems has been questioned (Phillips et al.,
2009; Guisan et al., 2013; Ochoa-Ochoa et al., 2016). These queries are
prompted by various factors including, but not limited to: biased data
leading to false positives and false negatives when assigning habitat
suitability (Phillips et al., 2009; Elith et al., 2011), default model
parameter use by proxy (Merow et al., 2013; Radosavljevic and
Anderson, 2014) and insufficient validation of models (Lobo et al.,
2008; Warren and Seifert, 2011; Radosavljevic and Anderson, 2014).
The majority of these issues can be controlled for by varying model
parameters and employing multi-level validation. Despite recent tech-
nological advancements (e.g. Fonderflick et al., 2015; Pinto et al.,
2016) the use of independent datasets collected by rigorous field sur-
veys or telemetry for validation is still a rare practice. We utilized a
novel approach to model validation, likely the first for an apex pre-
dator, by using independently collected spatial movement data to es-
tablish the predictive capabilities of our SDM. We were interested in the
accuracy and potential bias that atlas records may introduce in pre-
dicting the fine scale habitat use of a cryptic species.

Powerful owls, being nocturnal, extremely cryptic and often un-
responsive during playback surveys (Wintle et al., 2005) are most often
sighted within diurnal roosts. We predicted that the atlas records may
lack nightly foraging data, and would skew habitat predictions towards
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habitat suitable for roosting, which can be very different to foraging
habitat, particularly in modified environments. Surprisingly, over 95%
of our GPS locations occurred within areas predicted as habitat by our
SDMs. Home-range estimates derived from GPS locations were also
compared to the SDM habitat predictions. Home-range estimates are
known to contain habitat and areas of non-habitat due to their extra-
polation from telemetry data. We found all owls were refining their
movements within their home-range to use the predicted habitat
component of their home-range, demonstrating they can quickly cross
areas considered as non-habitat to connect suitable patches and re-
serves.

The use of real spatial use data in this study has allowed us to de-
monstrate the extent of unprotected, privately owned land powerful
owls utilize in urban environments. Not all reserves contain enough
habitat to support a powerful owl, therefore, owls are required to travel
outside of reserves and spend a large amount of time on private land to
forage. Areas of habitat for the powerful owl not protected by a reserve
are likely to be most at risk of development with expanding and in-
tensifying urbanization. Our results align with previous research sug-
gesting the adaptability of the powerful owl to minor changes in urban
environments (Webster et al., 1999; Cooke et al., 2002b; Cooke and
Wallis, 2004; Isaac et al., 2013). Ongoing urban expansion to accom-
modate human populations will continue to lead to an increase in im-
pervious surfaces, fragmentation and modification of remnant vegeta-
tion degrading it to a point where it is no longer habitat (Beissinger and
Osborne, 1982). How then do we retain enough powerful owl habitat in
expanding urban environments? Conserving and expanding large re-
serves is usually the main strategy to protect biodiversity (Palmer et al.,
2008) however this may not be possible in urban landscapes. We have
however shown that native vegetation on private land holds significant
conservation value. We suggest for the persistence of powerful owls in
urban landscapes it will be critical to focus conservation efforts on
identifying and minimizing actions responsible for degrading habitat
for this species on private land (Williams et al., 2014; Angelieri et al.,
2016). The SDM produced in this research could provide a useful tool
for comprehensive urban planning in Melbourne to maintain key ha-
bitat for refuges and corridors, not only for the powerful owl but also
for biodiversity conservation as a whole (Williams et al., 2014; Ochoa-
Ochoa et al., 2016).

5. Conclusion

The conservation management of predators in urbanizing land-
scapes is critical yet challenging due to the paucity of data and research
on predators in urbanized environments. We demonstrate the potential
importance of high quality citizen science datasets in developing ac-
curate SDMs of a predator in response to urbanization. Utilizing modern
tracking approaches on a predator species in an urban environment,
while challenging and rarely conducted, has yielded significant in-
formation on how they utilize urban landscapes and more importantly
providing a rare external validation approach to assessing SDMs.
Finally, the spatial data has revealed the importance of habitat outside
the traditional conservation reserve system in maintaining large pre-
dators. The challenge in the future will be developing urban planning
strategies that can maintain non-reserve predator habitat as urbaniza-
tion intensifies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2017.06.039.
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