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Abstract The extent and connectivity of individual
habitat types strongly affects the distribution and
abundance of organisms. However, little is known of
how the level of connectivity and the interactions
between different habitat types influences the distribution of species. Here, we used the geographically
restricted and endangered regent parrot Polytelis
anthopeplus monarchoides as a case study to examine
the importance of composition and connectivity
between different elements in 39 complex landscape
mosaics (each 10 km radius). We compiled a database
of 674 regent parrot nesting records, regional vegetation maps and measures of multipath connectivity
between core vegetation types under different scenarios of resistance to movement provided by landscape
elements. The occurrence of regent parrot nests was
strongly affected by landscape composition, being
positively related to the extent Eucalyptus camaldulensis riverine forest, but negatively related to the

extent of semi-arid woodlands dominated by Eucalyptus largiflorens. Connectivity between E. camaldulensis forest (principal nesting habitat) and mallee
(preferred feeding habitat) was a strong predictor of
nest locations. Our study shows that the suitability of
fragmented agricultural landscapes for supporting
species can be greatly affected by connectivity and
interactions between preferred and non-preferred
habitats. For species that require complementary
habitats such as the regent parrot, conservation
management activities may be ineffective if they
simply focus on a single core habitat type or the
impacts of human land uses without regard to the
interrelationships among landscape elements. While
increasing the amount of primary preferred habitat
should remain a cornerstone goal, increasing the
extent and improving connectivity with alternative
landscape elements also should be priority management objectives.
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Introduction
Spatial heterogeneity of ecosystems is fundamental
for biodiversity and promotes species richness and
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stability via increased persistence, reduced dominance
and decreased sensitivity to disturbance (Tews et al.
2004; Allouche et al. 2012). Landscape heterogeneity
is especially critical for those species reliant on
multiple landscape elements for survival (Dunning
et al. 1992a; Forman and Godron 1986); for example,
using one vegetation type for foraging and another for
shelter (Law and Dickman 1998; Joyal et al. 2001).
While conservation management is increasingly
focussed on promoting heterogeneous landscapes, a
better understanding of the spatial properties of
diverse mosaics which affect biota is needed to ensure
management actions improve conservation outcomes
(Lindenmayer et al. 2008; Fahrig et al. 2011).
Most advances in understanding the effects of
landscape spatial properties on biota have arisen through
studies of binary landscapes (i.e., simple patchworks of
‘habitat’ and ‘non-habitat’; (Haila 2002; Fischer and
Lindenmayer 2006). Yet, approaches are needed to
determine how species are affected by the composition
and configuration of landscape elements along a continuum of habitat suitability, clarifying the individual
and interacting effects of habitat extent and configuration (Fischer and Lindenmayer 2006; Fahrig et al. 2011;
Tscharntke et al. 2012). These knowledge gaps impede
on-ground conservation management because attempts
to improve the extent and connectivity of habitat may be
ineffective if they ignore an organism’s requirements for
different landscape elements (the composition of landscape elements; Dunning et al. 1992b; Bennett et al.
2006). For example, Eurasian curlews Numenius arquata nest in moorland, but feed in adjacent farmland
(Dallimer et al. 2012). Improvements to the quality or
extent of moorland may have little effect on the
movement, foraging success or, ultimately, population
persistence of the curlew if not considered in the context
of the surrounding farmland. As movements between
complementary habitats need to occur frequently,
reduced connectivity between these habitats may affect
species occupancy (Dallimer et al. 2012).
The regent parrot (eastern subspecies) Polytelis
anthopeplus monarchoides is a threatened bird of
inland south-eastern Australia that has suffered a
significant population decline and range reduction over
the past century (Higgins 1999; Garnett and Crowley
2000). This species depends on Eucalyptus camaldulensis forest as primary breeding habitat (Higgins
1999), nesting in old, hollow-bearing trees that are
largely restricted to riparian areas (Keith 2004).

123

Landscape Ecol (2014) 29:1249–1259

However, regent parrots make regular movements to
and from breeding sites to forage and roost, usually in
mallee shrublands (Higgins 1999), which consist of
low multi-stemmed Eucalyptus vegetation on nutrient
poor soils (Haslem et al. 2010). While originally
extensive, widespread clearing has reduced the extent
of foraging habitats greatly, and this is considered a key
driver of range-wide, regent parrot declines (BakerGabb and Hurley 2011). The regularity of movements
between habitat types by regent parrots represents an
interesting case, because it contrasts with the more
commonly recognised effects of fragmentation on
disrupting less regular dispersal patterns and geneflow
among populations (e.g. Harrisson et al. 2012). Conserving regent parrots requires knowledge of how
landscape properties (e.g. the extent, composition and
configuration of landscape elements; Bennett et al.
2006) and connectivity between landscape elements
interact to affect species persistence.
In this study, we determined which properties of
heterogeneous landscapes affect landscape suitability
for biota, using the regent parrot as a test case.
Specifically, we examined the effects of three landscape characteristics on the occurrence of regent
parrot nesting locations. First, we tested whether
nesting was more common in landscapes with a
greater extent of E. camaldulensis riverine forest, the
core breeding habitat for regent parrots (Higgins
1999). Second, because regent parrots are known to
make regular forays away from nest locations (Higgins
1999), we predicted that the composition of nonriverine landscape elements would affect regent parrot
nesting. Third, recognizing that regent parrots use
multiple landscape elements, we predicted that landscape suitability would be reduced with lower connectivity between key landscape elements.

Methods
Vegetation and regent parrot data collation
Our study was conducted in fragmented agricultural
landscapes of south-eastern Australia, centred on the
intersection of the states of New South Wales (NSW),
Victoria (VIC) and South Australia (SA; Fig. 1).
Native vegetation in the region varies according to soil
type and proximity to major waterways. Eucalyptus
camaldulensis forests occur along waterways, which
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Fig. 1 The location of the study area in Australia (inset), and
each of the 39 study landscapes. Study landscapes were located
along the major waterways in the region which support regent
parrot breeding habitat (E. camaldulensis forest). The main
image shows the extent of treed vegetation (green) and open/
agricultural land (light grey). The enlargements above show an
example landscape. The left image highlight the site selection
process, whereby all the E. camaldulensis forest within a 2 km
radius (black circles) of regent parrots was selected as a
presence patch (patches outlined in yellow), and absence
(availability) patches were selected where the river intersected
a quadrant (patches outlined in black). Also shown is each of the
different vegetation types in the landscape. The centre image

shows how landscape resistance layers were generated from
vegetation types (here, Scenario 6 is shown, see Table 1) and
highlights each of the presence and absence patches for regent
parrot (RP) nesting and also large mallee blocks ([100 ha). The
right image provides an example of a current map between the
regent parrot presence patch and large mallee blocks generated
using Circuitscape (see ‘‘Methods’’ section). The amount of
current represents how organisms would flow across the
landscape based on the overall resistance (from resistance
surfaces) between patches. Resistance values can be generated
which represent the level of connectivity between patches.
(Color figure online)

have historically experienced regular flooding (Keith
2004). Upper floodplain areas support Eucalyptus
largiflorens woodlands, often with a sparse layer of
chenopods (Keith 2004). Farther from waterways,
aeolian soils support mallee shrublands, which form a
low open canopy (6–12 m) of Eucalyptus sp. that grow

with a distinctive multi-stemmed form, and small
areas of dry-land woodlands. Agriculture in the area is
predominantly cereal cropping and grazing of low
open shrublands, with irrigated horticulture (primarily
citrus, almond and olive orchards) restricted to the
deeper floodplain soils adjacent to the major rivers.
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We combined four existing vegetation datasets to
create a single spatial dataset of comparable vegetation types across the study region (Fig. 1): (1) the
ecological vegetation class dataset (VIC); (2) the
vegetation formations dataset (NSW); (based on Keith
2004); (3) the native vegetation cover dataset (SA);
and (4) the mallee vegetation dataset from Haslem
et al. (2010). Since vegetation classifications differed
between datasets, we reclassified the vegetation categories of each state into one of five broader vegetation categories: (1) mallee; (2) E. camaldulensis
forest; (3) E. largiflorens woodland; (4) dry-land
woodlands dominated by Casuarina pauper, Callitris
sp., or Alectryon oleifolius; and (5) open/agricultural
land. To delineate the extent of mallee, we used the
dataset of Haslem et al. (2010) because it encompassed the broadest area and was the only dataset that
distinguished mallee from other dry-land treed vegetation in NSW (see Appendix S1, Table A1 for
vegetation classifications).
For regent parrots, we collated existing data from
six reports and two surveys commissioned by state
government agencies between 1997 and 2011, which
contained location records for 674 incidences of
regent parrot nesting across the region over 14 years.
With the exception of 59 records collected in 1997, all
other data was collected over a 7 year period between
2004 and 2011, however, the 1997 data was included
because regent parrots were known to be currently (as
of 2011) breeding in this location, but there had not
been any more recent published surveys recording the
breeding locations (see Appendix S2, Table A2). We
developed a GIS layer of these data using ArcMap 10
(Environmental Systems Resource Institute 2010).
Site selection
To examine the influence of landscape composition
and connectivity on the occurrence of regent parrot
nesting, we selected 39 9 10 km radius study landscapes. These landscapes encompassed the entire
known distribution of regent parrot breeding records
along the major Murray-Darling Basin waterways that
support nesting habitat for this species (E. camaldulensis forests) (Fig. 1). In each landscape, we selected
three sites (patches of E. camaldulensis woodland)
representing (a) presence patches, representing breeding locations of regent parrots, and (b) ‘absence’
patches, where there were no records of Regent Parrot
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breeding. Sites represented all E. camaldulensis forest
within a 2 km radius. The location of sites was
selected using two criteria. First, we selected sites
centred on known regent parrot breeding sites; where
breeding locations were closer than 2 km to each
other, the central point of the cluster was used. Second,
‘absence’ sites were selected by dividing landscapes
into 16 quadrants using 5 km spaced lines and
situating sites where the river intersected a quadrant
line and there were no regent parrot records within a
2.5 km radius (half quadrant width; see outset landscape in Fig. 1).
Statistical analysis
For each study landscape, we measured the extent of the
five broad vegetation types. Three study landscapes
were excluded from the analysis as outliers because they
each contained a far greater extent of specific vegetation
types than the other landscapes. Two landscapes
contained 85 and 160 % more area of E. camaldulensis
forest than the next highest landscape and one landscape
contained 100 % more mallee than the next highest
landscape, representing data points more extreme than
29 the interquartile range. These landscapes were not
included in the analysis because doing so could result in
unstable models due to the excessively high influence on
model estimates of extreme data-points (Quinn and
Keough 2007). A further five landscapes either did not
have E. camaldulensis forest at points where quadrants
intersected the river or did not contain any large mallee
blocks ([100 ha). In one landscape, only two points
supported E. camaldulensis forest where the river
intersected a quadrant. Consequently, analysis was
conducted on data from 92 sites in 31 landscapes.
We tested for correlations among the percent cover
of vegetation types using Spearman’s rank correlation.
Eucalyptus largiflorens and dry-land woodlands were
both negatively correlated with open/agricultural vegetation (RhoS = -0.61 and -0.65, respectively), but
positively correlated with each other (RhoS = 0.22).
Hence, the former two variables were combined on the
basis of their woodland structure to form one variable
representing ‘semi-arid woodlands’. The extent of
semi-arid woodlands was strongly negatively correlated with open/agricultural vegetation (RhoS =
-0.88) and negatively correlated with the extent of
mallee (RhoS = -0.26). Consequently, of these variables only the extent of semi-arid woodlands and the
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Table 1 Six scenarios of varying resistances for vegetation types
Vegetation type

Scenario 1 (proximity)

Scenario 2

Scenario 3

Scenario 4

Scenario 5

Scenario 6

Eucalyptus camaldulensis forest

1

1

1

1

1

1

Mallee

1

1

1

1

1

1

Semi-arid woodland
Agricultural/open vegetation

1
1

2
3

2
2

1
2

2
1

3
2

Higher values represent greater resistance to movement. A null model has equal resistance across all vegetation types, thus measured
resistance between nodes is equivalent to proximity

extent of mallee were included in models. Observed
relationships with semi-arid woodland equate to the
inverse relationship with open/agricultural vegetation.
We used Circuitscape (McRae and Shah 2011) to
measure the level of connectivity between sites
(nesting vegetation in E. camaldulensis forest) and
large patches ([100 ha) of foraging habitat (mallee
shrubland; Burbidge 1985) and to ascertain which
vegetation types represented a greater resistance to
movement and thus reduced connectivity between
these habitat types. Circuitscape is based on electronic
circuit theory and calculates the level of connectivity
as the amount of ‘‘current’’ (density of organisms) that
pass between nodes (or patches) in a landscape. This
measure can be represented as the total ‘resistance’ to
movement across the landscape between patches,
taking into account all possible pathways between
those patches and can be expressed as a landscape
‘resistance’ layer (Fig 1). Because Circuitscape is able
to take in all-possible pathways, it is considered an
advance on traditional metrics such as least-cost path
analysis (McRae et al. 2008). Because our sites
represented patches of vegetation, we defined nodes
as ‘‘regions’’, rather than single point locations in the
landscape (McRae and Shah 2011). For each breeding
site and availability site, we obtained a measure of
resistance between that site and large patches
([100 ha) of foraging vegetation (mallee shrubland).
Because we wished to determine the relative
contribution of different vegetation types to connectivity between E. camaldulaensis forests and mallee
we defined a range of resistance surfaces (scenarios)
where different vegetation types represented different
resistances to movement. To define the resistance
surfaces, we held E. camaldulensis forest and mallee
at the lowest resistance level and varied the resistance
of the intervening landscape elements (semi-arid
woodland and open/agricultural land). This process

resulted in six different resistance surfaces representing a spectrum of vegetation resistance scenarios
(Table 1). For each of the different resistance scenarios we calculated the total level of resistance between
a site (regent parrot presence and absence sites) and
large mallee blocks in the landscape.
To compare the relative effect on breeding locations of the composition of the landscape, and of the
connectivity between E. camaldulensis and mallee
vegetation, we used a two-step process. First, we
examined the effects of each of the different resistance
scenarios on regent parrot nesting locations using
generalized linear mixed models (GLMMs). For each
resistance scenario, we built a univariate binomial
model using the lme4 package (Bates et al. 2012) in R.
The response variable was specified as presence or
absence of a regent parrot at a site and the predictor
variable was the resistance between the site and mallee
vegetation. Additionally, we included a categorical
variable representing each study landscape as a
random effect to account for the multiple (3) sites
(breeding and availability locations) within each
landscape. We then compared the explanatory power
of each model (resistance scenarios) on the presence of
regent parrot breeding locations using Akaike’s
Information Criterion corrected for small sample sizes
(AICc).
For the second stage of our analysis, we built a new
set of GLMMs comparing the relative explanatory
power of connectivity with the composition of the
landscape. In this case, we built 16 models representing all possible subsets of four predictor variables: (1)
connectivity (resistance) between sites (E. camaldulensis forest) and foraging locations (mallee[100 ha),
using the resistance scenario as being identified as best
model from the first stage of the analysis; (2) the extent
of E. camaldulensis forest; (3) the extent of mallee
vegetation; and (4) the extent of semi-arid woodlands.
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All models also included study landscape as a random
effect. We then compared models using an information theoretic approach based AICc to assess the level
of support for each model across all sixteen models of
all combinations of variables (Burnham and Anderson
2002). For both stages of the analysis, we considered a
model to have substantially stronger support where the
DAICc [2 points higher than the next best model.
For all models, model fit was examined using the
marginal (GLMM R2m ) and conditional R2 values
(GLMM R2c ) described by Nakagawa and Schielzeth
(2013). GLMM R2m represents the amount of variability in the data explained by the fixed effects component of the model (i.e. the landscape composition and
connectivity measures) and GLMM R2c is the variability explained by the whole model including the fixed
and random effects (i.e., landscape).
Although regent parrots are relatively easy to detect
in the field, there has been no systematic analysis of
detectability-of-nesting for this species. And, although
the region has been extensively surveyed, we recognise that our ‘absence’ patches may represent pseudoabsences representative of the broader ‘availability’ of
nesting locations for regent parrots. Consequently, we
treat all analysis as use-availability models, rather than
traditional presence-absence models, where the results
represent the occurrence of the organism ‘‘relative’’ to
the availability of sites across the region (Aarts et al.
2012). Logistic regression is a robust method for
developing use-availability models when large numbers of availability points cannot be obtained (Aarts
et al. 2012), as is often the case with endangered
species and large landscape scale projects.

Landscape Ecol (2014) 29:1249–1259

(R2m = 0.46–0.62, coefficient ±2 SE does not overlap
with 0, Table 2). The model with the most support
ranked semi-arid woodland as the highest resistance
and agricultural/open land as moderate resistance
(Table 2). However, there was considerable uncertainty around the level of improvement in explanatory
power of different scenarios of resistance across the
landscape. Several models, including the simplest
model representing proximity of E. camaldulensis
forest to mallee, were all within 2 AICc points of the
best model (Table 2). Only the scenario of open/
agricultural land solely causing ‘resistance’ to movement had markedly less support than the alternatives
(Table 2).
The second-stage of modelling revealed that both
connectivity and landscape composition affected the
occurrence of regent parrot nesting locations. The
relative occurrence of regent parrot nesting was
highest where sites were located in patches with a
higher connectivity (low resistance) with large mallee
blocks and in landscapes with less semi-arid woodlands and a larger proportion of E. camaldulensis
forest (Table 3; Fig. 2). The model selection process
incorporating the best connectivity model (ranking
semi-arid woodland as the highest resistance and
agricultural/open land as moderate resistance) and the
extent of the three key vegetation types (E. camaldulensis forest, semi-arid woodland and mallee vegetation) revealed strong support (DAICc [ 2) for a model
which included three variables: connectivity, extent of
E. camaldulensis forest and extent of semi-arid
woodland. This model had excellent explanatory
power (marginal R2m ¼ 0:72), all three variables were
considered important predictors of nesting location
(coefficients ± 2 SE did not overlap 0, Table 3).

Results
Fifteen of the 31 landscapes contained active regent
parrot nesting areas. We found strong evidence that
both the connectivity between E. camaldulensis
forests and mallee vegetation and the composition of
vegetation types in the landscape affected the occurrence of regent parrot breeding locations.
Connectivity between E. camaldulensis forest and
mallee clearly affected the occurrence of regent parrot
nesting, with the fixed effects component of all
connectivity models (representing the level of connectivity) having good–very good explanatory power
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Discussion
Our research highlights how landscape heterogeneity
affects patterns of species’ distribution and habitat use
(Tscharntke et al. 2012). While an important explanatory variable of regent parrot occurrence was the total
extent of core breeding habitat (E. camaldulensis
forest), we found that the occurrence of the parrot was
affected also by the extent of vegetation types not used
for breeding or foraging—a strong negative effect of
semi-arid woodlands. Furthermore, nesting was
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Table 2 Univariate models explaining the effect of connectivity between E. camaldulensis forest and patches of mallee [100 ha on
the occurrence of regent parrot nesting locations across 92 sites in 31 landscapes
GLMM R2ðmÞ

GLMM R2ðcÞ

0.62

0.79

0.61

0.78

0.94

0.57

0.78

1.52

0.54

0.77

90.24

1.97

0.54

0.78

92.25

3.99

0.46

0.76

DAICc

Resistance scenario

Coefficient (SE)

AICc

Scenario 6

-6.2422 (2.0644)

88.27

Scenario 5

-6.1176 (2.0296)

88.33

0.06

Scenario 3

-5.8918 (1.9619)

89.20

Scenario 1 (proximity)

-5.5974 (1.8693)

89.78

Scenario 2

-5.6558 (1.9017)

Scenario 4

-4.9873 (1.6788)

Shown are the standardized coefficients and standard errors for each of the six different scenarios of vegetation resistance described
in the same table
Table 3 The six models which had the strongest levels of support (cumulative weights \0.95) to explain the effects of landscape
connectivity and composition on the occurrence of regent parrot nesting
Connectivity between
E. camaldulensis
forest and mallee

Extent of semi-arid
woodland

Extent of E.
camaldulensis
forest

-5.079 (2.0720)

-3.06 (1.5111)

1.933 (0.9583)

-5.294 (2.3484)

-3.045 (1.5208)

1.941 (0.9630)

-4.828 (2.0322)

-2.144 (1.2973)

-6.88 (2.1691)

Extent of mallee

-0.2176 (1.0854)

1.359 (0.9350)

-6.242 (2.0644)
-5.087 (2.3212)

-2.125 (1.3089)

-0.2725 (1.1415)

AICc

DAICc

Cumulative wi

R2ðmÞ

R2ðcÞ

83.9

0

0.509

0.72

0.81

86.2

2.25

0.674

0.72

0.81

87

3.06

0.784

0.63

0.78

88.1

4.16

0.848

0.68

0.82

88.3

4.35

0.906

0.62

0.79

89.2

5.24

0.943

0.63

0.78

Standardized coefficients and standard errors are shown. There is good support for the best model (DAICc [2), which has excellent
explanatory power (marginal R2 = 0.72) highlighting the importance of both connectivity and composition of vegetation in the
landscape. Connectivity was included in all of the models with strong levels of support

concentrated in those landscapes with greater connectivity between E. camaldulensis forest and mallee (key
foraging habitat). While increasing the amount of
preferred habitat is a cornerstone goal of many
conservation and restoration programs (Fahrig 2003;
Radford et al. 2005; Crossman and Bryan 2006), for
species such as the regent parrots, conservation
managers need to consider the composition and
structure of entire landscapes.
The level of connectivity between E. camaldulensis
forests and mallee had the strongest influence on
regent parrot occurrence, underscoring the interacting
effects of fragmentation and different landscape
elements on landscape suitability. Disrupted connectivity between landscape elements used regularly (e.g.
daily) will impact negatively on local population
persistence—an under-appreciated effect of landscape
fragmentation compared to the more widely recognised impacts on species dispersal and metapopulation
dynamics (Fahrig 2003; Henle et al. 2004). Our results

demonstrate that regent parrots require access to
mallee from their nesting locations, but the relative
influence of mosaic elements on connectivity versus
simply the proximity of mallee to breeding habitat was
uncertain. There was clear evidence that models that
defined only agricultural/open vegetation as a barrier
to movement for regent parrots perform poorly. This
highlights that fragmentation studies that focus solely
on human defined barriers to connectivity may draw
misleading conclusions and expert opinion which
assumes greater resistance of agricultural land should
be undertaken with caution.
The strong positive association between the regent
parrot and E. camaldulensis forest and negative
relationship with increasing resistance (decreasing
connectivity) with mallee is consistent with observations that the parrot requires E. camaldulensis forests
for breeding and mallee for feeding and roosting
(Burbidge 1985). Also, regent parrots appear to make
regular foraging forays away from their nest into
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1.00

a

probability of occurrence

probability of occurrence

1.00
0.80
0.60
0.40
0.20
0.00

b
0.80
0.60
0.40
0.20
0.00

0

0.25

0.5

0.75

1.00

probability of occurrence

Fig. 2 The influence of
a resistance between E.
camaldulensis forest and
mallee (scenario 6)
(connectivity), b the extent
of semi-arid woodland (ha),
and c the extent of E.
camaldulensis forests (ha)
on the relative probability of
occurrence of regent parrot
nesting. Predicted
probabilities of occurrence
(solid line) ±SE (dotted
lines) are shown from the
best model
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patches of mallee vegetation, possibly multiple trips
per day during breeding (Higgins 1999). These daily
movements contrast with other species that require
different landscape elements for different life stages
(e.g. amphibians and invertebrates; Forman 1995), or
use different elements in different seasons (Heard
et al. 2004; Both et al. 2010). While the occurrence of
the regent parrot was positively related to E. camaldulensis forest, it was also negatively related to the
extent of semi-arid woodlands. That is, large stands of
semi-arid woodlands appeared to disrupt the complementary relationship between the vegetation used for
breeding and foraging. This negative effect has not
been identified previously for this species, and
researchers and conservation managers should be
aware of the possibility that some landscape elements
within heterogeneous mosaics may disrupt or diminish
landscape suitability for some species by disrupting
the complementarity between multiple, preferred
elements.
Understanding the mechanisms underlying regent
parrot responses to landscape composition is challenging. The use of E. camaldulensis forests likely
relates to the dependence of regent parrots on large
tree hollows for nesting (Higgins 1999), with hollow
availability being relatively high in these forests
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compared to other vegetation in the region (Gates
1996). In mallee, occurrence of tree hollows is
strongly related to tree age and time since last fire,
with branches able to support hollows large enough for
regent parrots only found in very old trees (Clarke
et al. 2010; Haslem et al. 2012), which are increasingly
rare (Clarke et al. 2010). Some semi-arid woodlands—
particularly those dominated by E. largiflorens—
support hollows and hollow-dependant fauna, but in
lower densities than in E. camaldulensis forest (Gates
1996; Bennett et al. 1989). Regent parrots are only
rarely observed using semi-arid woodlands for foraging and to the best of our knowledge have never been
found to breed in these vegetation types and our results
support this observation, with no nesting occurrence
located in these vegetation types.
The use of mallee by regent parrots for foraging is
likely driven by the diversity of food resources that
this vegetation type supports. The local topographical
variability and varied soil types created by dune-swale
systems within mallee support a greater number of
woody plant species than in semi-arid woodlands or E.
camaldulensis forests (Land Conservation Council
1987). Consequently, mallee is likely to support a
greater diversity and abundance of food resources that
are regularly available for regent parrots. Furthermore,
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most semi-arid woodlands in the region have been
degraded through grazing, and, since many understorey plants in these communities are susceptible to
intensive grazing pressure (Keith 2004), semi-arid
woodlands are likely to have a reduced availability of
food resources for regent parrots and other fauna.
Conservation and management implications
Landscape restoration through revegetation is a commonly employed conservation measure and is a
potentially important management action for regent
parrots (Baker-Gabb and Hurley 2011). Yet, our study
demonstrates that, for some species, revegetation
programs will need to focus on the restoration of
multiple habitat types and consider the juxtaposition
of these types in the landscape. For regent parrots,
revegetation should occur in landscapes that can
potentially support a greater extent of E. camaldulensis forest with mallee highly connected and in close
proximity, and without extensive areas of semi-arid
woodland, particularly where these woodlands fragment the core habitat types. Landscape revegetation
projects aimed at restoring semi-arid woodlands,
although critical for many other species in the region,
are unlikely to result in conservation gains for regent
parrots. In general, landscape restoration projects that
consider the complementarity and connectivity among
multiple landscape elements may have greater benefits to species conservation than those which focus on
one-type of habitat or ignore interactions among
habitats.
Throughout the world, climate shifts are predicted to
alter vegetation associations (Cramer et al. 2001). For
species that require multiple vegetation types in close
proximity for survival, these climate shifts could have
severe negative impacts. For example, in our research
area, E. camaldulensis forest grows on foodplains that
have experienced regular inundation by flood waters,
while semi-arid E. largiflorens woodlands grow on
floodplains that are less regularly inundated (Keith
2004). Regulation of rivers and more frequent and
severe droughts, driven in part by climate change (van
Dijk et al. 2013), has resulted in less frequent floods and
extensive degradation of E. camaldulensis forests (Mac
Nally et al. 2011). The changing climate in southern
Australia could have a twofold negative effect on regent
parrot populations, as the prolonged dry-periods are
likely to result in greater water stress to floodplains and
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reduce the extent of E. camaldulensis forests even
further (Mac Nally et al. 2011). Reduced flooding
frequency may result also in the encroachment of E.
largiflorens woodlands into areas previously covered by
E. camaldulensis forests.
Our study used a range of data sources, and our
results highlight the merits of amalgamating large data
sources to study rare and threatened species. Nevertheless, future studies should aim to build more
detailed knowledge of site occupancy and use standardized survey protocols to allow analysis of abundances of species. Here, we only consider native
vegetation covers. Landscapes (including our study
region) are increasingly characterised by a diverse mix
of natural and anthropogenic land covers. Agricultural
landscapes are particularly diverse and dynamic,
regularly experiencing major and rapid changes in
land cover (Watson et al. 2014). It is likely that
different land covers represent different levels of
suitability for use and permeability for the regent
parrot. For example, almond crops have expanded
tenfold in the last 10 years in our study region (to
[20,000 ha), and regent parrots have been observed
regularly feeding and moving through these crops
(Luck et al. 2014). Additionally, we focused only on
connectivity with large mallee blocks ([100 ha).
Future research should investigate the relative importance of different sized mallee blocks and how this is
affected by their surrounding land covers (e.g. cropland v almond orchards). Furthermore, researchers
should aim to understand the influence of changes to
all types of vegetation and land-uses (i.e. including
agricultural land-covers) on landscape connectivity,
and the extent of available resources for animals
occupying heterogeneous landscapes.
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