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ABSTRACT
Woodland birds are a species assemblage of conservation concern, and their persistence in
fragmented agricultural landscapes is dependent on both the preservation of existing woodland
remnants and the implementation of restoration plantings. However, little is known about the
habitat-use and persistence of birds in fragmented agricultural landscapes. We present a detailed,
population-oriented study of woodland birds in temperate eucalypt woodland restoration plantings
and remnant woodland patches in the South-west Slopes bioregion of New South Wales, Australia.
First, we undertook a 3-yr mark–recapture project to assess annual survival and site fidelity in
restoration plantings and woodland remnants. We supplemented our recapture efforts with
resightings of colour-banded individuals. Second, we tracked individual birds of two species, Superb
Fairywren (Malurus cyaneus) and Willie Wagtail (Rhipidura leucophrys), and documented snapshots
of their home ranges and movement patterns during the breeding season. Annual survival in the
woodland bird assemblage was lower than expected (51%). Home ranges of the Superb Fairywren
were positively correlated with patch size, and were constrained by patch edges in linear sites.
Superb Fairywrens and Willie Wagtails were more likely to travel longer distances between
substrates while foraging in linear sites. Willie Wagtails engaged in significant gap-crossing (up to
400 m) between adjacent habitat patches. Our findings indicate that (1) patch isolation and certain
patch configurations place resident birds at an energetic disadvantage, and (2) in our study area,
woodland bird populations are continuing to decline. We recommend landscape-scale habitat
restoration programs aim to address ongoing population declines. Studies such as ours conducted
over longer time periods would provide a deeper understanding of habitat use and population
processes of woodland birds in fragmented agricultural landscapes.

INTRODUCTION
Habitat loss, fragmentation, and degradation resulting from agricultural expansion are leading
causes of biodiversity declines worldwide (Newbold et al. 2015, Molotoks et al. 2018). The current
rate of global biodiversity loss has been described as “catastrophic” (Driscoll et al. 2018), with
experts fearing we have entered a sixth global mass extinction event (Barnosky et al. 2011, Ceballos
et al. 2015). As such, there has been an increase in ecological restoration efforts to combat habitat
loss and fragmentation (Menz et al. 2013, Barral et al. 2015). An example is the establishment of
“restoration plantings” in agricultural landscapes: patches of replanted native vegetation in areas
that have been previously cleared for agriculture.
In southern Australia, the recovery of woodland birds is a common objective of restoration
plantings, as this group has suffered substantial and ongoing population declines due to habitat loss
and fragmentation (Freudenberger 2001, Rayner et al. 2014). Several studies have identified a
number of woodland bird species that preferentially occupy restoration plantings over woodland
remnants (Barrett et al. 2008, Cunningham et al. 2008, Lindenmayer et al. 2010b). However, the vast
majority of previous studies have used pattern data, such as presence and abundance, to draw
conclusions about the suitability of habitat for woodland birds (Belder et al. 2018). Little is known
about the long-term population responses and habitat-use of woodland birds in restoration
plantings, and in fragmented agricultural landscapes more generally.

An understanding of population processes, including survival and site fidelity, is crucial for effective
management of woodland bird populations (McKibbin and Bishop 2012, Belder et al. 2018). Survival
is a key indicator of the extent to which restoration plantings and woodland remnants are providing
suitable habitat for woodland birds. If survival is low, habitat patches may be acting as population
sinks or ecological traps (Dias 1996, Battin 2004). Site fidelity also provides insights into the relative
importance of individual habitat patches for animal populations (McKibbin and Bishop 2012, Meager
et al. 2018). If site fidelity is high, managers might allocate resources to maintain or improve habitat
quality in targeted areas (Lehnen and Rodewald 2009). However, if site fidelity is low, a landscapescale approach to habitat restoration and management may be needed (Schlossberg 2009).
In conjunction with demographic parameters such as survival and site fidelity, examining home
ranges and movement patterns of individuals can provide insights into habitat quality and resource
use. For example, the formation of smaller home ranges within a contiguous area typically indicates
higher quality habitat (Ford 1983). Restoration plantings present an interesting paradox: many bird
species will preferentially occupy plantings, but many plantings are narrow, linear windbreaks that
are not conducive to optimal foraging according to established theories (Ford 1983, Stephens 2008).
This may disproportionately affect species that are not highly mobile or not willing to cross habitat
gaps (Van Houtan et al. 2007, Lees and Peres 2009). Assessing the effects of patch geometry and
configuration on home ranges and movements of woodland birds may further assist with
conservation planning and management.

Research objectives
The primary aim of this paper was to investigate whether restoration plantings are providing quality
habitat to support woodland bird populations in fragmented agricultural landscapes. We used two
indicators of habitat quality: annual survival/site fidelity and home range attributes (size, shape).
We first sought to quantify annual survival and site fidelity in our study region. We predicted that
survival and site fidelity in restoration plantings would be high, as we have 20 yr of survey data in
our study region suggesting that woodland birds readily occupy restoration plantings (Lindenmayer
et al. 2018). We expected that birds in woodland remnants would show even higher survival and site
fidelity, as these patches are typically considered to support a wider range of species than
restoration plantings (Cunningham et al. 2008, Ikin et al. 2018). In addition, most of the species
chosen for our study are sedentary, and long-distance movements are not commonly reported
(Australian Bird and Bat Banding Scheme 2016). In general, we expected high survival estimates. This
is because many species of Australian birds are long lived compared to their similarly sized northern
hemisphere counterparts; life spans of 20+ yr have been recorded for many species (Yom-Tov et
al. 1992, Australian Bird and Bat Banding Scheme 2016). A high survival rate should be expected for
Australian woodland bird species if the habitat is suitable.
In addition to quantifying survival and site fidelity, we posed the following specific research
questions:

Question 1. Do patch attributes (type, size, shape) influence survival and site fidelity of
woodland birds in fragmented agricultural landscapes?
We expected survival and site fidelity to be higher in block-shaped sites than in linear sites. This is
because previous studies have indicated that block-shaped sites support a greater diversity and
abundance of woodland bird species than what is supported by linear sites (Lindenmayer et
al. 2007). Previous research has also linked patch size to habitat quality in fragmented agricultural
landscapes, with many studies recommending that restoration plantings should be as large as

possible to maximize biodiversity benefits (Freudenberger et al. 2004, Lindenmayer et al. 2010b,
Cunningham et al. 2015). We therefore predicted that survival and site fidelity would be higher in
larger sites than in smaller sites.

Question 2. How do patch attributes influence the movement patterns of birds, including
the size and shape of home ranges?
We predicted that home ranges would be smaller in reference sites than in restoration plantings and
similarly sized woodland remnants. This is because reference areas present a contiguous area of
suitable habitat in which birds can establish a territory. When resources are patchily distributed, as
they are in fragmented habitats, birds may need to move greater distances through the landscape to
obtain sufficient resources (Ford 1983, Hinsley et al. 2008).
We expected the home ranges of individuals in block-shaped sites to be more compact and rounded
than those in linear sites. This is because optimal foraging theory favors the formation of a more
uniform home range shape (Andersson 1978, Dill 1978). This is especially relevant during the
breeding season, when optimal central place foraging is a key determinant of home range size and
shape (Andersson 1981, Kacelnik 1984, Rosenberg and McKelvey 2016). Optimal central place
foraging is foraging away from a key central point, such as the prime habitat within a defended
territory, or an active nest (Stephens 2008).
We predicted that birds in linear sites would travel longer average distances between distinct
substrates within their territories. We also expected birds in smaller and more linear sites to engage
in more gap-crossing behavior than those in larger and more block-shaped sites.

METHODS
Study area
We conducted our study in the South-west Slopes bioregion of New South Wales (NSW), Australia. It
is the most cleared and fragmented bioregion in NSW, with at least 85% of the native temperate
woodland vegetation having been cleared for agriculture since European settlement (Lindenmayer
et al. 2010a, Benson 2013). Remnant patches persist as highly fragmented patches among a matrix
of pasture and cropland, some as small as a single, isolated “paddock tree” (Lindenmayer et
al. 2010a, Lindenmayer 2017). The majority of remnant vegetation persists on private land, and
larger areas are predominantly on unproductive land such as rocky ridgetops. The dominant
ecological community is white box (Eucalyptus albens)/yellow box (E. melliodora)/Blakely’s red gum
(E. blakelyi) grassy woodland, which is federally listed as critically endangered (Department of the
Environment and Energy 2018). Patches of red stringybark (E. macrorhyncha) woodland and mugga
ironbark (E. sideroxylon) woodland are also present. To address habitat loss, restoration plantings
have been implemented on farms throughout the South-west Slopes bioregion (Lindenmayer et
al. 2013). Woodland habitat in the study region is crucial for the persistence of several threatened
bird species, including the critically endangered Regent Honeyeater (Anthochaera phrygia) and Swift
Parrot (Lathamus discolor).
The South-west Slopes has a mild temperate climate, with warm to hot summers (January mean
maximum temperature 31.5°C) and cool to cold winters (July mean maximum temperature 11.9°C;
Bureau of Meteorology 2019). Mean annual rainfall is 572 mm, and rainfall is distributed fairly
evenly throughout the year (Bureau of Meteorology 2019). Rainfall in the study area was above

average during the first two years of this study, and below average during the third year (Bureau of
Meteorology 2019).

Figure 1: Location of study sites in the South-west Slopes bioregion of New South Wales, Australia. Map
created using ggmap for R (Kahle and Wickham 2013).

Study sites
We used long-term bird survey data (see Lindenmayer et al. 2010b) to select a subset of sites in
which to conduct our study (Fig. 1). We selected 12 restoration plantings and six similarly sized
woodland remnants of varying size (1.3–7.7 ha) and shape (linear vs. block-shaped; calculated
numerically as perimeter/width). We additionally chose three large (>47 ha) remnant patches of
woodland to serve as reference sites, representing good quality woodland in the study area. Site
attributes are detailed in Appendix S6: Table S1.
We chose sites with low abundances of the Noisy Miner (Manorina melanocephala), a
hyperaggressive native honeyeater that is known to exclude small woodland birds (Maron et
al. 2013, Bennett et al. 2015, Beggs et al. 2019). While we acknowledge the significance of the Noisy
Miner’s influence on woodland birds, minimizing its presence in our study sites enabled us to focus
on our questions of interest. Our sites were separated geographically by a minimum of 500 m to
promote spatial independence.

Restoration plantings were aged between 12 and 25 yr, and were characterized by
a Eucalyptus overstorey and an understorey of predominantly Acacia shrubs. Trees and shrubs were
planted for ecological purposes, and were usually fenced for protection from grazing by livestock
(Appendix S6). Remnant woodland patches typically constituted a Eucalyptus overstorey plus
an Acacia-dominated understorey of varying density. Remnant sites tended to contain more coarse
woody debris (fallen branches and trees) than restoration plantings. All sites featured a ground layer
that was usually dominated by exotic pasture grasses, with various amounts of leaf litter, native
forbs, native grasses, weeds, bare ground, moss/lichens, rocks, and coarse woody debris.

Bird banding and recaptures
We undertook initial banding of woodland birds in July–October of 2015. Subsequent recapture and
banding efforts took place in June–August of 2016 and 2017. We conducted an approximately equal
number of net hours in each study site, with sites selected based on suitable habitat features and
observed passage routes to maximize capture rates. Once selected, we used the same sites
consistently throughout the three years of the study, except when vegetation growth or tree
collapse prevented the use of existing net sites. In these cases, we moved nets to suitable locations
as close as possible to the original netted sites. We used two nets that were 6 m in length, and four
nets that were 9 m in length. We banded over two consecutive days in each study site. On the first
day, we operated nets for approximately four hours pre-sunset. On the subsequent day, we opened
nets from 0.5 h pre-dawn to approximately 4 h post-sunrise. Inclement weather sometimes required
us to close nets, and occasionally prevented us from banding on consecutive days in our study sites.
In these instances, we resumed banding at the earliest opportunity once the weather had cleared.
We banded birds with a standard metal band (aluminum or aluminum alloy) provided by the
Australian Bird and Bat Banding Scheme. Ten species also received a combination of colored plastic
and/or metal leg bands. These were the Superb Fairywren (Malurus cyaneus), Yellow-rumped
Thornbill (Acanthiza chrysorrhoa), Buff-rumped Thornbill (A. reguloides), Grey Shrikethrush
(Colluricincla harmonica), Rufous Whistler (Pachycephala rufiventris), Red-capped Robin (Petroica
goodenovii), Willie Wagtail (Rhipidura leucophrys), White-browed Babbler (Pomatostomus
superciliosus), Speckled Warbler (Pyrrholaemus sagittatus), and Diamond Firetail (Stagonopleura
guttata). We released birds within 300 m of their initial capture site. Any juveniles captured were
released as close as possible to their initial capture site.
For the purposes of our study, the “woodland assemblage” included all species that were captured
in our study sites (Appendix S1).

Resightings
In the breeding season of 2015 (September–December), we recorded incidental sightings of colorbanded birds. In 2016, we undertook surveys to record sightings of color-banded individuals. We
undertook random area searches in each study site, with the length of time designated per unit area.
We surveyed small sites (1.4 ha search area) for one hour, and large sites (3 ha search area) for two
hours. A skilled observer searched a patch for woodland birds, and recorded color-band
combinations and GPS locations of color-banded individuals when sighted. Sites were surveyed once
per month from September to November. We also recorded incidental sightings of color-banded
individuals while visiting study sites throughout the breeding season.
The seasonally migratory rufous whistler had not yet returned to the study region when recapture
efforts took place in 2016 and 2017. We resighted color-banded individuals incidentally in 2015, and
during thorough site surveys in 2016 (see Belder et al. 2019). In 2017, we undertook targeted

surveys to identify whether color-banded Rufous Whistlers had returned to their territories. We
visited known territories of color-banded males in October 2017 and used call-playback for up to
5 minutes to elicit a territorial response. If a whistler responded, we immediately ceased playback
and followed the bird until we could ascertain its band status/combination.

Home range tracking
We chose two target species for home range tracking: the Superb Fairywren and the Willie Wagtail.
Both species are relatively common in habitat patches in agricultural landscapes, and can use the
matrix to some extent (usually foraging at the edges of patches). However, the two species differ in
their movement patterns and habitat preferences (Menkhorst et al. 2017). Additional reasons for
choosing these two species included their bold nature, and their ease of detection (facilitating
tracking of individuals).
Superb Fairywrens were fitted with colored leg bands for ease of tracking and identification. For
consistency, we tracked only male Fairywrens. Not all tracked Willie Wagtails had been banded.
However, the low density of Willie Wagtails in the study sites, their preference for open habitats,
and the presence of individually distinct plumage or feather molt characteristics enabled us to
reliably track individual birds over the course of several hours.
We selected birds to track at random. Upon arriving at a study site, an observer would locate an
individual (typically the first bird encountered) on which to focus. Based on a pilot study in 2015, we
determined that a minimum of 30 home range points was required to map a representative
snapshot of the home range of a male Superb Fairywren or a Willie Wagtail. We therefore followed
birds until at least 30 points had been recorded. We followed birds for a maximum of 4 h.
We used a handheld Garmin eTrex GPS device (Schaffhausen, Switzerland), accurate to the nearest
3 m, to record home range data. Observers typically watched birds from a distance of around 20 m,
using a pair of handheld binoculars, so as to not disrupt or influence the behavior or movements of
the birds. Observers also waited until a bird had moved away from each distinct substrate before
approaching to record the GPS location.

Statistical analyses
Survival and site fidelity
To analyze recapture and resighting data, we used Program MARK (White and Burnham 1999) via
the R package RMark (Laake 2013) in R version 3.5.2 (R Core Team 2019). We used the CormackJolly-Seber (CJS) model (Lebreton et al. 1992) to estimate apparent survival (ϕ) for the entire
assemblage. For color-banded birds, and for the Superb Fairywren, we also used the Barker model
(Barker 1997) to estimate survival and site fidelity. This model allows the inclusion of ad hoc
resightings of color-marked individuals, separates permanent emigration from true mortality, and
relaxes the assumption of no permanent emigration. These modifications permit the calculation of
an apparent survival estimate (S) that approaches true survival (Schwarzer et al. 2012, Barbour et
al. 2013). Model parameters as described by Schwarzer et al. (2012) are as follows: Si, survival; pi,
recapture probability (the probability that an animal at risk of capture at time i is captured); ri, the
probability that an animal dies, is found and reported dead between time i and time i + 1; Ri,
resighting probability (the probability that an animal is resighted between time i and i + 1); 𝑅′𝑖Ri′, the
probability that an animal dies between time i and i + 1, but is resighted alive before it dies; Fi,
fidelity (the probability that an animal at risk of capture at time i is at risk of capture at i + 1); 𝐹′𝑖Fi′,
return (the probability that an animal not at risk of capture at time i is at risk of capture at i + 1).

As we recovered only one dead bird during our study, model outputs for ri and 𝑅′𝑖Ri′ were not
interpretable. We therefore set these parameters to 0 in all models.
We tested candidate models against a null model that assumed all parameters were constant except
those fixed at zero (Table 1). Variables of interest were site type, size, and shape. To address
overdispersion, we ranked candidate models by QAICc adjusted by the variance inflation factor
( 𝑐̂ c^) of the global model. We considered models with ΔQAICc ≤ 2 to be top-ranked models. We
obtained two parameter estimates for each subset: the estimate from the top-ranked model, and
model-averaged estimates from the top-ranked models. We used the package MuMIn (Bartoń 2018)
in conjunction with RMark to conduct model averaging.
Table 1. Parameters modeled with Cormack-Jolly-Seber (CJS) and Barker survival models.
Model description

Basic CJS model

Parameters

ϕ(.) p(.)

Survival
Constant

ϕ(.)

Site type

ϕ(type)

Site size

ϕ(size)

Site shape

ϕ(shape)

Recapture

Constant

p(.)

Site type

p(type)

Site size

p(size)

Site shape

p(shape)

Basic Barker model

S(.) p(.) r(.) R(.) R′(.) F(.) F′(.)

Survival

Constant

S(.)

Model description

Parameters

Site type

S(type)

Site size

S(size)

Site shape

S(shape)

Recapture

Constant

p(.)

Site type

p(type)

Site size

p(size)

Site shape

p(shape)

Recovery

No dead recoveries

fixed at 0

Resighting

Constant

R(.)

Resighting

No dead recoveries

fixed at 0

Fidelity

Constant

F(.)

Site type

F(type)

Site size

F(size)

Model description

Site shape

Parameters

F(shape)

Return parameter

Constant

F′(.)

Home ranges and movement analyses
We used ArcMap Desktop version 10.6.1 (ESRI 2018) to plot GPS coordinates of home ranges. We
used the Minimum Bounding Geometry function to calculate 100% Minimum Convex Polygons
(MCPs) for all home ranges. We also calculated the perimeter and width of each home range.
Additionally, we calculated the distance moved by individual birds between distinct substrates (GPS
points) during a tracking period, and documented “gap-crossing” behavior. We defined “substrates”
as distinct units of vegetation (individual trees, shrubs), woody debris (logs, fallen branches),
artificial substrates (fence wires, posts), and patches of ground on which a bird perched or foraged.
We defined gaps as spaces between patches of native vegetation. A “patch” of native vegetation
may comprise a single paddock tree.
We used linear regression to model home range size and shape against patch attributes (type, size,
shape, planting age; Table 2). Home range size was log-transformed to improve model fit. We also
modeled the average distance moved by individual birds between distinct substrates against patch
attributes. Additionally, we investigated whether patch attributes influenced the occurrence of longdistance movements between substrates (movements approximately four times the average
distance moved; >50 m in Superb Fairywrens and >100 m in Willie Wagtails). For the latter analyses,
we used linear mixed-effects regression models with individual bird as a random effect. We used a
reciprocal transformation on movement distance to improve model fit. We obtained parameter
estimates from the top-ranked models. We used the R package lme4 (Bates et al. 2015) to conduct
linear mixed effects regression.
Table 2. Linear regression and linear mixed effects regression model parameters.
Variable name

Variable type

Description

TERRSIZE

response

home range size (ha)

TERRSHAPE

response

measure of home range shape, calculated as perimeter/width (m)

DIST

response

distance moved between substrates (m)

TYPE

predictor

patch type (planting, remnant, reference)

SIZE

predictor

patch size (ha)

Variable name

Variable type

Description

SHAPE

predictor

measure of patch shape, calculated as perimeter/width (m)

AGE

predictor

age of planting at the commencement of the study (yr)

BIRD

random effect

identity of tracked bird

RESULTS
General
We banded 1,261 woodland birds, comprising 38 species, over the duration of the study. The most
commonly caught species were the Superb Fairywren, Yellow-rumped Thornbill, Yellow Thornbill,
Red-browed Finch, and Flame Robin (Appendix S1: Table S1). Our banding and recapture data are
summarized in full in Appendix S1.

Survival and site fidelity
Of the 943 individuals banded during the first two years of the study, 386, or 40.9%, were
recaptured or resighted at least once over the duration of the study. We achieved recapture rates of
18.3% and 6.8% in 2016 and 2017, respectively.
Annual survival estimates for the woodland assemblage according to CJS were 51% (SE = 8%;
Tables 3, 4). Survival estimates from Barker models for color-banded birds and the Superb Fairywren
were higher than estimates from CJS models (Tables 3, 4). Barker survival estimates were 55%
(SE = 2%) for color-banded birds, and 55% (SE = 3%) for the Superb Fairywren (Tables 3, 4). CJS and
Barker estimates changed only slightly for each subset when reference sites were excluded from
analyses. Although site attributes (type, size, shape) appeared in several top-ranked candidate
models (Appendix S2), the null model was the best-fitted model in every instance.
Table 3. Survival estimates for birds in restoration plantings, similarly sized woodland remnants, and large
reference sites.
95% CI
Parameter

Estimate

SE

Lower

Upper

Woodland assemblage
ϕ(.)

0.5109

0.0831

0.3524

0.6673

0.0792

0.3197

0.6206

Color-banded birds
ϕ(.)

0.4672

95% CI
Parameter

S(.)

Estimate

0.5538

SE

0.0233

Lower

Upper

0.5078

0.5989

Superb Fairywren (Malurus cyaneus)
ϕ(.)

0.4007

0.0729

0.2693

0.5482

S(.)

0.5491

0.0313

0.4874

0.6094

Notes: Estimates are taken from the best-fitted models for each subset. The null model was the best-fitted model in all
instances.

Table 4. Survival estimates for birds in restoration plantings and similarly sized woodland remnants (excluding
large reference sites).
95% CI
Parameter

Estimate

SE

Lower

Upper

Woodland assemblage
Best-fitted model
ϕ(.)

0.5156

0.0880

0.3480

0.6798

0.0877

0.3469

0.6778

Model average
ϕ

0.5139

Color-banded birds
Best-fitted model
ϕ(.)

0.4780

0.0847

0.3201

0.6404

S(.)

0.5451

0.0241

0.4975

0.5919

Model average
ϕ

0.4767

0.0846

0.3190

0.6392

S

0.5450

0.0242

0.4974

0.5919

95% CI
Parameter

Estimate

SE

Lower

Upper

Superb Fairywren (Malurus cyaneus)
Best-fitted model
ϕ(.)

0.4190

0.0792

0.2759

0.5772

S(.)

0.5459

0.0321

0.4826

0.6077

Model average
ϕ

0.4163

0.0788

0.2741

0.5739

S

0.5460

0.0323

0.4823

0.6083

Notes: Estimates from the best-fitted model and model-averaged estimates are provided for each subset. The null model
was the best-fitted model in all instances.

Site fidelity estimates from Barker models for both color-banded birds and the Superb Fairywren had
very large confidence intervals, and were therefore not interpretable. However, a noteworthy
finding was that a large proportion of banded male Rufous Whistlers returned to the study sites. Of
the nine males banded in 2015, seven returned in 2016 to defend the territories in which they were
banded, and five returned again in 2017. Of the birds present in three consecutive years, four were
in plantings, and one was in a woodland remnant. Interestingly, all of these plantings were linear in
shape.

Home ranges
General
We mapped home ranges for 45 Superb Fairywrens and 30 Willie Wagtails (Table 5). These were
distributed among the 12 restoration plantings, six woodland remnants, and three reference sites.
We mapped at least one Superb Fairywren home range in each site, and at least one Willie Wagtail
home range in a site that corresponded to each treatment type. On average, we obtained
approximately equal numbers of waypoints for each tracked bird (Table 5).

Table 5. Home range (100% minimum convex polygon; mean ± SE) of birds tracked in restoration plantings,
woodland remnants, and large reference sites in the South-west Slopes bioregion of New South Wales,
Australia.
Home range (ha)
Patch type

n

Mean ± SE

Range

No. waypoints

Malurus cyaneus
Planting

30

0.30 ± 0.04

0.08 – 0.92

92 ± 10

Remnant

11

0.48 ± 0.16

0.08 – 1.57

110 ± 17

Reference

4

0.60 ± 0.18

0.27 – 1.05

105 ± 41

All

45

0.37 ± 0.05

0.08 – 1.57

97 ± 8

Planting

15

2.32 ± 0.54

0.48 – 8.62

91 ± 14

Remnant

11

1.37 ± 0.24

0.16 – 2.81

94 ± 14

Reference

4

3.09 ± 0.92

1.30 – 5.63

92 ± 15

All

30

2.07 ± 0.32

0.16 – 8.62

92 ± 9

Rhipidura leucophrys

Home ranges
There was relatively little variation in home range size among the 45 Fairywrens we tracked (Table
5). In comparison, home ranges of the Willie Wagtail were highly variable across all site types (Table
5).
Home ranges of Superb Fairywrens were significantly larger in reference sites than in restoration
plantings and similarly sized woodland remnants (Table 6; Fig. 2). When assessing the effects of
patch size and shape in the latter two site types (i.e., excluding large reference sites), we found that
home range size was positively correlated with patch size (Table 6). The same was true in restoration
plantings alone (Table 6). We did not find any evidence that home range size in the Willie Wagtail
was influenced by patch type, size, or shape (Appendix S8). We found no effect of planting age on
home range size in either the Superb Fairywren or the Willie Wagtail (Fig. 3).

Table 6. Parameter estimates for home range size of Superb Fairywrens, ranked by Akaike’s Information
Criterion adjusted for small sample sizes (AICc).
Home range size

Parameter estimate
Rank 1

Rank 2

Rank 3

All site types†
Intercept

–1.44 (0.12)

TYPE (reference)

0.79 (0.34)

TYPE (remnant)

–0.10 (0.26)

Plantings and remnants‡
Intercept

–2.02 (0.21)

–2.02 (0.20)

–1.87 (0.25)

SIZE

0.17 (0.05)

0.19 (0.06)

0.16 (0.06)

TYPE (remnant)

–0.33 (0.24)

SHAPE

–0.003 (0.002)

Plantings only§
Intercept

–2.12 (0.20)

–2.06 (0.20)

–1.98 (0.24)

SIZE

0.22 (0.06)

0.21 (0.06)

0.21 (0.06)

AGE
SHAPE

0.14 (0.11)
–0.003 (0.003)

Notes: Top-ranked models (ΔAICc ≤ 2) are shown for all site types (restoration planting, remnant, reference), restoration
plantings and remnants, and restoration plantings only. All models that differed from the top model (ΔAICc) by ≤ 2 are
shown. SE is given in parentheses.
† Rank 1, w = 0.58.
‡ Rank 1, w = 0.37; Rank 2, w = 0.29; Rank 3, w = 0.20.
§ Rank 1, w = 0.39; Rank 2, w = 0.26; Rank 3, w = 0.20.

Figure 2: The influence of patch size on home range size of adult male Superb Fairywrens (Malurus cyaneus) in
restoration plantings and similarly sized woodland remnants. Shading indicates 95% confidence intervals. Plot
constructed using ggplot2 for R (Wickham 2016).

Figure 3: The influence of patch size on home range size of adult male Superb Fairywrens (Malurus cyaneus) in
restoration plantings. Shading indicates 95% confidence intervals. Plot constructed using ggplot2 for R
(Wickham 2016).

The shape of Superb Fairywren home ranges was strongly dictated by patch shape in restoration
plantings and similarly sized remnants (Table 7). Home ranges became more linear as the linearity of
patches increased (Fig. 4). This trend was magnified in restoration plantings (Table 7; Fig. 5). We

found no effect of patch type or planting age on shape of Superb Fairywren home ranges. The shape
of Willie Wagtail home ranges was not influenced by patch attributes.
Table 7. Parameter estimates for home range shape of Superb Fairywrens, ranked by AIC c.
Home range size

Parameter estimate
Rank 1

Rank 2

Plantings and remnants†
Intercept

3.69 (0.62)

3.39 (0.62)

SHAPE

0.05 (0.01)

0.04 (0.01)

TYPE (remnant)

–1.96 (1.03)

Plantings only‡
Intercept

3.24 (0.67)

SHAPE

0.06 (0.01)

Notes: Top-ranked models (ΔAICc ≤ 2) are shown for restoration plantings and remnants, and restoration plantings only. All
models that differed from the top model (ΔAICc) by ≤2 are shown. SE is given in parentheses.
† Rank 1, w = 0.50; Rank 2, w = 0.27.
‡ Rank 1, w = 0.60.

Figure 4: The influence of patch shape on home range shape of adult male Superb Fairywrens (Malurus
cyaneus) in restoration plantings and similarly sized woodland remnants. Shading indicates 95% confidence
intervals. Plot constructed using ggplot2 for R (Wickham 2016).

Figure 5: The influence of patch shape on home range shape of adult male Superb Fairywrens (Malurus
cyaneus) in restoration plantings. Shading indicates 95% confidence intervals. Plot constructed using ggplot2
for R (Wickham 2016).

Movement distances
On average, Superb Fairywrens moved 13 m between substrates (n = 4779, SE = 0.21), and Willie
Wagtails moved 26 m (n = 3154, SE = 0.59). We found no relationship between patch attributes and
average movement distances of Superb Fairywrens or Willie Wagtails. However, we found that as
patch linearity increased in plantings and similarly sized remnants, Superb Fairywrens were more

likely to travel distances of 50 m or more in a single movement, and Willie Wagtails were more likely
to travel 100 m or more in a single movement (Appendix S7). We also found that Willie Wagtails
were more likely to move 100 m or more in plantings than in remnants or reference sites
(Appendix S7).

Gap-crossing
We observed significant gap-crossing behavior in the Willie Wagtail. As predicted, individuals in
linear sites crossed gaps more frequently than individuals in block-shaped sites. The maximum
distance crossed by a single individual was 400 m. This was between two linear restoration plantings
on either side of a pasture paddock (Appendix S4: Fig. S1). The individual responsible for this
particular observation crossed this gap twice in a 2-h period, using an isolated paddock tree as a
stepping stone on the return journey. Another individual crossed an ~100-m gap between two
plantings 13 times during a roughly 3.5-h tracking period (Appendix S4: Fig. S2). Superb Fairywrens
were not observed to cross habitat gaps of more than 35 m while foraging, and rarely crossed gaps
at all during observation. However, over the course of the study, we recorded several instances (six
confirmed) of Superb Fairywrens dispersing from one study site to another (see examples in
Appendix S5). These individuals would have crossed gaps of up to several hundred meters on the
journey between sites.

DISCUSSION
We calculated annual survival for woodland birds in a fragmented agricultural landscape, and
documented new information on woodland bird home ranges and movement patterns in restoration
plantings and woodland remnants. We discuss our key findings in the remainder of this paper and
conclude with some management implications.
Annual survival estimates for the woodland assemblage (51%) and color-banded birds (55%) were
lower than expected. Other Australian studies have commonly reported survival estimates of above
60% for various woodland species in both intact landscapes (Yom-Tov et al. 1992, Bridges 1994,
Dunn and Cockburn 1999, Green and Cockburn 1999, Gardner et al. 2003, Robinson 2008) and
fragmented agricultural landscapes (Noske 1991, Zanette 2001, Brooker and Brooker 2001). Survival
estimates for the Superb Fairywren (55%) also were lower than those reported in some previous
studies (Yom-Tov et al. 1992, Dunn and Cockburn 1999), but within the range reported by Baker et
al. (1997). Overall, the ostensibly low rate of annual survival in our study sites is concerning, and
raises questions about the extent to which restoration plantings are currently contributing to the
arresting (and eventual reversal) of woodland bird population declines.
It is possible that restoration plantings act as secondary or transitional habitat for woodland birds,
and that retention (and thus apparent survival) of individuals in small patches of revegetation may
be poor. However, previous research has shown that various species breed in plantings (Belder et
al. 2019, 2020b), indicating that populations are resident to at least some degree. Annual survival
may otherwise be influenced by a range of possible factors, which we were unable to isolate during
our study. One potential factor driving low annual survival is the presence of high numbers of
predators, especially the introduced red fox (Vulpes vulpes), in fragmented agricultural landscapes
(Ford et al. 2001, Saunders et al. 2010, Belder et al. 2020b).
Unreliable estimates of site fidelity were likely due the low number of capture occasions in our study
(J. Laake, personal communication). However, we note the high return rate for the Rufous Whistler,

with several color-banded males returning in consecutive years to defend territories at their initial
capture sites. High interannual site fidelity has been previously observed in this species in temperate
woodlands (Bridges 1994). Our findings are evidence that restoration plantings provide high-quality
breeding habitat for Rufous Whistlers.

Question 1. Do patch attributes (type, size, shape) influence survival and site fidelity of
woodland birds in fragmented agricultural landscapes?
We did not find strong evidence that site attributes influenced the survival of woodland birds. We
postulate that survival may instead be linked to factors that we did not consider in our study, such as
predation risk, landscape-scale vegetation cover, connectivity, or climatic variables (Major and
Gowing 2001, Whittingham and Evans 2004, Radford et al. 2005, Robinson et al. 2007, Shanahan et
al. 2011).

Question 2. How do patch attributes influence the movement patterns of birds, including
the size and shape of home ranges?
The average home range size for Superb Fairywrens (0.37 ha) was smaller than previously reported
for the species in fragmented rural habitat (Tidemann 1983, Parsons 2009), and comparable with
that reported by Mulder (1992) in high-quality woodland habitat. Previous research has identified
that this species is a “planting specialist,” and will preferentially occupy restoration plantings over
other kinds of habitat in fragmented agricultural landscapes (Belder et al. 2018). It is possible that
the home range sizes we observed in our study indicate that restoration plantings provide good
quality habitat for the Superb Fairywren. However, a small home range in a fragmented landscape
may also be indicative of reduced foraging efficiency associated with low habitat availability (Hinam
and Clair 2008). This may also explain why the home range size of the Superb Fairywren was
positively associated with patch size: larger sites permit the expansion of home ranges. Previous
research has documented more bird breeding activity in smaller plantings and woodland remnants
(Belder et al. 2019). Superb Fairywren home ranges in smaller patches may also be constrained by
higher densities of breeding individuals.
We could find only one published study reporting on the average home range size of Willie Wagtails:
breeding pairs in Papua New Guinea occupied average home ranges of 0.85 ha (Dyrcz 1994). This is
substantially smaller than the average home range size of Willie Wagtails in our study (2.07 ha), and
may be linked to the intactness of the landscape in which the study took place. We suggest that
Willie Wagtails in our study maintained larger home ranges than they would in intact landscapes.
The significant gap-crossing behavior that we observed (discussed further in subsequent paragraphs)
is further evidence of this.
Superb Fairywrens that resided in linear sites had much more elongate home ranges than those in
block-shaped sites. According to optimal foraging theory, an elongate home range does not facilitate
optimal foraging: as the maximum distance from a central point increases, so too does the energy
required to reach that point (Andersson 1978, Pyke 2010). It is also more difficult for an individual to
patrol and defend an elongate territory, as the outer extremities are further away from the core of
the territory (Dill 1978). Both Superb Fairywrens and Willie Wagtails were more likely to travel long
distances between substrates while foraging in linear sites, evidence that energy expenditure is
indeed higher in these sites than in block-shaped sites. We suggest that linear sites constrain the
home range shape of woodland birds, potentially placing individuals in these patches at a
disadvantage compared to individuals in block-shaped sites. This is particularly relevant for breeding

birds, although previous research has found no effect of patch linearity on breeding success (Belder
et al. 2019; unpublished data).
Previous studies have found that linear sites support lower overall species richness and abundance
than similarly sized block-shaped sites (Lindenmayer et al. 2010b). Our results add weight to the idea
that block-shaped sites better support woodland birds than linear sites. However, we acknowledge
the importance of linear sites in improving landscape connectivity in fragmented agricultural
landscapes (Schippers et al. 2009, Lentini et al. 2011). Furthermore, intersecting linear patches have
been found to support similar species richness and abundance to block-shaped sites (Lindenmayer et
al. 2007). These findings highlight the need to consider the context and geographical location of
restoration plantings in conservation planning. For instance, it may be beneficial to establish new
plantings near to existing vegetation, widen linear strips, fill in corners where strips meet, or link
small remnants.
The gap-crossing behavior that we documented in the Willie Wagtail is also of interest in the context
of restoration planting configuration in fragmented agricultural landscapes. For individuals that
frequently cross large habitat gaps, a high proportion of the territory is matrix habitat (pasture or
cropland), and unsuitable for foraging. These individuals therefore expend considerably more energy
commuting between areas of high-quality habitat within their home range than do individuals who
maintain home ranges entirely or mostly within a single habitat patch. Previous research has
identified that woodland birds needing to cross large habitat gaps experience lower reproductive
success and output (Hinsley et al. 2008). The configuration and isolation of many restoration
plantings may increase the energy expenditure of breeding birds, and therefore add to the existing
pressures that breeding birds face in these landscapes. Furthermore, species that are unwilling or
unable to cross large habitat gaps are likely to be disadvantaged by a lack of landscape connectivity
(Brooker et al. 1999, Lees and Peres 2009, Garrard et al. 2012). Poor landscape connectivity has
been linked to local extinctions of woodland and forest bird species (Bellamy et al. 1996, Uezu et al.
2005, Doerr et al. 2011, Pavlacky et al. 2012).
Willie Wagtails visited scattered paddock trees within the agricultural matrix, particularly while
crossing habitat gaps. Such behavior has been observed in other small to medium-sized woodland
birds in fragmented landscapes (Fischer and Lindenmayer 2002a, Robertson and Radford 2009).
Paddock trees (and other isolated habitat features) facilitate connectivity in fragmented agricultural
landscapes (Manning et al. 2006). These features are of disproportionate importance in ensuring the
persistence of fauna populations in these landscapes (Gibbons and Boak 2002, Le Roux et al. 2015,
2018).

Inferential limitations and future research directions
This study provides novel insights into survival and home ranges of woodland birds in fragmented
agricultural landscapes. However, we note the short duration of the study and low number of
physical recapture efforts per site, and acknowledge that long-term trends cannot be forecast from a
study of only three years. Furthermore, we are unable to infer the causes of an apparently high rate
of annual turnover; it is unclear whether this was caused by emigration, mortality, or a combination
of the two processes. The presence of site attributes in top-ranked survival models indicates that
these variables may influence survival to some degree. Alternatively, factors outside the scope of
this study may be more influential. Future research should focus on investigating this.
We encourage researchers to undertake long-term bird banding studies in fragmented agricultural
landscapes. While banding requires considerable resources and effort, it provides invaluable

information on the survival, movement, persistence, and activities of individual birds and their
populations. A national network of banding projects would improve understanding of bird
movements and demographic processes. Advancements in telemetry techniques may facilitate the
collection of these data in the future.
We also suggest conducting home range and movement studies on a wider range of woodland bird
species, especially those that may be more dependent on tree cover.

Concluding remarks
The value of small habitat patches for biodiversity conservation has been well documented and
reviewed (Fischer and Lindenmayer 2002b, Tulloch et al. 2016, Lindenmayer 2019, Wintle et
al. 2019). Restoration plantings provide habitat that is complementary to existing woodland
remnants (Ikin et al. 2018), and in which birds can breed successfully (Belder et al. 2020b). There is
no doubt that restoration plantings are a necessary conservation strategy in fragmented agricultural
landscapes. However, the results of our study indicate that (1) patch isolation and certain patch
configurations place resident and breeding birds at an energetic disadvantage, and (2) in our study
area, woodland bird populations are continuing to decline, and poor annual survival may contribute
to this. Urgent action is needed to restore habitat at a landscape scale if we are to avoid ongoing
losses and local extinctions of woodland birds in southern Australia.
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