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Abstract

Context Working lands with forest plantations are
widespread. To sustain biodiversity in these land-
scapes there is a need to understand how species
respond to patterns such as the amount and configura-
tion of remnant vegetation.

Objectives We examine how the occurrence and
reporting rate of bird species are shaped by landscape
composition and configuration in working lands with
extensive forest plantations in south-eastern Australia.
Methods We used a whole-of-landscape study
design, surveying birds in 36 landscapes (each a circle
1 km in diameter) with blue gum (Eucalyptus globu-
lus) plantations. Landscapes varied in the proportion
(0-72%) and arrangement of remnant vegetation.
Birds were surveyed four times (8 sites per landscape)
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at a total of 288 sites. We modelled responses of bird
species as a function of remnant vegetation amount
and configuration, and the diversity of landscape
elements.

Results We detected 107 bird species and quan-
tified how landscape elements influenced birds at
three levels: sites within landscapes, the landscape
(1 km diameter circle) and the extended landscape
(3 km diameter circle). Analyses focused on 26 spe-
cies observed at>10% of sites. Site-level analyses
revealed 12 species were more likely to occur in rem-
nants than plantations. The amount of remnant veg-
etation was positively correlated with four species at
the landscape-level and five species at the extended
landscape. Well-connected remnant patches posi-
tively influenced five species at the landscape-level
and three species at the extended landscape. The
diversity of landscape elements positively influenced
two species at the landscape-level and two species at
the extended landscape. Some bird species were asso-
ciated with landscape elements at each level, others at
only one or none.

Conclusions Bird distributions are linked to the
presence, amount and configuration of remnant veg-
etation within forestry landscapes. We recommend
maintaining and increasing the extent and connectiv-
ity of remnant vegetation to support native birds.

Keywords Avian - Biodiversity - Blue gum -
Forestry - Matrix - Working lands
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Introduction

Working lands, such as forest plantations, rangelands
and farms, make up large areas of Earth’s terrestrial
surface and have a critical role to play in biodiver-
sity conservation (Kremen and Merenlender 2018;
Estrada-Carmona et al. 2022). Yet, conserving spe-
cies while meeting the increasing demands of human
populations requires new approaches to understand-
ing and managing landscapes. Landscape ecology
offers a valuable framework for managing work-
ing lands in ways that sustain biodiversity (Wiens
2009). By considering patterns and processes across
mosaics or landscapes—not just at the level of indi-
vidual sites—Iland managers can design production
systems that also support native wildlife, includ-
ing birds (Santos et al. 2021; Jones et al. 2023). To
date, most empirical studies using a ‘whole mosaic’
as the unit for analysis (sensu Bennett et al. 2006)
have been completed in working lands characterised
by agriculture. While these studies provide valuable
information about the amount (Lindenmayer et al.
2020; Salek et al. 2022), connectivity (Siqueira et al.
2021) and diversity (Bennett et al. 2022) of land-
scape elements within the context of an agricultural
matrix, there is a need for whole-of-landscape studies
in working lands distinguished by the production of
wood in forest plantations.

Forest plantations occur on all continents with
permanent human settlement (FAO 2020) and now
comprise 131 million ha globally, with more than 3
million hectares planted per year from 2015 to 2020
(FAO 2020). In Australia, forest plantations cover
more than 1.7 million ha, 40% of which is hardwood
trees such as eucalypts and 60% softwood trees such
as pines (ABARES 2024). Forest plantations man-
aged for wood and/or carbon differ from other work-
ing lands, such as farmland, because they are domi-
nated by trees, mostly in even-aged stands of native
or non-native species (FAO 2020). On one hand, this
provides opportunities for species that can use planted
trees for shelter and foraging. For example, some
birds typically associated with native forests have
been shown to nest and forage within eucalypt planta-
tions in southeastern Australia (Law et al. 2014). On
the other hand, forest plantations comprised of a sin-
gle tree species may lack many structural and floristic
characteristics found in remnant native vegetation that
are important for birds (Castano-Villa et al. 2019).
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While studying individual patches of remnant veg-
etation and the local context of forestry plantations is
important, we contend that advancing understanding
of species distributions will benefit from landscape-
level approaches—where the response and predictor
variable characterise the landscape as a whole and
account for patterns of remnant vegetation across pro-
duction landscapes.

Three main properties of working lands charac-
terised by trees are likely to shape bird distributions:
the amount, configuration and diversity of landscape
elements (Villard et al. 1999; Bennett et al. 2006).
The amount (sometimes referred to as extent) of a
landscape element such as remnant vegetation can
be an important determinant of species population
size and resource availability (Nogueira et al. 2021),
and thus affect where species occur. While many for-
est bird species prefer large amounts of native veg-
etation (Maseko et al. 2020), it is plausible that some
species persist in plantation landscapes with small
amounts of remnant vegetation—particularly if they
primarily use young plantation stands and more open
areas, or if planted species provide complementary
habitat (Porro et al. 2020). The configuration, or spa-
tial arrangement, of landscape elements also plays a
critical role in shaping bird distributions by influenc-
ing how species move through the landscape to find
food, nesting sites, mates and refuge from predators
(Paxton et al. 2023). Some species only occur in plan-
tation landscapes when remnant patches are well-
connected (Lacoretz et al. 2021). A third property,
landscape diversity, can help ensure that birds have
access to a variety of resources across different land-
scape elements and uses. For example, some insectiv-
orous birds may forage in open habitats or areas with
short canopies but need areas with mature trees for
breeding and nesting (Ram et al. 2020). Understand-
ing the role of each of these landscape properties, as
well as the role of broader biogeographic gradients
such as climate, is necessary for developing biodiver-
sity-friendly management practices in forested work-
ing lands.

The distribution of bird species in forested work-
ing lands is also likely to vary with their ecological
traits, including those relating to food, shelter and
breeding (Frishkoff and Karp 2019). For instance,
recent work indicates different population trends
of canopy-foraging insectivores (increasing) versus
canopy-foraging nectarivores (declining) in working



Landsc Ecol (2025) 40:218

Page3 of 16 218

lands with an agricultural matrix in southeastern
Australia (Haslem et al. 2023). Based on the traits
of birds in Australian working lands dominated by
trees, we hypothesise that small insectivores such as
thornbills and fairy-wrens will depend on the dense
understorey found in remnant vegetation. By con-
trast, ground-foraging granivores, such as pigeons
and quails, may prefer the more open ground hab-
itat provided by plantations near tree cover. Other
whole-of-landscape studies have examined trait-
based associations of individual bird species with
landscape properties in agricultural settings (Hall
et al. 2022; Mariano-Neto and Santos 2023; Haslem
et al. 2024) and managed natural forests (McGarigal
and McComb 1995; Roberts and King 2017). Few
have applied this approach to forest plantations (but
see Cardoso et al. 2023).

Here, we use a whole-of-landscape approach to
examine how the occurrence and reporting rate of
bird species is shaped by landscape composition and
configuration in forested working lands in south-east-
ern Australia (Fig. 1). Plantations of blue gum (Euca-
lyptus globulus) for wood production are an important
economic land use in the region. Managers of these
plantations are increasingly challenged by the need
to produce wood while also maintaining or improv-
ing biodiversity in the areas under their manage-
ment. We tested how the amount and configuration of
remnant vegetation, and the diversity of several ele-
ments, influence the distribution of bird species at a
landscape-level, where each landscape was defined
as a circle with a 1 km diameter. To complement this
whole-of-landscape analysis, we also examined how
site location within landscapes (in remnant vegetation
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Fig.1 Study design including 36 landscapes (78.54 ha) of
southwestern Victoria, Australia. Birds were surveyed four
times at eight sites per landscape. Each landscape varied in the

amount of remnant vegetation (range: 0-72%), and its arrange-
ment, with the remaining area made up of plantation, farmland,
unplanted area and water bodies
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or plantations) influenced birds, and how landscape
elements at an extended scale (a 3 km diameter
buffer) shaped bird responses. We focus on individual
species of birds to identify those that are most sen-
sitive to changes in landscape properties, and those
that are more resilient, reasoning that our site and
landscape definitions align with the scales at which
many birds use and move through habitat. This will
help guide management of forest plantations in the
context of nature positive initiatives that support the
Kunming-Montreal Global Biodiversity Framework.

Materials and methods
Study area

The study was undertaken in southwestern Victoria,
Australia (Fig. 1). The study area, part of what the
forest industry describes as the “Green Triangle”,
spans 6,000,000 ha and contains forestry plantations
and native forest and woodlands, as well as areas
used for grazing and cropping. Blue gum (Eucalyp-
tus globulus) plantations, a tree species not native
to the study area, cover approximately 120,000 ha
within the study area (ABARES 2024). These planta-
tions were mostly established between the mid-1990s
and 2010 on land previously used as pasture. Planta-
tions are managed on short rotations (harvested every
10-15 years) to produce woodchip for export. Rem-
nant vegetation (sometimes called native vegetation)
consists of grassy and open woodlands dominated by
Eucalyptus trees, including river red gum (E. cama-
ldulensis), brown stringybark (E. baxteri), messmate
stringybark (E. obliqua), swamp gum (E. ovata) and
manna gum (E. viminalis) and a shrub layer includ-
ing species from the Acacia, Melaleuca, Hakea, and
Leptospermum genera. Historical clearing for agri-
culture has substantially reduced and modified native
vegetation in the study area.

Study design

We examined the occurrence of birds across 36 study
landscapes. A gradient of remnant vegetation was
sampled by selecting landscapes for study ranging
from 0 to 72% of this element. Each study landscape
was 1 km in diameter (78.54 ha) and was separated
from the nearest landscape by a mean minimum
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distance of 2 km. We define remnant vegetation as
patches and linear strips of native vegetation and lone
native trees, as well as some small areas of planted
windbreaks (predominantly Cupressus and Pinus
spp.) which provide standing vegetation not subject to
harvesting.

The landscapes also comprised plantation, farm-
land for sheep and cattle grazing and crops, unplanted
areas (including firebreaks, roads and other areas
without trees) and water bodies (including artificial
water sources used for agriculture and water sources
that lacked natural vegetation). The proportion of blue
gum plantation in study landscapes ranged from 22 to
97%. Most blue gum plantations (95%) were <6 years
old and contained smaller tree girths than remnant
vegetation (mean diameter at breast height measured
at 114 of 288 sites was 18 cm versus 28 cm, respec-
tively). The proportion of farmland in study land-
scapes ranged from 0 to 26%.

Bird surveys

Birds were surveyed at eight sites within each land-
scape (a total of 288 sites). Bird surveys were
completed four times at each site, twice during
the bird breeding season (September—November
2021-2023) and twice during the non-breeding sea-
son (March-May 2021-2022). A bird survey con-
sisted of a 10-min point count at a site, where the
same observer (EKT) recorded aural and visual cues
of birds, recording both species presence and abun-
dance at four distance categories: 0—10 m, 10-25 m,
25-50 m and>50 m. Surveys were conducted from
dawn until midday. Surveys were not conducted dur-
ing periods of heavy rain, or conditions of high wind
or temperature. The sequence of site visitation was
rotated between survey rounds. Each bird survey site
was placed at a mean minimum distance of 250 m
(sd=35 m, range 187-391 m) from another site to
reduce the risk of spatial autocorrelation and located
at a mean minimum distance of 181 m (sd=101 m,
range =5-492 m) from a study landscape boundary.
Bird survey sites within each study landscape were
allocated in proportion to the amount of remnant veg-
etation—approximately one site per 12.5% of rem-
nant vegetation. Landscapes with less than 12.5%
of remnant vegetation still included one site placed
within a remnant patch when one was present. Survey
sites not allocated to remnant vegetation were located
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in plantations. Farmland, water bodies and unplanted
areas were not directly surveyed.

Most birds were identified to the species-level,
but some taxa were difficult to distinguish based on
calls alone, when they were not visible. For further
analyses, we grouped the long-billed corella (Caca-
tua tenuirostris) and little corella (C. sanguinea) as
one group—corella species. Similarly, the Australian
raven (Corvus coronoides), forest raven (C. tasmani-
cus) and little raven (C. mellori), were grouped as
raven species.

Spatial analysis

Analyses were completed at three levels that we
refer to as site, landscape and extended landscape
(detailed below). Spatial layers at the site and land-
scape-level detailing the elements of study land-
scapes were sourced from DigitalGlobe satellites at
a resolution <2 m, provided by blue gum plantation
managers PF Olsen. To ensure mapping accuracy,
we visited remnant vegetation patches within each
landscape. Spatial layers at the extended landscape
were sourced from the Victorian Government’s land
use layer (https://discover.data.vic.gov.au/dataset/
victorian-land-use-information-system-2016-2017).
Using Quantum Geographical Information System
(QGIS) software (version 3.28.9-Firenze, http://qgis.
org), vector spatial layers were converted to raster
files in which each pixel represented a 10 m” area.
The land use layer was mapped at a coarser resolu-
tion (minimum parcel size of 12.5 ha) than the Digi-
talGlobe layers. For extended landscape mapping, we
prioritised the finer-scale DigitalGlobe data for the
1 km core (the area made up of the 1 km landscape-
level) and added the land use layer as an outer ring to
extend it to a 3 km diameter. Both the landscape-level
and extended landscape layers were then analysed in
FRAGSTATS (version 4.2, https://fragstats.org/) to
calculate three metrics:

(1) Amount of remnant vegetation is the extent of
remnant vegetation, calculated as the proportion
of pixels within each landscape (PLAND; follow-
ing FRAGSTATS terminology);

(2) Remnant configuration was calculated as the
percentage of pixels of remnant vegetation next
to pixels of the same type (where high values of
like adjacencies, closer to 100, indicate a domi-

nance of a single, large patch of remnant vegeta-
tion in a landscape, whereas low values, closer
to zero, indicate fragmented patches of remnant
vegetation) (PLADJ). We opted to use percent-
age of like adjacencies to measure configura-
tion, rather than alternatives such as total edge
or number of patches, because we anticipated the
clustering of remnant vegetation would be par-
ticularly important for bird species in the study
area. For two landscapes with very low amounts
of remnant vegetation it was not possible to cal-
culate the measure of configuration, so later we
imputed the mean value of like adjacencies to
enable their inclusion in modelling of bird distri-
butions;

(3) Landscape diversity measures the diversity and
evenness in distribution of different landscape
elements in each study landscape, using the
Shannon diversity index, where higher values
of this index indicate a greater mix of landscape
elements (in which five landscape elements were
mapped: plantation, farmland, remnant vegeta-
tion, unplanted areas and water bodies (SHDI)
(Supplementary Fig. 1).

Landscapes were situated across a rainfall gradient
that could plausibly affect bird species distributions.
Long-term (30-year) average annual rainfall data
from the centre of each landscape was calculated with
data from the Bureau of Meteorology (https://reg.
bom.gov.au/jsp/ncc/climate_averages/rainfall/index.
jsp). Mean rainfall ranged from 629 to 760 mm with
a mean landscape rainfall value of 710+ 38 mm (sd).

Statistical analysis

We pooled records of birds across four survey peri-
ods at eight sites per landscape, i.e. landscapes
(n=36) were the unit of inference. We calculated
two response variables per landscape: (a) the occur-
rence of each bird species (presence or absence at
a landscape) and (b) the reporting rate (proxy for
abundance), the number of sites (out of 8) at which
each species was recorded per landscape, across all
surveys.

We analysed bird species responses using gener-
alised linear models (GLMs) with binomial distri-
butions for both occurrence and reporting rate data.
The former modelled as presence or absence in a
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landscape, the latter modelled as a binomial propor-
tion of the number of presences out of § sites. Eight-
een very common species (present at > 30 landscapes)
were not modelled due to lack of variation in their
occurrence and reporting rate. There was suitable
occurrence and reporting rate data to analyse 26 indi-
vidual bird species present at > 10% of sites. Bird data
were modelled as a function of four predictor vari-
ables: amount of remnant vegetation, configuration of
remnant vegetation, landscape diversity, and rainfall.
As a second step, we also ran models which explored
the role of remnant amount at a larger scale than the
original study landscapes i.e. the extended landscape.
To do this, we extended the diameter of the circle
centred on each landscape to 3 km and calculated
the amount and configuration of remnant vegetation,
landscape diversity and rainfall in an area of ~707 ha.

The amount of remnant vegetation was highly cor-
related with the configuration of remnant vegetation
at the landscape-level (Pearson correlation coeffi-
cient=0.7) (Supplementary Fig. 2). To navigate this
correlation between variables, we used a “residual
regression” approach (Graham 2003; Dormann et al.
2013) where remnant amount was prioritised over
configuration (like adjacencies) as our study was
designed to target variation in remnant amount. This
included modelling remnant configuration as a func-
tion of remnant amount and using the residuals from
this model (a proxy of configuration independent of
remnant amount) as a predictor of bird species occur-
rence and reporting rate. This proxy of configuration
was termed ‘“residual remnant configuration” and
included in the models with the three other predictor
variables. Other variables were not highly correlated
with the amount of remnant vegetation (Pearson cor-
relation coefficient <0.5).

All variables were standardised before modelling
by subtracting the mean from each predictor variable
and dividing by two standard deviations to assist with
comparison of effects sizes and uncertainty (Gelman
and Hill 2007). We compared models using estimates
of effect size, 95% confidence intervals around model
coefficients, percentage deviance explained (% Dev),
and p-values. Overdispersion was checked for each
model using the Pearson chi-square statistics and
deviance, with values close to 1 indicating the model
was appropriate.

In addition to the landscape-level analyses, we
tested if the same 26 bird species were more likely

@ Springer

to occur at sites in either remnant vegetation or plan-
tation areas. A site was either located within rem-
nant vegetation (n=60) or within a plantation area
(n=228). We assessed if occurrence of each bird
species, pooled across four survey periods, was influ-
enced by the two site types using Generalised Linear
Mixed Models (GLMMS) with a binomial distribu-
tion and a logit link function, where study landscape
was included a random intercept and site type (planta-
tion or remnant) was a fixed effect.

All analyses were undertaken in R (version
2023.06.24-561, https://www.R-project.org/). We used
the ‘“ggplot2® (https://ggplot2.tidyverse.org/), “glm-
mTMB" (https://cran.r-project.org/web/packages/glmmT
MB/index.html), "DHARMa" (https://cran.r-project.org/
web/packages/DHARMa/index.html) and “dotwhisker”
(https://cran.r-project.org/web/packages/dotwhisker/
index.html) packages. We interpreted levels of statisti-
cal significance along a continuum: p-value>0.1 little
or no evidential support of a relationship; <0.1 weak evi-
dence; <0.05 moderate evidence; <0.01 strong evidence
and <0.001 very strong evidence (Muff et al. 2022).

Results

A total of 25,209 observations of 107 bird species
were made across the 36 study landscapes (Supple-
mentary Table 1). Insectivores were the most fre-
quently observed feeding group (n=51 species),
followed by granivores (n=20 species), water birds
(n=16 species), carnivores (n=13 species) and nec-
tarivores (n=7 species). Ten species were recorded
in all 36 study landscapes, while 18 species only
occurred in a single landscape. Below we distinguish
between three levels of analyses: the site, landscape
and extended landscape.

Effect of amount of remnant vegetation on bird
species

Site-level

Twelve of 26 species showed evidence of a prefer-
ence for remnant vegetation sites over plantation sites
(Supplementary Table 2). For example, the New Hol-
land honeyeater (Phylidonyris novaehollandiae) was
approximately 12 times more likely to be observed in
remnant vegetation (n=22 of 60 sites) than blue gum
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plantations (n=15 of 288 sites). The white-browed
scrubwren (Sericornis frontalis) was 5.5 times more
likely to be observed at sites comprised of remnant
vegetation (n=27 of 60 sites) than sites within blue
gum plantations (n=29 of 228 sites). No species pre-
ferred plantation sites over remnant vegetation.

Landscape-level

Of the 26 bird species modelled, five showed evi-
dence of a response to the amount of remnant veg-
etation (Figs. 2, 3, 4; Supplementary Fig. 3; Sup-
plementary Tables 3-4). We detected moderate
evidence of a positive relationship between occur-
rence and reporting rate of the white-throated
treecreeper (Cormobates leucophaea) and increas-
ing remnant vegetation amount (occurrence model:
coefficient=31.91+14.88 SE, p-value=0.032;
reporting rate model: coefficient=3.63+1.69 SE,
p-value=0.031). The probability of occurrence of
the white-throated treecreeper rose sharply as amount
of remnant vegetation increased: from below 0.2

in landscapes with 5% remnant vegetation, reach-
ing 0.5 at 7% of remnant vegetation, and 0.9 at 9%.
The olive-backed oriole (Oriolus sagittatus) showed
moderate evidence of a positive relationship between
occurrence and amount of remnant vegetation (coef-
ficient=5.64+2.7 SE, p-value=0.037) and weak
evidence of this relationship when reporting rate was
examined (coefficient=1.73 +1.03, p-value =0.092).
For the striated pardalote (Pardalotus striatus), we
detected weak evidence of a positive relationship
between occurrence and amount of remnant veg-
etation (coefficient=3.33+1.73, p-value=0.054).
The fan-tailed cuckoo (Cacomantis flabelliformis)
showed moderate evidence of a positive relationship
between reporting rate and amount of remnant veg-
etation (coefficient=2.84 +1.30 SE, p-value =0.029).
By contrast, the occurrence of the Eurasian skylark
(Alauda arvensis), an introduced species, was nega-
tively associated with the amount of remnant vegeta-
tion (coefficient=-14.47 +6.81 SE, p-value=0.034).

A) Remnant amount B) Remnant configuration C) Landscape diversity D) Rainfall
N ® ® o - o K| o Black-faced cuckooshrike
o o L © Brown-headed honeyeater
Brown thornbill
Fan-tailed cuckoo
Horsfield's bronze cuckoo
Magpie lark
Olive-backed oriole
Rufous whistler
i « Shining bronze cuckoo
. I e e *  Silvereye
— —_— —_— °  Striated pardalote
d scrubwren
g - - - *  White-throated treecreeper
©  White-winged chough
0 50 10 5 0 5 10 10 0 10 -20 ET) 0 10 20 Ganivores
— o — o et ra L P *  Blue-winged parrot
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Eurasian skylark
e * —L Lo Galah
- —— —— —— ©  Gang-gang cockatoo
T - - - ©  Painted button-quail
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¢ ¢ Y o] Waterbirds
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Coefficient Coefficient

Fig. 2 Landscape-level responses of individual species occur-
rence to A remnant amount, B residual remnant configuration,
C landscape diversity and D rainfall across forestry landscapes
of southwestern Victoria, Australia, stratified by diet group
where g are insectivores, g4 are granivores, ¢ are water

Coefficient Coefficient

birds and s are nectarivores. Standardised model coefficients
derived from generalised linear models are displayed with 95%
confidence intervals. Feeding group icons derived from Micro-
soft PowerPoint (2024). Please note the x-axes are on different
scales for visualisation purposes
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Fig. 3 Partial plots derived from generalised linear models
of the probability of occurrence of three species as a function
of amount of remnant vegetation (%) at the landscape-level:
A white-throated treecreeper (Cormobates leucophaea); B
olive-backed oriole; (Oriolus sagittatus); C striated pardalote
(Pardalotus striatus); and D Eurasian skylark (Alauda arven-

Extended landscape-level

At the extended landscape, eight species showed evi-
dence of responding to the amount of remnant vegeta-
tion (Supplementary Tables 5-6). Five species—the
white-browed scrubwren, yellow-tailed black cocka-
too (Zanda funerea), gang-gang cockatoo (Calloceph-
alon fimbriatum), olive-backed oriole and striated
pardalote—showed evidence for increasing in either
occurrence or reporting rate with amount of rem-
nant vegetation (white-browed scrubwren occurrence
model: 2.20+1.33SE, p-value=0.097; yellow-tailed
black cockatoo occurrence model: 4.14+1.82 SE,
p-value=0.023; gang-gang cockatoo reporting rate
model: 1.87+1.07 SE, p-value=0.081; olive-backed
oriole: 1.89+ 1.14SE, p-value=0.099; striated pard-
alote model: 3.01 + 1.68SE, p-value =0.073). We also
detected moderate evidence of a negative relation-
ship between occurrence of the Australian shelduck
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sis). Other predictor variables, residual remnant configuration,
landscape diversity and rainfall, have been held constant at
their mean. Black lines represent modelled relationship, shaded
areas represent 95% confidence intervals, black dots represent
observations of birds at study landscapes, with shading of dots
used to visualise overlapping values

(Tadorna tadornoides) and Eurasian skylark with
remnant vegetation amount, and weak evidence of a
negative relationship between occurrence of silvereye
(Zosterops lateralis) and remnant amount (Austral-
ian shelduck model: coefficient=— 2.42+1.21SE,
p-value=0.046; Eurasian skylark model:
— 2.86+1.40SE, p-value=0.041; silvereye model:
coefficient=— 2.58 + 1.34 SE, p-value=0.055).

Effect of configuration of remnant vegetation on
species

Landscape-level

Of the 26 bird species modelled, six species showed evi-
dence of responding to the arrangement of remnant veg-
etation (via modelling of a regressed remnant configu-
ration variable accounting for remnant area) (Figs. 2,
5; Supplementary Fig. 3; Supplementary Tables 3—4).
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Fig. 4 Partial plots derived from generalised linear models
of the reporting rate of three species as a function of amount
of remnant vegetation (%) at the landscape-level: A white-
throated treecreeper (Cormobates leucophaea); B olive-
backed oriole; (Oriolus sagittatus); and C fan-tailed cuckoo
(Cacomantis flabelliformis). Other predictor variables, residual

Occurrence of the common bronzewing (Phaps chal-
coptera) showed strong evidence of a positive response
to increasing configuration (coefficient=4.01+1.51
SE, p-value=0.008) i.e. this species is more likely to
be present in landscapes with well-connected rem-
nant patches. There was moderate evidence that four
of these species responded to clustering of remnant
vegetation: striated pardalote (coefficient=3.32+1.57
SE, p-value=0.0347), white-browed scrubwren (coef-
ficient=3.74+1.78 SE, p-value=0.0358), masked
lapwing (Vanellus miles) (coefficient=2.57+1.19 SE,
p-value=0.031), and emu (Dromaius novaehollan-
diae) (coefficient=2.59+1.15 SE, p-value=0.0245).
Modelled bird species responses to configuration were
positive except for the rufous whistler (Pachycephala
rufiventris), which was more likely to occur in land-
scapes with remnant vegetation that was fragmented
(coefficient=— 2.08+1.05 SE, p-value=0.047). We

remnant configuration, landscape diversity and rainfall, have
been held constant at their mean. Black lines represent mod-
elled relationship, shaded areas represent 95% confidence
intervals, black dots represent observations of birds at study
landscapes, with shading of dots used to visualise overlapping
values

did not detect any clear relationships between residual
remnant configuration and reporting rate.

Extended landscape-level

At the extended landscape, four species showed evi-
dence of responding to the arrangement of remnant
vegetation (Supplementary Tables 5-6). Occur-
rence of the white-winged chough (Corcorax mel-
anorhamphos), striated pardalote and emu showed
evidence of a positive response to increasing con-
figuration (white-winged chough model: coeffi-
cient=1.91+1.09 SE, p-value=0.079, striated pard-
alote model: 4.86+2.00SE, p-value=0.015; emu
model: 2.30+1.11SE, p-value=0.040). There was
also weak evidence that the occurrence of the blue-
winged parrot (Neophema chrysostoma) responded
negatively to the arrangement of remnant vegetation:
(coefficient=— 2.68 +1.60 SE, p-value=0.095).
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Fig. 5 Partial plots derived from generalised linear models
of the probability of occurrence of six species as a function of
the configuration of remnant vegetation at the landscape-level:
A common bronzewing (Phaps chalcoptera); B striated pard-
alote (Pardalotus striatus); C white-browed scrubwren (Seri-
cornis frontalis); D rufous whistler (Pachycephala rufiventris);
E masked lapwing (Vanellus miles); and F) emu (Dromaius

Effect of diversity on species
Landscape-level
In general, landscape diversity had a smaller effect

on species distributions than other landscape vari-
ables and was influential on fewer species (2 of 26
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novaehollandiae). Other predictor variables, remnant amount,
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their mean. Black lines represent modelled relationship, shaded
areas represent 95% confidence intervals, black dots represent
observations of birds at study landscapes, with shading of dots
used to visualise overlapping values

species) (Figs. 2, 6; Supplementary Fig. 3; Supple-
mentary Tables 3—4). We detected moderate evidence
that an increase in landscape diversity increased the
occurrence of the introduced Eurasian skylark (coeffi-
cient=3.13+1.54 SE, p-value=0.042), and weak evi-
dence for the white-faced heron (Egretta novaehollan-
diae) (coefficient=1.59+0.93SE, p-value=0.086).
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Fig. 6 Partial plots derived from generalised linear models of
the probability of occurrence of two species as a function of
landscape diversity at the landscape-level: A white-faced heron
(Egretta novaehollandiae); and B Eurasian skylark (Alauda
arvensis). Other predictor variables, remnant amount, residual

There were no relationships between reporting rate
and landscape diversity for any species.

Extended landscape-level

At the extended landscape, six species showed evi-
dence of responding to the diversity of landscape ele-
ments (Supplementary Tables 5-6). Two species—the
striated pardalote and blue-winged parrot—responded
positively to an increase in diversity, whereas four
species: yellow-tailed black cockatoo, olive-backed
oriole, brown thornbill (Acanthiza pusilla) and brolga
(Grus rubicunda) decreased in occurrence as diver-
sity of landscape elements increased.

Influences of a gradient in mean annual rainfall at the
landscape-level

Mean annual rainfall had a negative effect on the
occurrence of five species: fan-tailed cuckoo (coef-
ficient=— 3.11+1.41 SE, p-value=0.027), stri-
ated pardalote (coefficient=— 3.60+1.44 SE,
p-value=0.012), white-browned scrubwren (coef-
ficient=— 3.26+1.59 SE, p-value=0.040), com-
mon bronzewing (coefficient=— 3.10+1.36 SE,
p-value=0.023) and New Holland honeyeater
(coefficient=— 2.10+1.04 SE, p-value=0.045)
(Figs. 3, 6; Supplementary Fig. 3-4; Supplemen-
tary Tables 3-4). The probability of occurrence
of the striated pardalote declined sharply as rain-
fall increased: a mean estimate of 1.0 when mean
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Landscape diversity

remnant configuration and rainfall, have been held constant at
their mean. Black lines represent modelled relationship, shaded
areas represent 95% confidence intervals, black dots represent
observations of birds at study landscapes, with shading of dots
used to visualise overlapping values

annual rainfall was 630 mm, 0.5 in landscapes with
740 mm of rainfall, and 0.3 in landscapes with
760 mm of rainfall. There was weak evidence of
a negative relationship with rainfall for the occur-
rence of two other species, the shining bronze
cuckoo (Chrysococcyx lucidus) and galah (Eolo-
phus roseicapilla) (Supplementary Table 3).

Discussion

Whole-of-landscape approaches provide opportuni-
ties for better understanding bird distributions and
developing conservation strategies across working
lands. Our study shows that amount, configuration
and diversity of landscape elements are important
in driving bird species occurrence and abundance in
working lands with forest plantations: the distribu-
tions of 22 of 26 bird species modelled were shaped
by these properties at what we defined as either a
landscape (circle with a 1 km diameter) or extended
landscape (circle with a 3 km buffer). Interestingly,
an additional 18 bird species, beyond the 26 that were
modelled, were present in most landscapes (> 30 of
36), including those dominated by blue gum planta-
tions. Our study provides evidence of species that
are relatively insensitive, and species that are highly
responsive, to the extent of remnant vegetation in
working lands, and offers ways to enhance popula-
tions of the latter.
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Species associations with remnant vegetation at
landscapes and sites

Ten of 26 species modelled at the landscape-level
showed evidence of responding to the amount of rem-
nant vegetation. For example, the insectivorous white-
throated treecreeper was more prevalent in landscapes
with higher proportions of remnant vegetation. In
this case, a preference for remnant vegetation can be
explained by bark type: we only observed treecreepers
foraging for insects on rough-bark eucalypts, such as
those found in remnant vegetation, while planted blue
gums are smooth-barked and do not provide preferred
insect habitat. White-throated treecreepers have also
been observed to occur more abundantly in remnant
vegetation in the wheat-sheep zone of New South
Wales, Australia (Martin et al. 2011) indicating that
white-throated treecreepers may benefit from plant-
ings of rough-bark eucalypts in working landscapes
as well as the retention of hollow-bearing trees, given
their hollow dependence for breeding. The insect and
fruit-feeding olive-backed oriole was also influenced
by the amount of remnant vegetation in the land-
scape. The range of food resources preferred by this
species is more likely to occur in remnant vegetation,
which is characterised by greater diversity in trees
and shrubs, including a mix of plants likely to con-
tain higher insect diversity (Cunningham et al. 2005)
and fruit diversity. We suggest that the habitat value
of blue gum plantations for bird species with a varied
diet could be improved by retaining native fruit-bear-
ing shrubs in plantation landscapes such as kangaroo
apple (Solanum spp.), that are often eliminated during
plantings of blue gums to reduce competition.

We also explored if birds were responding to rem-
nant vegetation at larger spatial scales. Our results
indicate that some species consistently respond to
remnant vegetation at both the landscape-level and
extended landscape, (such as the insectivorous stri-
ated pardalote and white-throated treecreeper) but
others only responded to remnant amount at the
extended landscape level (such as the granivorous
yellow-tailed black cockatoo and gang-gang cocka-
too). This is likely because some species, such as
cockatoos, perceive and use environments at larger
scales. Similarly, in a landscape study in the Atlantic
Forest in Brazil, the occurrence of bird species was
better predicted by having bespoke models at the spa-
tial scales most relevant to them (Bhakti et al. 2018).
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It is therefore important that conservation research
and forest management in working lands does not
solely rely on a single spatial scale (also see Wiens
1989; Monroe et al. 2022).

More broadly, whole-of-landscape studies show
that the amount of remnant vegetation is an important
landscape property for bird species in agricultural
working lands in Mediterranean Europe (Chiatante
et al. 2019), temperate southeastern Australia (Rad-
ford and Bennett 2007) and tropical areas of South
America (Semper-Pascual et al. 2021). Some indi-
vidual bird species’ habitat requirements are likely
not fulfilled in highly modified working lands, and
the present study highlights the importance of retain-
ing and managing remnant vegetation to support bird
populations in treed production landscapes. In sev-
eral working lands, bird species have been shown to
respond to a wide range of habitat amounts; for exam-
ple, woodland-dependent species in agricultural land-
scapes were more abundant when remnant vegetation
covered at least 10% of the landscape (Radford et al.
2005), while in tropical rainforests in Africa frugiv-
orous bird species reach their maximum richness
when forest cover was 74% (Kupsch et al. 2019). In
our study, a variety of relationships were observed;
the white-throated treecreeper peaked in occurrence
when remnant vegetation comprised approximately
10% of the landscapes at a 1 km buffer and the
olive-backed oriole peaked when remnant vegetation
amounted to 35%. This underscores the importance of
considering the needs of individual species in work-
ing lands.

Although we identified species positively associ-
ated with the amount of remnant vegetation, we also
recorded species that a) were very common in most
landscapes, including those dominated by plantations,
and were not modelled in the present study, b) were
moderately common and modelled in the present
study, but for which we did not detect a clear relation-
ship with amount of remnant vegetation, and c) were
uncommon and not modelled in the present study
because even substantial field surveys generated few
occurrences across the study landscapes.

Empirical data indicate that some species are resil-
ient to varying landscape modifications sampled in
the present study, including 18 species that occurred
in at least 32 of 36 landscapes.This included species
more common of open country, such as the insec-
tivorous Australian magpie (Gymnorhina tibicen)
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and granivorous sulphur-crested cockatoo (Cacatua
galerita), and species associated with treed areas
such as the insectivorous yellow-faced honeyeater
(Lichenostomus chrysops) and carnivorous laughing
kookaburra (Dacelo novaeguineae). We reason that
the habitat requirements of these very common bird
species can generally be met in forestry landscapes.
In part, because of habitat resources within plan-
tations, such as tree cover, and associated feeding
resources provided by blue gums that are not found
in other working lands. For example, in a study com-
paring whole landscapes, Haslem and Bennett (2008)
observed gang-gang cockatoos in 44% of farmland
matrices compared to this study which observed
gang-gang cockatoos in 69% of plantation matrices.
Forest plantations may therefore provide greater con-
servation value with lower levels of remnant vegeta-
tion than other types of land cover such as pasture or
cropland.

Our modelling focused on a set of moderately com-
mon bird species. An ongoing challenge is identifying
landscape determinants for rare or threatened species
for which, despite relatively intensive and repeated
surveys, we were unable to generate sufficient obser-
vations to detect smaller changes in species distribu-
tion associated with variation in landscape properties.
For example, the black-eared cuckoo (Chrysococ-
cyx osculans) was observed in only two landscapes:
where remnant vegetation was more than 40% of the
landscape extent. (Hope et al. 2020) This highlights
the need for targeted surveying of rare or threatened
species in plantation landscapes and other working
lands.

Analysis of site data complemented landscape
analyses, helping to understand the role of remnant
vegetation on bird species occurrence at another
level. Eleven species were found more frequently in
sites within remnant vegetation compared to blue
gum plantation. This highlights birds rely directly
on the resources contained within remnant vegeta-
tion, and that simply having remnant vegetation in the
landscape is not always sufficient, especially if birds
are unable to access suitable patches.

Effects of remnant configuration and landscape
diversity on bird species

Six bird species in our study responded positively
to landscape configuration, occurring more often in

areas (1 km or 3 km buffers) where remnant vegeta-
tion was connected rather than fragmented. For exam-
ple, the insectivorous white-browed scrubwren was
detected more frequently in aggregated remnants,
consistent with its reliance on dense, vegetation, and
limited ability to cross gaps of open vegetation. Well-
connected patches enable this and other low-mobility
species to minimise exposure to unfavourable habi-
tat (Lindenmayer et al. 2020). Although we used a
residual regression approach to address the high cor-
relation between amount and configuration, these
variables cannot be completely disentangled by sta-
tistical modelling (Dormann et al. 2013)—a common
challenge in landscape ecology (Smith et al. 2011;
Lindenmayer et al. 2020), especially within working
lands.

In addition to remnant vegetation amount and
configuration, four species responded positively to
landscape diversity at 1 km or 3 km buffers. While
we only surveyed plantations and remnant vegetation,
we hypothesise that some species responded to spatial
variation in other elements not directly sampled; for
example, water bodies for the white-faced heron and
the distribution of farmland for the Eurasian skylark.
White-faced herons feed in shallow water and can
also forage in pastures when wetlands are unavailable
(Newman and Lindsey 2011). More broadly, while
our study indicates that native vegetation provides
higher quality habitat for more species than highly
modified working lands, it is plausible that some bird
species may need supplementary resources provided
by modified areas. This may include several of the
very common species we observed in the study land-
scapes, such as the insectivorous white-eared hone-
yeater (Lichenostomus leucotis) and nectarivorous red
wattlebird (Anthochaera carunculata).

An important consideration for future research,
is that young plantations, as investigated here, dif-
fer structurally from older blue gum plantations
(e.g.>10 years) or freshly harvested plantations.
Changes in shrubby cover and canopy closure are
likely to alter bird species occurrence and their
responses to amount of remnant vegetation, which, in
turn, influences how birds respond to the arrangement
and diversity of landscape elements. For example, in
a study of plantations in the United States, several
bird species peaked in the abundance in early stages
of plantation growth and then declined at later stages
(Harris and Betts 2021). Such age-related preferences
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can shift how birds use landscape elements, with dif-
ferent elements becoming more or less important
across the plantation cycle.

Environmental gradients

The landscapes we studied receive less annual rain-
fall in the north and more in the south. The distribu-
tions of nine species were associated with this gradi-
ent—highlighting the need to consider the climatic
variation of landscapes as well as their vegetation
types and configurations. For example, the common
bronzewing, a ground forager, is likely decreasing in
occurrence as rainfall levels rise, given rain reduces
foraging opportunities by displacing food and increas-
ing predation. In the context of applying ecological
knowledge, including broad-scale gradients, such as
rainfall, helps to better predict species distributions.
Retaining suitable amounts of remnant vegetation
across biogeographic gradients is an important con-
sideration for land managers.

Managing species that are sensitive and resilient to
landscape modification

While the primary purpose of plantations is not
nature conservation, improving conservation out-
comes in treed working lands may benefit production
and improve social licence. A focus on the require-
ments of individual bird species is a useful lens for
improving bird conservation with forest plantations,
that can be complemented by analyses of other meas-
ures of bird communities, such as functional groups
and patterns of species richness. To continue to
improve bird conservation in forested working lands
we recommend several management actions. First,
increase the retention of remnant vegetation for spe-
cies where their distribution is driven by larger areas
of remnant vegetation. Second, link small patches of
remnant vegetation to large patches to improve habi-
tat connectivity. Although in some landscapes it is
unrealistic to expect large sections of plantation to be
converted to native vegetation, retaining small areas
of remnant vegetation, or establishing patches of
native vegetation, to act as ‘stepping stones’ through-
out the landscape will likely enable birds to access a
range of resources, and to move across landscapes.
Areas that promote connectivity may include road-
sides and riparian strips which are already unviable
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for plantations and thereby enhancing them will not
limit economic outcomes desired by plantation man-
agers. Finally, we recommend increasing remnant
vegetation extent and configuration across environ-
mental gradients such as those spanning changes in
mean annual rainfall, to ensure the habitat of species
restricted to or preferring some biogeographic areas
is maintained. Taken together, these actions can guide
plantation management towards nature-positive out-
comes to increase the contribution of working lands
to conservation targets of the Kunming-Montreal
Global Biodiversity Framework.

Conclusions

The distribution of bird species is linked to the occur-
rence, amount and configuration of remnant vegeta-
tion within working lands composed of tree planta-
tions used to produce wood and related products.
While the distribution of remnant vegetation in the
landscape had strong effects on selected bird species,
we also recorded several species and groups of birds
that are common even in landscapes with a large pro-
portion of plantations. This information can be used
to identify priority species for habitat protection and
ways to improve working lands for bird conservation,
including through enhancing and connecting areas of
remnant vegetation at appropriate spatial scales.
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