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ABSTRACT

Background. The granivorous finches of Australia’s tropical savannas heavily rely on a sequence
of perennial and annual grass seed production to feed throughout the year. An increase in late dry
season wildfires has been suggested to detrimentally effect seed production sequence and has
been attributed to poor physiological condition and a reduction in fitness of granivorous finches.
Early dry season prescribed burning is an asset protection management strategy often imple-
mented to reduce the incidence of late dry season wildfire, but has also been shown to improve
the abundance and nutritional quality of grass seed Aims. To assess whether the Gouldian finch
(Chloebia gouldiae) preferentially used areas that were subject to early dry season prescribed
burning over areas that were not burnt. Methods. The creation of a landscape mosaic across the
landscape with varying fire histories. Then the assessment of individual finch movement and site
utilisation using VHF-radio telemetry transmitters, detected by an array of static receivers
deployed across the landscape. Key results. Finches significantly preferred to forage in areas
burnt in the early season every 2-3 years. Conclusions. The study demonstrates that early dry
season prescribed burning creates preferred foraging habitat patches for Gouldian finches within
savanna fire mosaics.

Keywords: automated telemetry, early dry season burning, fire frequency, Gouldian finch,
granivore, late dry season burning, prescribed burning, time since last fire.

Introduction

Fire has pervasive effects on many tropical and temperate ecosystems (e.g. Pausas and
Ribeiro 2017; Pausas and Parr 2018). Open vegetation in the ‘savanna’ biome is largely
maintained through fire (Bond et al. 2005; Sankaran et al. 2008), and many flora and
fauna savanna species have adapted to the effects of fire (Andersen et al. 2005; Andersen
2021). However, in the northern Australian savannas, some savanna dwelling flora and
fauna have become threatened by unmanaged fire (Andersen et al. 2005; Woinarski and
Legge 2013; Ziembicki et al. 2015) as changes in management, invasive weeds, grazing
pressure, and climate change alter fire regimes. While a key tool for managing fire in such
environments is prescribed burning, there is also a need to understand how savanna
species respond. This can be challenging because fire regimes interact with different
organisms in variable ways (Williams et al. 2003; Woinarski et al. 2005; Woinarski and
Legge 2013; Radford et al. 2020; Andersen 2021). Plants generally respond to fire
intensity and interval, which can influence both mortality and reproduction, via fire
response traits or adaptations (Clarke and Gorley 2015). Unlike plants, animals can often
avoid the direct heat impact of fire by moving or hiding in safe refuges (Sutherland and
Dickman 1999; Johnson 2006), but the resources they depend on are influenced by the
spatial distribution, intensity and frequency of the fire.

Granivorous finches are found throughout the fire-prone savannas of northern
Australia (Tidemann et al. 1992; Franklin 1999; Woinarski and Legge 2013). Declines
of some granivorous finches, including the threatened Gouldian finch, have been
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attributed, at least in part, to an increase in the frequency
and extent of late dry season fires (Franklin et al. 2005;
Reside et al. 2012; Williams et al. 2020). This is because
such fires both burn surface seed and reduce both seed
availability and quality the following year (Weier et al
2017, 2018) while finches captured within areas exposed
to late season hot fires had higher levels of stress hormones
and lower body condition (Maute et al. 2013; Legge et al.
2015). Early dry season prescribed burning can reduce the
frequency and intensity of late dry season fires in tropical
savannas, creating refuges from hot late dry season fires
where grass seed resources have a greater diversity, density,
and quality than in surrounding areas (Weier et al. 2017,
2018, 2019).

However, the fine-scale of free-ranging granivorous
finches movement has never been assessed, so it is unknown
whether they seek out and preferentially occupy areas that
have undergone early dry season prescribed burning over
areas that have not. Such information would greatly assist
managers in determining the timing and frequency of pre-
scribed burning as a management strategy for threatened
species conservation.

A possible reason why the fine-scale tracking of free-
ranging granivorous finches has not yet been undertaken
is due to their small body size and highly mobile nature.
This means that satellite fixing devices are too bulky to be
attached to individuals, and active tracking provides too few
and infrequent location fixes to adequately model site utili-
sation over sufficient periods of time. To overcome these
limitations, we trialled the application of coded VHF-nano
transmitters (<0.23 g) and an array of static listening sta-
tions deployed throughout the landscape. As a case study, we
chose the Gouldian finch (Chloebia gouldiae). The species
has undergone significant decline across Australia’s tropical
savannas, and whilst the population has shown recent
signs of recovery, it is still listed as threatened under
the Australian Environmental Protection and Biodiversity
Conservation Act (1999). Out of all the Australian tropical
savanna finches the Gouldian finch may be expected to
have the greatest sensitivity to the impacts of fire because
it solely feeds upon grass seeds. Whereas other sympatric
finches will have a broader diet, especially during the late
dry season when grass seed becomes scarce (Collett et al.
2022a).

Early season prescribed burning was undertaken within
an 100 km? region of the Kimberly’s over a 3-year period to
create a fine-scale mosaic of differing fire histories.
Remotely sensed fire scar information was overlaid with
individual site utilisation information to test if: (1) finches
would show a preference for recently but infrequently burnt
savannas; (2) finches would preferentially use patches
burnt in the early dry season and avoid areas burnt in the
late dry season; and (3) finches would expand site utilisa-
tion as the dry season progressed to locate declining seed
resources.
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Methods

Study area

The study was conducted during 2019 in the hills around
Wyndham (15°28’S, 128°07’E; Fig. 1) in the east Kimberley
region of Western Australia. Most of the average annual
rainfall of ~910mm falls between December and March
(monsoon wet season; Bureau of Meteorology 2020). The
annual mean day temperature for 2019 was 37.2°C, with
daily maximums ranging from 25.0 (June) to 45.5°C
(December). The main topographic features of this area
are rocky sandstone ridges and gently sloping savanna
hills with a tree canopy dominated by Corymbia dichro-
mophloia and Eucalyptus miniata (Brazill-Boast et al
2013), a ground layer in which the annual grass Sorghum
stipoideum and the perennial grasses Triodia bitextura,
Eriachne obtusa and Sorghum plumosum predominated.
There is a pronounced fire season throughout the east
Kimberley region. In the early dry season (before July),
small, low-intensity hazard reduction burns are lit by land
management agencies to create fire breaks. Few naturally or
accidentally ignited fires occur during this season. In the late
dry season (July-November), large high intensity wildfires
are ignited annually, either by lightning, particularly during
the build-up or storm season (September-November), or by
anthropogenic ignition sources (roadworks, campfires, acci-
dents, arson). An average of 60% of the savanna in the
immediate Wyndham area was burnt annually from 2016
to 2019.

Prescribed burning

Prescribed burning was undertaken both to increase the
abundance and quality of grass seeds available for
Gouldian finches (Weier et al. 2016, 2017, 2018, 2019),
and also to reduce the negative impact of high intensity
wildfires on tree nesting hollow density that finches rely
on during breeding (Brazill-Boast et al. 2011; Radford et al.
2021). To achieve this, strips of inter-connected savanna
vegetation were burnt early in the dry season. Finch habitat
in the study area has a history of annual incursions by
wildfires from the adjacent township, and one of the func-
tions of networks of burnt habitat was to reduce the incur-
sion of these high-intensity wildfires into finch habitat.
Prescribed burning was applied by hand in a series of
walked and driven lines using matches and drip torches.
Fire lines were planned to be a sufficient distance apart
that fire spread rates did not allow adjacent lines to meet
prior to self-extinguishing (soon after ignition or overnight).
To achieve small patches of prescribed burnt habitat
(~<300m wide or 10-100 ha), ignition was planned for
the wet-dry season transition, immediately after annual
Sorghum seed had dehisced, under humid, low wind condi-
tions, and in grass fuels which were not fully cured (usually
March-April in east Kimberley). The target for prescribed
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burning in Gouldian finch breeding habitat was ~20-30% of
finch habitat annually. This burning regime was designed to
provide sufficient newly burnt savanna to benefit finches
while breeding and feeding during the dry season (Weier
et al. 2016), and also provide habitat with infrequent
enough fires (once every 3-4 years) to allow slow maturing
perennial grasses such as Triodia spp. to produce seeds for
wet season feeding (Dostine et al. 2001; Legge et al. 2015).

Bird sampling

In 2019, we conducted three finch sampling sessions in the
early (April/May), mid (July) and late (October) dry season.
Mist nets (12m length, 2.7 m height, 25 mm mesh) were
used to catch finches across 25days at two waterholes
approximately 11 km apart. Nets were positioned to capture
birds leaving the water source following their morning drink
and were continually monitored. After the birds were
extracted from the nets, a uniquely numbered size-two alu-
minium band was placed on the left tarsus of any bird not
captured previously. Each bird was weighed using a Pesola
scale (+0.5g), and the wing, head-bill, tail, and tarsus
length were measured (+1 mm). The sex and age of the

birds was determined from their plumage — adult male
Gouldian finches are more brightly coloured than females,
particularly the purple colouration of the breast. Juvenile
Gouldian finches are a dull grey and cannot be sexed using
plumage.

Monitoring movement

Coded VHF transmitters (Avian NanoTag model NTQB2-2,
Lotek Wireless Inc.) were attached to Gouldian finches using
a figure-8 leg loop harness made from an elastic thread
(Rappole and Tipton 1991). The elastic thread degraded
and fell off from 30 to 130 days after application, as con-
firmed by recapturing birds that had previously carried
transmitters. Each transmitter and harness weighed 0.31 g,
which was 2-3% of the average weight of the individual
birds (13.8g). Several sizes of harness (29, 30, 31, and
32mm loop sizes) were used because size varied among
individuals. Each transmitter was coded with a uniquely
identifiable sequence of pulses emitted every 11-13s at a
radio frequency of 151.500 MHz. Tags were active fora 12h
on/off cycle to capture movement during the daylight hours
(05:00 hours-17:00 hours) but save the battery at night.
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Movements of tagged Gouldian finches were monitored
using an array of six receiver stations. Each receiver station
listened continually and recorded signal strength, receiver
location, and the time and date of each detection of a coded
transmission. Receivers were, on average, 1.7 = 0.78 km
apart and provided continual coverage over approximately
21.2km? and encompassed all tagging locations. Each
receiver contained a power source, a receiver, and an
antenna tuned to the 151.500 MHz frequency. Each receiver
was connected to a monopole antenna (5.1 dBi), which
had a 360° detection radius and a range of up to 4 km
(mean = 3 = 0.963km). Each antenna was vertically
mounted to a 5m length X 5cm diameter galvanised
steel post. The Sensorgnome device was mounted to the
pole approximately 1 m above the ground. Receivers ran
the open-source Sensorgnome software on a raspberry-pi 3
device (Compudata Systems, London, Ont., Canada) with
Adafruit Ultimate GPS Hat maintaining time synchronisa-
tion for each device, and Nooelec NESDR SMArTee
RTL-SDR radio dongles receiving the signals from the
tags. Each receiver station was powered by solar panels
and a 12V deep-cycle battery. This arrangement provided
5 days of power redundancy and lasted throughout the dry
season and well into the wet season, when cloud cover was
more prevalent.

When multiple receivers detect the same bird through the
unique sequence of beeps and pauses, the position of the
bird can be estimated by the variation in signal strength of
the detections. Using multilateration, the signal strength
from several receiver stations (3+ simultaneous) was used
to estimate the location of a tagged individual. Distance to
position estimates were ground-truthed using a drone, as
described in Collett (2023).

Fire mapping

Sentinel 2 imagery (bands 11 and 12; resolution 20 X 20 m)
was used to map fire history and frequency from when it
first became available from February 2016 to November
2019. Whilst other imagery was available from before
February 2016, it lacked the fine-scale resolution of the
Sentinel imagery required for the analysis. At least one
image per month with minimal cloud cover (<5%) was

chosen from February through to November each year. No
fires were recorded in January and December. Images were
downloaded as level 1C products from the Sentinel-hub EO
browser (https://app.sentinel-hub.com/eo-browser), and
the 11 and 12 bands were used as they reflect short-wave
infrared reflection (SWIR).

Object-based image analysis (OBIA) in SAGA GIS (ver.
2.3.2; Conrad et al. 2015) was used to classify burnt areas.
The two steps involved in OBIA are segmentation and clas-
sification. Firstly, the image was segmented into unclassified
objects based on spectral properties, as defined and set by
the user. Secondly, images were classified as either ‘burnt’ or
‘unburnt’ using a set of predetermined features and criteria.
Manual on-screen editing also complemented the classifica-
tion process and resulted in four burnt-area maps from 2016
to 2019. From these maps, we determined four variables
attributed to fire history: (1) area burnt (m?); (2) year of
burn; (3) month of burn; and (4) whether the fire was an
early dry season (February-June) or late dry season burn
(July-November).

The map of each variable was converted to a raster, and
the raster calculator in QGIS was used to create fire fre-
quency and time-since-last-fire maps. These maps showed:
(1) overall frequency of fire through the area (FF); (2) fre-
quency of early dry season burns (number of years burnt
between 1 March and 30 June in the previous 4 years
(EDSFF)); (3) frequency of late dry season wildfire (number
of years burnt between 1 July and 1 December in the previ-
ous 4 years (LDSFF)); and (4) time-since-last-burn (months,
TSLF); Table 1, see Supplementary Fig. S1).

Data preparation and analysis

Four levels of filtering were applied to the data. First, track-
ing data from the first 24 h following tag deployment were
excluded from analysis to allow for a post-tagging acclima-
tion. Second, detections with a run length of <3 were
excluded to minimise the chances of false positives (Crewe
et al. 2018), a run length being defined as the number of
consecutive tag transmissions received by any one antenna.
Third, detections were filtered to the six receivers that were
active over the entire sampling period. Finally, birds were
dropped from analysis if they were detected for fewer than

Table I. Explanatory fire variables, their definitions and summary statistics.

Variable Abbreviation Description Range

Time-since-last-fire (months) TSLF The number of months since the last fire occurred 0-48

Fire frequency FF The number of times site burned in 2016-2019 14

Early dry season (EDS) fire frequency EDSFF The number of times site burned in the early dry season 14
(March—June) in 20162019

Late dry season (LDS) wildfire frequency LDSFF The number of times site burned in the late dry season 14
(July-November) in 2016-2019

Core area month Month The calendar month during which the bird was tracked S5-I
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5days per month in order to ensure that the sample of an
individual’s behaviour was robust and representative.

Individual centres of activity (CoA) were estimated using
non-linear least squares (NLS), whereby a position during
each 7-min time interval was estimated by minimising the
difference between estimated and ‘known’ distances from a
tower for a minimum of three simultaneous detections. The
‘known’ distance from a tower was estimated using the
relationship between signal strength and distance from
each tower, collected using drones with nanotags attached
(Fig. S2; Crewe, Udyawer, Collett, Radford, Micheli-
Campbell, Campbell, unpubl. data). The 7-min interval was
used, as this minimised the error in position estimates when
comparing the known drone positioning (via onboard GPS)
with the estimated position of the drone (with the maximum
likelihood estimation method used here; Fig. S3).

We used the fixed kernel method to estimate utilisation
densities (KUD) to assess core use areas, where positions
were predicted via the non-linear least squares method,
using the raw detections. For each individual, the 50%
volume contour (in m?) of the KUD was created for each
month of the tracking period using the ‘adehabitatHR’ pack-
age (Calenge 2006) in the software R. All KUD calculations
used the default reference bandwidth as the smoothing
parameter.

In order to determine if there was a relationship between
core use areas and fire history, we clipped fire variable maps
to the extent of the receiver station detection range and
calculated the area for each level of the fire variable within
the detection range. Each monthly core area was then over-
laid with the clipped fire variables. Finally, the proportion
of the available habitat that the birds used was calculated by
determining the area of each fire level that intersected with
the core use area using the ‘sp’ package in R software.

To determine the preferences in site use in response to
the different fire variables, we used a permutational multi-
variate analysis of variance (PERMANOVA) in PRIMER
ver. 7 (Anderson 2001; Clarke and Gorley 2015). Fire vari-
ables were normalised, and a Euclidean distance matrix
calculated that was used as an outcome in the PERMANOVA
models. Main and pairwise testing was conducted using
997-999 permutations to assess changes in habitat use
according to each level of fire history. The available habitat
was randomly sampled to test whether finches actively
favoured a particular element of the fire history. To sample
the survey area randomly, circular polygons were created
that had an area equal to the average core use area of all
birds. These polygons were located within the available
habitat, where multilateration would be possible (maximum
detection range for two or more towers). For each month, the
number of these polygons sub-sampled was twice the num-
ber of core use areas estimated for that month. Up to half of
the random samples were the same between 1 month and the
next, with the rest randomly sub-sampled each month. The
same random samples were used to assess the four fire

variables in four different PERMANOVA models. A binary
fixed factor was included in the tests to distinguish between
site use (i.e. Kernel utilisation distributions (KUD) of birds
and the random samples of available habitat; hereafter called
‘Bird vs Avail.”). Tag ID marking individuals was included as
a random effect, nested within the ‘bird vs available’ factor,
and both the ‘bird vs available’ variable and month were
included as fixed factors.

Variables that showed a significant difference between
the birds’ KUD and random samples of the available habitat
or across months (P < 0.05) were further used for Similarity
Percentages Procedure (SIMPER) analysis. SIMPER was used
to identify the most influential fire interval or fire frequency
for each fire history variable model, which accounted for
most of the observed dissimilarity in fire patterns between
months and/or between used habitat versus available habi-
tat. A Non-metric Multi-Dimensional Scaling (nMDS) ordi-
nation was performed to visualise the multivariate data
(i.e. the fire history patterns of each bird’s use area com-
pared to a random sample of the available habitat (Fig. S4)).
The nMDS for FF, EDFF and LDSFF had stress levels <0.2,
allowing 2D interpretation of birds’ space use. However, the
TSLF variable had an nMDS stress of 0.27, which did not
allow for a confident interpretation of the results.

The most influential levels of each variable identified in
the SIMPER analysis were analysed further to identify which
variable had greatest influence on the birds’ space use. A
generalised linear mixed model (GLMM) was used to assess
the influence of fire history variables and the KUD months
on individuals’ space use in response to selected fire vari-
ables. The level of each fire variable that contributed the
most to the observed dissimilarity between the habitat in
core use areas and available habitat (2-years EDFF, 1-year
LDFF, 3-years FF and 16-months TSLF) was used as an
explanatory variable in the model. As this model examined
the proportion of the total area occupied within a bird’s core
use area, a beta regression was used. The Tag ID was
included as a random effect in the model. Models were
run using the ‘glmmTMB’ package (Brooks et al. 2017) in
R Software (). Model residuals were checked to ensure a lack
of pattern across predictors and fitted factors, as well as to
identify influential outliers.

Results

Finch capture

Across three tagging sessions between 30 April and 10
October 2019 (tagging sessions — April, July, October), 68
Gouldian finches were fitted with nano VHF transmitters
and their movements tracked. Of these tagged birds, 30 had
sufficient data to conduct Kernel Density estimates (KUD; a
minimum of five re-locations). These individuals were
detected from between 7 and 130days, with detections
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Table 2.

Detection information for 30 radio tagged Gouldian Finches (Chloebia gouldiae).

Month No. of Mean detections Mean days 50% KUD
birds (% s.e) (% s.e) area (m”ts.e.)

May 5 34026 £ 5277 20 1.1 292 933+76 1674
June 6 56540+ 16078 25+3.6 304 538+ 82 052.1
July 18 36 804 + 5804 l6+1.7 433 838+ 68 842.4
August 13 48543 + 6422 27+ 1.5 264 879 + 54 412.8
September 8 29450 £ 5591 21+22 266 685 + 48 569.1
October I 24 341 £4048 18+2.2 176 462 + 44 168.8
November 5 25032 £ 4756 22+1.9 231 658 + 63 785.7

Mean detections, mean days and 50% KUD area is given as the mean across all tagged birds for that month.

Note: KUD, kernel method to estimate utilisation densities.
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Fig. 2. The number of 30 VHF-radio tagged Gouldian finches (Chloebia gouldiae) in the 50% KUD that overlap with one or more
other tagged birds, in the east Kimberley region of Western Australia. KUD, kernel method to estimate utilisation densities.

occurring at an average of 29.4 + 2.8 tracking days per
month.

Activity space

After the pre-processing, a total of 3203979 detections
were collected from the 30 birds in this study (Table 2,
Table S1). The mean core use area (50% KUD) in July was
almost twice the size of the core use areas in other months
(433 838 + 68 842 m? s.e.). The smallest core area used by
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tracked birds, in October (176 462 + 44169 m? s.e.), was
approximately half that used by birds tracked in July. There
was little variation in the location of the core use areas
throughout the dry season between individuals or months
(Fig. 2, Figs S5, S6, Table S2).

Fire

Fire history variables had a strong influence on 50% of the
birds’ core use area, as shown by a significant difference
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Table 3. Permutational multivariate analysis of variance (PERMANOVA) analysis of four fire history types (Overall fire frequency, prescribed
dry season burn frequency, wildfire frequency and time-since-last-fire) on the space use of 30 Gouldian Finches (Chloebia gouldiae).
Bird vs Month Tag (nested in Bird X month Residuals
Avail A month)
Overall fire frequency (FF)
Pseudo-F (d.f.) 28.5 (1) 2.4 (6) 2.4 (100) 2.7 (6) -
P-value 0.00 1%+ 0.007+* 0.00 |#+* 0.002** -
ECV® 0.35 0.12 0.29 0.18 0.29
Prescribed burn frequency (EDSFF)
Pseudo-F (d.f)) 465 (1) 33 (6) 3.0 (100) 33 (6) -
P-value 0.00##* 0.004** 0.004** 0.002** -
ECV® 0.46 0.15 0.33 0.21 0.29
Wildfire frequency (LDSFF)
Pseudo-F (d.f.) 15.0 (1) 0.7 (6) 2.1 (100) 0.9 (1) -
P-value 0.00 | ##* 0.645 0.00 | #¥* 0.532 -
ECV® 0.21 -0.05 0.23 -0.04 0.27
Time-since-last-fire (TSLF)
Pseudo-F (d.f)) 6.0 (1) 16.4 (6) 1.9 (100) 48 (6) -
P-value 0.00##* 0.00##* 0.00 |#+* 0.00##* -
ECV® 0.18 0.51 0.3 0.36 0.39

Bird vs Avail., month tag and bird X month are the variates and co-variates included in the individual PERMANOVAs for the four fire history types. The Residuals

ECV shows the unexplained within-group component of variance.
*P <0.05; ¥P<0.01; **P <0.001.

ABird vs Avail.” identification of whether the sample was from a bird’s KUD, or randomly sampled surrounding area.
BECV is the estimates of components of variance and is noted as the square root of this value. It marks the effect size in the unit of the dissimilarity matrix and is

independent of the df.

between the fire-related characteristics of an individual’s
core use area and those of the surrounding area (Table 3).
The fire patterns differed significantly between the birds’
core use area and available area for all fire pattern models
(Permanova P < 0.01, for all).

There was a large difference in fire frequency patterns for
early dry season fires between the habitat in core use areas
and the available habitat (PERMANOVA: P-value = 0.001,
the square root of the estimate of component of variation
(ECV) = 0.46; Table 3). The SIMPER testing found that 48%
of the observed dissimilarity between habitat in core use
areas and the available habitat could be attributed to the
2-year (out of 4-year) prescribed burning frequency (Fig. 3).
Between 75% and 99% of an individual’s core use area
consisted of areas where there had been 2-year early dry
season prescribed burning, compared to an average of 52%
for the randomly chosen areas (Fig. 4a).

The overall fire frequency also influenced the core use
area of birds, albeit slightly less than the prescribed burning
patterns (PERMANOVA: P-value = 0.001, ECV = 0.35
(Table 3); beta regression: —1.63; P < 0.001 (Table 4,
Fig. 5)). On average, 65% of the birds’ core use areas had
experienced fire three times over the past 4 years (Figs 4a, 5) —

thereby contributing 74% to the observed fire pattern similar-
ity for birds — compared to 28% for available random samples.

The frequency of late dry season wildfires was the least
influential fire frequency type, particularly compared to the
prescribed burning patterns (PERMANOVA: P-value = 0.001,
ECV = 0.21 (Table 3); beta regression: —1.69, P < 0.001
(Table 4, Fig. 5)). Gouldian finches avoided areas that were
burnt more than twice in the past 4 years by late season
wildfires with on average, 64% of their core use areas
burnt once by late season wildfires (Fig. 4a) — thereby
contributing 72% to the observed fire pattern similarity
for core use areas, as compared to 53% of the randomly
chosen areas.

Recently burnt areas (0-2 months) made up some of a
bird’s core use area (contributing 11.5% [0 months], 9.2%
[1 month] and 10.6% [2months] to the observed dis-
similarity of fire pattern between the birds’ space use and
randomly chosen areas), while 16-months post-fire contrib-
uted slightly more (15% to the observed similarity in core
use areas). However, time-since-last-fire was the least influ-
ential fire variable to explain a bird’s use of the core area
(PERMANOVA: P-value = 0.001, ECV = 0.18 (Table 3);
beta regression: —2.37; <0.001) (Fig. 4b).
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Fig. 3.

Non-metric MDS ordination plot comparing the prescribed burning fire histories (fire frequency 0—4) chosen

by birds (red ‘down’ triangles), with those histories that were available in the habitat (blue ‘up’ triangles). The vectors
(FF 0—4) indicate the direction and strength of the Pearson correlation of the fire variables with the nMDS axes (with the
centre point of the vectors placed at a random location on the nMDS). FF, fire frequency; MDS, multi-dimensional

scaling.

The dissimilarity between the fire history of a bird’s core
use area and the fire history of the landscape changed to
during the year (Table 3) and between fire history variables.
The average dissimilarity between the fire frequency pat-
terns of a bird’s core use area and the surrounding habitat
was greatest during November and least in August (Table 5).
However, the greatest dissimilarity between the birds’ core
use area and the surrounding landscape was in May for
EDSFF and November for LDSFF (Table 5). This suggests
that birds more strongly preferred high EDSFF habitat early
in the dry season and high LDSFF habitat late in the dry
season.

Discussion

The results supported the hypothesis that the granivorous
Gouldian finch (Chloebia gouldiae) preferentially foraged
within areas that had undergone early dry season prescribed
burning. This is because early dry season prescribed burning
increases the density and nutritional value of annual
Sorghum (Weier et al. 2018) and perennial grass seeds
(e.g. Triodia spp.) (Dostine et al. 2001; Legge et al. 2015).
During this study period, annual Sorghum seed density was
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higher in areas preferentially used by finches (41.5 seeds
m~?) than elsewhere in the landscape (31.7 m~?), and
seeds were more frequently present in randomly placed
quadrats in preferred habitat (75% of quadrats compared
to 60%). Individual finches will seek to offset the energetic
costs of foraging by maximising energy intake, and there-
fore, we would expect individuals to spend a dis-
proportionate amount of their time foraging within areas
with greater seed availability. Prescribed burning has also
been shown to improve the retention of old eucalypt trees
with nesting hollows used by breeding Gouldians, (Radford
et al. 2021), and this study provides further merit for the
practice for the conservation and management of Gouldian
finches.

A surprising observation from this current study was that
areas subject to a single prescribed fire were not preferred
by foraging Gouldian finches. Instead they preferred to
forage within areas burnt two or three times. An explanation
for this may be that this single prescribed fire lit during the
wet season of 2019 spread further than anticipated, with
older, relatively dry litter fuels sustaining fire over several
days because the wet season rainfall had been unusually low
in 2019. We propose that this fire killed most growing
Sorghum plants before they set seed, reducing seed
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availability to very low levels compared to areas burnt after
seed set in the early dry season fires later the same year. This
inadvertent negative impact of wet season burning on
Sorghum plant and seed set density is consistent with several
previous studies (Williams and Lane 1999; Weier et al
2018). This evidence provides a cautionary tale for fire
managers in known Gouldian finch breeding areas.
Prescribed fires in finch breeding habitats should be
restricted to small areas or not done during the wet season
before Sorghum seed is set in March/April. Conversely,
prescribed patchy medium to low frequency, low-intensity
burning during the early dry season once Sorghum seed has
matured and dropped can benefit foraging finches based on
the evidence provided here and elsewhere (Weier et al.
2018, 2019).

Previous research suggested that Gouldian finches would
avoid areas frequently burnt in the late dry season because
seed density was lower in the following year, but this had
remained untested until now (Weier et al. 2016). However,
our results showed that late dry season fire did not influence
Gouldian finch foraging, with areas burnt in the late dry
season used at the same frequency as their availability in the
landscape. This suggests that these areas were not actively
avoided during foraging in this study, presumably because

seeds were available here, albeit possibly at lower densities
than in areas of early dry season burning. Late dry season
fires are a ubiquitous feature of savanna ecology. While
these fires can negatively impact seed density (Weier et al.
2016, 2018) and nest hollow availability (Radford et al
2021), the greatest negative influences of late dry season
burning may be confined to unmanaged landscapes with a
high frequency of very extensive late dry season wildfires
and an absence of early fire. Whilst the space used by
Gouldian finches was not influenced by late dry season
fire here (either positively or negatively), it was noted that
finches did not occupy areas frequently burnt by late dry
season fires. Previous studies highlighted that the probabil-
ity of Gouldian finch occupancy declined after 3years of
LDS fires (Reside et al. 2012). Fire regimes dominated by
extensive, late dry-season wildfires have been associated
with poor outcomes for fauna, including some bird species
(Reside et al. 2012; Woinarski and Legge 2013) as well as
other native savanna fauna (Andersen et al. 2005; Woinarski
et al. 2011; Lawes et al. 2015; Radford et al. 2020; Stobo-
Wilson et al. 2020). These repeated extensive late dry season
wildfires are associated with a loss of resource patchiness
(Price et al. 2003, 2012; Radford et al. 2020). A loss of
patchy resources, particularly perennial grass seed resources
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Table 4. Effect sizes, s.e. and P-values for variables included in the
beta regression model explaining the proportion of core use areas
covered by fire variables.

Estimate s.e. z-value Pr (>|z|)
(Intercept) 1.96 0.20 10.03 <0.00 |##*
|-year late dry season fire -1.70 0.12 -14.40 <0.00 [##*
I6-months since last fire -2.37 0.14 -16.95 <0.00 | ##*
3-years overall frequency —-1.64 0.12 -13.87 <0.00 [##*
June 0.19 0.21 0.90 0.367
July 0.44 0.19 234 0.019%
August -0.05 0.19 -0.26 0.795
September 0.22 0.21 1.05 0.295
October 0.49 0.21 2.30 0.022%*
November 0.55 0.28 1.93 0.054

Explanatory variables included the level of each fire variable that contributed
the most to a bird’s core use area (2-years early dry season [intercept], |-year
of late dry season wildfire, 16-months-since-last-burn and 3-years of overall
fire frequency) and the month for which the core use area was estimated (May
[intercept] to November 2019).

*P <0.05; *P<0.01; **P <0.001.

produced only during the wet season when annual Sorghum
seeds are not available (Dostine et al. 2001), will not only
have detrimental impacts on the ongoing recovery of
Gouldian finches but will also affect the distribution of
many other savanna granivores.

We also found that Gouldian finches reduced the time
spent within the study area towards the end of the dry
season when key food resources were at their lowest abun-
dance. This was consistent with our hypothesis that finches
increase their foraging movements in the late dry season to
search for remaining patches of resources across savanna
landscapes (Collett et al. 2022a). Gouldian finches’ resource
specialisation requires them to track the remaining Sorghum
seed throughout the landscape in the late dry season until
the wet season resources become available with the initia-
tion of flowering and seed set by a range of perennial grass
species. Morphological adaptations for long-distance flight
are thought to enable increased flight activity by the gran-
ivore specialist Gouldian finch towards the end of the dry
season relative to less specialised finches when there are
resource bottlenecks (Franklin et al. 2017; Collett et al.
2022a). This supports findings that Gouldian finches reduce
activity in core use areas as the dry season progresses, as
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Table 5. Pairwise PERMANOVA testing to assess the difference between the birds’ core use areas and available habitat per month.
Overall Fire frequency (FF) Prescribed burn frequency Wildfire frequency (LDSFF) Time-since-last-fire (TSLF)
(EDSFF)
P-value Average P-value Average distance P-value Average P-value Average
distance distance distance
May 0.02* 0.682 0.002** 1.026 0.98 0.456 0.00 |#¥* 1.05
Jun 0.01I* 0.652 0.013* 0.709 0.101 0.519 0.0047#* 0.900
July 0.00 |#¥* 0.691 0.00 |##* 0.819 0.00 | 0510 0.00 | 0.864
Aug 0.002%* 0.588 0.00 |##* 0.756 0.104 0.491 0.00 | 0.834
Sept 0.003** 0.703 0.00 | ##* 0.8I1 0.037* 0.495 0.009** 0.591
Oct 0.00 | 0.662 0.002%* 0.626 0.009°* 0.477 0.0047%* 0.544
Nov 0.012* 0.726 0.032* 0.819 0.038* 0.550 0.064** 0.674

Average distance is noted as the average Euclidean distance of the fire frequency or TSLF patterns between the individual birds’ core use areas and that is available

in the surrounding habitat.
*P<0.05 *P<0.0l; **P<0.001.

they disperse more widely across the savanna to locate the
remaining seed resources (Collett et al. 2022a).

Does enhanced seed foraging resources in prescribed burnt
areas fully explain the marked concentration of finch activity
in a relatively small part of the study landscape? Or are other
factors involved? We propose that only minor differences
other than seed availability occurred in preferred and non-
preferred habitats, which are unlikely to be as important.
There was little difference between preferred and non-
preferred habitat in the percentage of habitat burnt when
finches were foraging (38 and 41% burnt, respectively).
Perennial and annual Sorghum grass cover was similar in
preferred vs non-preferred habitat (4.1, 2.3% compared to
3.3, 2.1%). In the herbaceous layer, Triodia spp. were more
commonly recorded in preferred than in non-preferred habi-
tats. Gouldian finches have a huge daily requirement for water
(Collett et al. 2022b). However, there was equal access to off-
site watering points among preferred and non-preferred habi-
tats. Tree cover was slightly higher in the preferred habitat
(18.1% canopy cover compared to 14.6%) and there was also
slightly higher cover of smooth-barked eucalypts favoured by
breeding finches (C. dichromophloia, E. miniata) (Radford
et al. 2021). Future research must assess the relative contribu-
tion of these additional environmental factors compared to
prescribed burning enhanced seed availability if a full under-
standing of Gouldian finch ecology is to be achieved.

Future research would ideally extend the temporal scale
over which the relationship between finches and fire was
assessed. We could analyse only one savanna area in this
study where we had detailed fire regime information due to
the limitations of our radio-tracking tower array. This area
lacked a range of possible fire mosaics, including long
unburnt patches. It would also be helpful to know how
fire history affects the availability of food for Gouldian
finches during the wet season when they are thought to
rely on the sequential seeding of several grass species

(Dostine et al. 2001). Such a study would require overcom-
ing the difficulty of catching finches in the wet season when
water is plentiful and a more extensive array of receivers to
detect more extensive movements.

It would be desirable to study fire and finch movements
in different regions of tropical savanna. Our results may not
be universally applicable across the entire Gouldian finch
distribution, including some areas lacking annual Sorghum.
While fire is pervasive in much of northern Australia, scale,
timing, intensity, and management vary geographically. For
example, fire regimes in areas occupied by Gouldian and
other granivorous finches range from relatively infrequent
in many parts of north-eastern Australia to very frequent in
the northwest (Franklin et al. 1999). Work is still needed to
investigate spatial and temporal aspects of different fire
regimes on finch movement and space use at broad regional
scales before a comprehensive understanding of finch meta-
population dynamics with respect to climatic and distur-
bance (fire and grazing) responses can be gained.

Passive VHF-telemetry is a novel methodology generally
used to determine migrating birds’ arrival and departure
times. The value of the technique in the current study was
its ability to locate multiple finches simultaneously and
continuously over a fairly extended period of time, as they
moved over a broad area of tropical savanna. This enabled the
generation of fine-scale utilisation distribution models from
the point data, the spatial extent of which was overlaid with
the fire history information. The technology was relatively
easy to deploy and required little attendance once the birds
were tagged and released. The receivers were fireproofed,
enabling us to follow the movements of the finches during
and after a wildfire had swept through the area. The technol-
ogy offers ecologists and managers a new tool for tracking and
assessing site utilisation and habitat usage in animals that are
too small-bodied to carry satellite devices and too mobile to
be accurately located through active tracking techniques and
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will be invaluable in better understanding how finches
respond to fire and other sources of habitat change.

Management Implications

Current land and fire management varies across the
Australian savanna. While fire management is largely deter-
mined by the proximity of human populations and local
production industries, it should not overlook ecological
impacts, particularly where savannas are managed for con-
servation. Ecological benefits of prescribed early dry season
burnt savanna has been demonstrated here in terms of
preferential finch foraging patterns but have been previ-
ously highlighted regarding finch nest box occupancy
(Weier et al. 2016), grass seed availability (Weier et al.
2018, 2019) and retention of high-density nesting habitat
(Radford et al. 2021). Areas burnt in patchy, low-intensity
prescribed fires have greater temporal and spatial availabil-
ity of annual and perennial grass seed throughout the year
than extensively burnt habitats. This is because the patchy
application of prescribed burning allows retention of both
recently burnt and longer unburnt vegetation (Dostine et al.
2001; Dostine and Franklin 2002; Weier et al. 2018, 2019),
which in turn enhances both annual and perennial grass
seed availability and is thus associated with increased breed-
ing success and body condition/stress levels for Gouldian
finches throughout the year (Legge et al. 2015; Weier et al.
2016). We recommend that land managers use a mosaic of
patchy, low-intensity burns in 20-30% of known breeding
habitat annually to achieve both protection against exten-
sive wildfires. This will improve grass seed resource availabil-
ity and heterogeneity (both dry season annuals and wet
season perennial grass seeds) across the landscape.
Implementation of 20-30% annual prescribed burning will
allow individual patches to be burnt no more frequently
than once every 3years in line with greater Gouldian breeding
success being achieved in recently but infrequently burnt
savannas (Weier et al. 2016). We recommend limited strategic
use of wet season burning to avoid burning large areas of
annual Sorghum before it has set seed in March/April, thereby
reducing Sorghum seed availability in the following dry sea-
son. A network of early dry season burns would reduce the
overall within-site fire frequency whilst still maintaining
recently burnt areas and patches of long unburnt vegetation
to retain flowering and seeding perennial grasses, including
the slow-maturing Triodia spp. (Dostine et al. 2001). Such a
fire regime will help ensure the landscape is not dominated
by high-frequency, extensive wildfires with all their negative
consequences for biodiversity in northern Australia (Franklin
et al. 1999; Andersen et al. 2005; Woinarski and Legge 2013;
Lawes et al. 2015; Radford et al. 2020).

Supplementary material

Supplementary material is available online.
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