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Abstract
Background

Information on site utilisation and movement is essential for managing species' resource requirements.
Collecting these data requires frequent location sampling of multiple individuals, which can be challenging for
small-bodied animals due to the often-large size of animal-borne satellite-based telemetry devices. We show
how coded VHF-radio nano-transmitters and an array of passive receivers to collect location data at su�cient
frequency and accuracy can be utilised to test whether the highly mobile and small-bodied Gouldian �nch
adheres to optimal foraging theory within a landscape of high spatiotemporal heterogeneity.

Methods

Coded VHF-radio nano-transmitters (0.23 g wt.) were attached to 38 Gouldian �nches (Erythrura gouldiae; <
12g bd. wt). Tagged birds were then detected by an array of 6 passive VHF-radio receivers (~ 530 m detection
range) spread over 120 km2. We tracked the tagged birds during two sessions corresponding with high and
low abundance of their primary food resource (Sorghum spp. seed). The mean and total duration that an
individual spent within any receiver detection �eld (residence time) were used as dependants in a generalised
linear mixed model approach within a Bayesian framework to assess the in�uence of tracking session, life
stage, receiver site, and release site. Network analysis revealed the importance of speci�c areas for the �nches
within the receiver array using the proportional time a bird spent within any receiver's detection �eld and the
movement between adjacent detection �elds.

Results

The daily mean and total duration that a tagged individual spent within a receiver detection �eld decreased by
~50% between periods of high and low seed availability, while the extent of movements across the landscape
increased with a decline in seed resources. These data support the hypothesis that the Gouldian �nch adheres
to optimal foraging theory to survive periods of food scarcity.

Conclusions

The data collected via passive telemetry technology support the hypothesis that the Gouldian �nch adheres to
optimal foraging theory and uses alternative behavioural strategies to survive periods of food scarcity.
Speci�cally, we found that Gouldian �nches reduced the time spent foraging within a patch, increased the
frequency of transit �ights among patches, and expanded the size of their activity space as grass resources
declined.

Background
Understanding the drivers of animal space utilisation and habitat connectivity is a key aspiration of
Movement Ecology (1). The data for determining these ecological traits in free-ranging animals is often
collected using animal-borne biotelemetry devices. Telemetry devices that log the animal's location on the
earth's surface using satellites for either location or data transfer are probably the most popular (2). However,
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satellite telemetry is not suitable for a signi�cant number of species, and alternative methods need to be
developed to determine an individual's location (3).

Passive node-based tracking technologies have been gaining popularity as an alternative to satellite
transmitters (4,5). These technologies offer the advantage of tracking animals that live their lives underwater
or for small-bodied terrestrial animals. Passive tracking technology uses an animal-borne transmitter and an
array of static receivers deployed in a speci�ed formation. Each transmitter emits a uniquely coded pulse on a
single frequency, ranging from VHF (very high frequency) to sonic wavelengths. The transmissions tend to be
frequent (less than 1 min intervals), and the date and time of signal arrival are logged by a receiver when the
transmitter is within range. This design allows for high-frequency location tracking of multiple individuals
simultaneously within the array's boundaries (4). Over the last two decades, the technology has primarily been
developed and used to track aquatic animals (5,6), but a growing number of terrestrial applications have
emerged in recent years (7,8). However, there remains a disparity in data synthesis between terrestrial and
aquatic passive telemetry applications. In the aquatic environment, passive telemetry is commonly used to
estimate site utilisation, habitat connectivity, and the size of the activity space (5,9–12), whereas, in terrestrial
environments, the application is still predominantly focused upon only collecting presence or absence
information (4,13–15).

Here, we trialled miniaturised coded VHF-radio transmitters and an array of passive receivers to monitor the
granivorous Gouldian �nch's �ne-scale movements and site occupancy (Erythrura gouldiae) in the Australian
tropical savannas. Grass �nches are too small-bodied (< 12 g body wt.) to allow for the attachment of even
the most miniature satellite or GPS-based device with su�cient power to obtain frequent location �xes over
reasonable durations. The �nches are highly mobile and unpredictable as they move across the remote
landscape of north Australian tropical savannas to collect grass seed. Multiple teams' active tracking
attempts have proven unsuccessful in collecting the necessary data to assess site utilisation and patch use
(16,17).

The tropical savannas of north Australia are highly seasonal in the abundance of food resources. Grasses are
the primary producers in these landscapes and boom after the wet season rains, leading to seed abundance in
the late wet and early dry seasons (18–21). As the dry season progresses, the grasses dry out, and the
subsequent broad-scale grass �res are common (22). Extensive and high-intensity �res, typical of
contemporary �re regimes, denude the landscape and burn remaining grass seed stock, resulting in an
environment poor in primary producer resources until the rains return the following year (20,23). This boom-
bust cycle is predictable, and the species that persist within tropical savannas have adopted effective
strategies to survive these low resource periods (24). Previous studies have suggested that obligate
granivorous birds are nomadic and move throughout the landscape to track grass seed patches (16,17,21,25–
29). This study aimed to test the hypothesis that Gouldian �nches will reduce the time spent foraging within a
patch, increase the frequency of transit �ights between patches, and expand the size of their activity space as
grass resources decline (i.e., adhere to optimal foraging (30). Because location data collected by passive
telemetry suffers from temporal autocorrelation stemming from repeated measures of an individual at a
speci�c receiver in the array (10,31–34), we applied Bayesian statistics and network analysis to the data to
reveal site utilisation and connectivity (35). The study provides a replicable methodology that allows
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researchers to investigate �ne to mesoscale movements and site utilisation in highly mobile and small-bodied
vertebrates.

Methods

Study area
This study was conducted in the East Kimberley region of Western Australia (Fig. 1). The climate is
characterised by a distinct wet and dry season (36), with the study being conducted throughout the dry season
(May and October) when little to no rainfall occurs (0 - 21.8 mm) (36,37). The habitat is tropical savanna
woodland with an understory dominated by a mix of annual and perennial grasses (37–39). The substantial
seasonal variation in rainfall drives the �owering and seeding patterns of the grasses and the incidence and
extent of �re (16,22,40).

Bird capture and transmitter attachment
Thirty-eight Gouldian �nches (Erythrura gouldiae) were captured and tagged in July and October 2019.
Trapping occurred at two locations approximately 11 km apart. The birds were captured using mist-nets (12 m
length, 2.7 m height, 25 mm mesh) placed strategically around waterholes so that the birds �ew into the nets
as they �ew off after drinking. The nets were opened at approximately 0600 and set for two to three hours.
Trapping effort between locations was approximately equal (See Supplementary Table 1, Additional File 1).

Each bird was sexed and classi�ed as adult or juvenile upon capture based on plumage. The lack of
distinctive colour differences in juveniles meant that sex could not be determined at this life stage. Each bird
was banded with an identi�able size 2 aluminium ABBBS (Australian Bird and Bat Banding Scheme) leg-band.
Individuals over 11 g were �tted with a 0.21 g NTQB2-2 avian coded VHF nanotag (Lotek Wireless Inc.), using
a �gure-8 leg loop harness made of cotton-coated elastic thread (Fig. 2a.; 47). The tags weighed less than 3%
of the smallest individual's body weight. The harness degraded in the sun, and the transmitter detached from
the bird between 30 – 80 days after attachment. This tag attachment method allowed for unimpeded �ight
and growth in juveniles (41). The transmitters had an estimated battery life of 130 days, utilising a 12 h on/off
cycle to preserve battery life. The transmitters were off between 5 pm, and 5 am as the birds were unlikely to
be feeding during these periods.

Autonomous VHF telemetry
The deployed nanotags transmitted pulses on the same frequency (151.5 MHz), with each transmitter
generating a uniquely coded pulse every 11-13 seconds (4,15). The tag transmissions were then subsequently
detected on six automated VHF receivers deployed across an area of 120 km2 (Fig. 1). The receivers were
placed based upon prior knowledge of Gouldian �nch occurrence (38–40,42–44). Each receiver was
composed of a 3.3 m omni-directional VHF collinear antenna (151-152 MHz, 5.1 dBi) mounted on a 5.25 m
aluminium post (Fig. 2b). The receivers comprised a Nooelec NESDR SMArTee RTL-SDR radio dongle
connected to a Raspberry Pi 3 computer processor with Sensorgnome software (https://sensorgnome.org/)
and an Adafruit Ultimate GPS Hat for time synchronisation. Each receiver listened continuously for the
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transmitters at 151.5 MHz and was powered using a 12 V deep-cycle battery, continually charged by a 100 W
solar panel.

Data preparation
Detection data were downloaded manually from each receiver, collated into a single dataset, and then
processed to de�ne the unique transmitter codes using the Motus Wildlife Tracking System (Motus –
motus.org (4)). Detections within 48 hours from release (acclimation period), with a run-length < 4 (false
detections; (15)), and with > 40 days post-release (preventing cross-over between tracking sessions) were
removed for �nal data analysis. Due to the overlapping detection ranges of receivers, we removed detections
with a signal strength greater than -45 Hz to limit the detection radius of receivers to 529.78 ± 0.001 m (See
Supplementary Fig. 1, 2, Table 1, Additional File 1) and prevent the likelihood of simultaneous transmitter
detections across multiple receivers; this allowed receivers to be considered independent for this study. We
then used this presence/absence data to determine residency and movement patterns metrics.

Data Analysis

Assessing site occupancy
We used the VTrack v. 1.21 package in R v 4.0.0 (45,46) to determine the time each bird's spent inside and
outside each receiver's detection range. We determined the duration that a bird spent in any receiver's
detection range by taking the time between �rst and last detection. If the time between detections were greater
than 30 minutes, this would trigger a new residence event. By choosing a 30-minute timeout period, we
increased the resolution of the data, capturing the �ne temporal scale movement of Gouldian �nches targeted
by this study (See Supplementary Fig. 3, Additional File 1). This �ltered data was used to calculate mean and
total daily residence time per tagged individual per receiver per day as a measure of daily �ight activity and
site occupancy, respectively.

Using the residence log produced by VTrack, we tested the variation in total and mean residence time (bird per
receiver per day) using a generalised linear mixed model approach within a Bayesian analysis framework with
Integrated Nested Laplace Approximation (INLA) methodology (47) in R v. 4.0.0 (46). Explanatory variables
included tracking session (1 for early or 2 for late dry season), the life stage of a bird (adult or juvenile),
release site (A or B), and receiver site (1 – 6). We conducted initial data exploration following the protocol
described in Zuur, Ieno & Elphick (48). A gamma data distribution was �tted to the data to account for left-
skewed, overdispersed data. Bird identity and day of detection (Julian) for each tagged bird (nested) were
included as Gaussian and �rst-order autoregressive random effects, respectively, ensuring we accounted for
the effect of repeated measures on the same individual and temporal autocorrelation among detection days
for a given individual. Penalised Complexity (PC) priors were used for the random effect marginal
distributions, using the standard error of the response variable, following Simpson et al. (49)

Model selection using deviance information criterion (DIC) was applied to identify those covariates important
to the data (See Supplementary Table 3, Additional File 1). We then undertook model validation to identify the
�nal models' underlying assumptions, including homogeneity of residual variance, by plotting Pearson
residuals versus �tted values and against each covariate (48,50) (See Supplementary Fig. 4 -8, Additional File
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1). The mean, standard deviation, and 0.025 – 0.975 quantiles (posterior distribution) were obtained for each
covariate in the top-ranked model and models within a ∆DIC of 2. The generation of 0.025 – 0.975 quantiles
allowed probability statements to be made about whether the unknown parameter was 95% likely to fall within
the range of given values (34). If the con�dence intervals encompassed zero, an effect of the covariate on the
response was not strongly supported by the data.

Assessing site connectivity
Network analysis was performed to address the hypothesis that Gouldian �nches would expand activity space
in response to the seasonal decline in resources and explore connectivity between receiver sites. Network
analysis is based on graph theory, which uses pairwise interactions of nodes linked by edges to present
graphical representations of network structure (34,35,51). Node-based metrics, such as eigenvector centrality,
can identify critical areas of importance within the network and measure connectivity (35,52). The network in
this study was constructed using the residence and non-residence event logs generated in VTrack. The nodes
were populated by the time a bird spent within a given receiver's detection range as a proportion of the total
time spent within the receiver array. The edges were populated by the frequency of movement between
receiver detection ranges. The event information was analysed using the package igraph (53) in R (46). The
eigenvector centrality metric in igraph was then used to calculate which receivers were most central within the
network (35), and the node and edge values were quanti�ed and compared to determine which receivers and
pathways between receivers were utilised frequently between and among tracking sessions.

Results

Finch capture and tracking
A total of 283,715 detections were collected from 15 adult and 23 juvenile Gouldian �nches monitored during
tracking sessions 1 (July-August) and 2 (October-November). Tagged birds were captured and subsequently
released at sites A or B (Fig. 1.) and detected for a period of 4 to 39 Julian days in either session 1 or 2. The
mean and total time a tagged Gouldian �nch spent within the detection range of any given receiver were lower
in session 2 compared to session 1 (Table 1). Gouldian �nches were not captured at Site B in session 1 (Table
1; See Supplementary Table 1, Additional File 1).

Table 1
Residency information for 38 tagged Gouldian �nches within the detection range of the receiver array.

Session Release
site (A)
(n.
birds)

Release
site (B)
(n.
birds)

Life
stage
(Adult)
(n.
birds)

Life stage
(Juvenile)
(n. birds)

Detection
days (n)

Residence
events

(n)

Mean
residence
time
(min)

Total
residence
time
(min)

1 19 0 5 14 24.31 ±
13.74

73.32 ±
45.12

151.61 ±
38.66

1455.37
± 484.15

2 9 10 10 9 21.63 ±
9.25

39.32 ±
28.09

83.69 ±
50.07

623.69 ±
496.65

Detection days is the mean number of Julian days over which a tagged bird was detected. Residence events
are the mean number of times a tagged bird was detected over the tracking period. Mean and total residence
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times are the mean and total duration of time a tagged bird was detected on a given day within the array.

Site Occupancy
Table 2

Top-ranked models for ranked mean and total duration of residence events per individual/day
Metric Model No. of

parameters
∆ DIC

Mean duration of residence event
day/individual/receiver (minutes)

Session 107.92 0.00

Session + Life stage 108.39 0.03

Session* Life stage 108.89 0.46

Session* Release site 106.3 0.66

Session + Release site 106.7 0.86

Session + Life stage +
Release site

107.21 0.95

Life stage 110.67 1.74

Total duration of residence
events/day/individual/receiver (minutes)

Life stage 97.12 0

Session 95.72 0.611697

Session + Life stage +
Receiver

95.47 0.636675

Session + Life stage 96.48 0.830925

Session * Life stage 96.81 1.058068

Session + Receiver 95.91 1.152467

  Receiver 95.43 1.920348

Only models within ∆ DIC of 2 of the top-ranked model are presented. The �nal model is in bold.

Mean daily residence time (a measure of activity)
DIC model selection supported both session and life stage effects in the two top competing models (Table 2).
However, the addition of life stage did not add substantial explanatory power (Table 2; ∆DIC ≥ 0.03) to the
model with session only, and con�dence limits for the effect of life stage included zero (Table 3). Together,
this suggests the data do not strongly support an effect of life stage on mean residence time. The top-ranked
model, which included only the effect of session, showed strong support (95% CL that excluded 0; Table 3) for
a decline in mean residence time from session 1 (mean (95% CL): 64.8 mins (54.6, 79.1); Fig. 3), to session 2
(mean (95% CL): 35.1 mins (29.5,41.2); Fig. 3). Release site received support in two competing models (∆DIC
= 0.86, 0.95), with the con�dence limits for the estimate for site A positive and above zero (Table 2, 3). These
results may be an artefact of the greater number of birds released at site A than site B in session 1 and overall
between sessions (Table 1; See supplementary Table 1., Additional File 1). However, the model that tested
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whether the effect of release site varied with session (session * release site interaction; ∆DIC = 0.66, Table 2,
3) did not support an effect of release site or the interaction, with con�dence limits excluding zero (Table 3).

Table 3
Posterior mean, standard deviation and 95% con�dence limits of covariates in models within ∆DIC of 2 of the

top-ranked model for mean residence event duration for an individual/day
Model ∆DIC Covariate Posterior

mean
Posterior
SD

Lower
CL

Upper
CL

Session 0 (Intercept) 4.18 0.08 4.01 4.34

Session (2) -0.61 0.12 -0.85 -0.38

Session +

Life stage

0.03 (Intercept) 4.18 0.08 4.02 4.35

Session (2) -0.62 0.11 -0.85 -0.40

Life stage (Adult) 0.08 0.11 -0.14 0.31

Session * Life stage 0.46 (Intercept) 4.16 0.10 4.36 4.16

Session (2) -0.69 0.16 -1.02 -0.36

Life stage (Adult) 0.04 0.19 -0.32 0.42

Session (2) * Life
stage (Adult)

0.12 0.26 -0.40 0.62

Session * Release site 0.66 (Intercept) 3.79 18.26 -32.05 39.61

Session (2) -0.39 18.26 -36.24 35.42

Release site (A) 0.39 18.26 -35.46 36.20

Session (2) * Release
site (A)

-0.01 18.26 -35.85 35.81

Session + Release site 0.86 (Intercept) 3.80 0.17 3.47 4.14

Session (2) -0.40 0.14 -0.68 -0.14

Release site (A) 0.38 0.15 0.068 0.97

Session + Life stage +
Release site

0.95 (Intercept) 4.2 0.10 4.00 4.39

Session (2) -0.61 0.14 -0.88 -0.33

Life stage (Adult) 0.06 0.11 -0.16 0.30

Release site (A) 0.36 0.16 0.04 0.67

Life stage 1.74 (Intercept) 3.90 0.11 3.68 4.13

Life stage (Adult) -0.07 0.17 -0.41 0.28

The �nal model used and important covariates are in bold.
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Total daily residence time (a measure of site occupancy)
DIC model selection supported the effects of session, life stage and receiver in the three top competing
models (Table 2). However, across these models, the data supported only session and receiver, with
con�dence limits that excluded zero (Table 4). An effect of life stage on total residence time did not receive
strong support in any model within ∆DIC of 2 (95% CL included zero: Table 4). Due to the lack of importance
of life stage as an effect, the model, which included session and receiver, was used for inference and plot
model predictions. The �nal model showed strong support for (95% CL that excluded zero; Table 4) a decline
in total residence time between session 1 (mean (95% CL): 153 mins (122, 189)), to session 2 (mean (95% CL):
65.4 mins (46.2, 89.6)) (Fig. 4a). Total residence time also differed among receiver sites, longest at receiver 2
(mean (95% CL): 148 mins (117, 183)), compared with receiver 3 (mean (95% CL): 122 mins (93.7, 156)), 1
(mean (95% CL): 68.2 mins (31.3, 130)), 4 (mean (95% CL): 28.8 mins (15.3, 49.5)), 5 (mean (95% CL): 90.5
mins (37.2, 185)), and 6 (mean (95% CL): 37 mins (27.9, 48.1)) (Fig. 4b). The con�dence limits for receivers 2,
4, 5 and 6 excluded zero in the �nal model, showing strong support that total residence time varied by receiver
and from the intercept (receiver 1; Table 4).
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Table 4
Posterior mean, standard deviation, and 95% con�dence limits of covariates in models within ∆DIC of 2 of the

top-ranked models for total durations of all residence events for an individual/day
Model ∆DIC Covariate Posterior

mean
Posterior
SD

Lower
CL

Upper
CL

Life stage 0 (Intercept) 4.53 0.18 4.18 4.88

  Life stage (Adult) -0.14 0.28 0.41 -0.14

Session 0.61 (Intercept) 5.00 0.14 4.71 5.27

Session (2) -1.00 0.20 -1.39 -0.60

Session + Life stage +
Receiver

0.64 (Intercept) 4.86 0.14 4.58 5.12

Session (2) -0.50 0.20 -0.90 -0.11

Life stage (Adult) 0.05 0.16 -0.26 0.37

Receiver (2) 0.21 0.09 0.03 0.21

Receiver (1) -0.65 0.34 -1.27 -0.69

Receiver (6) -0.78 0.23 -1.22 -0.79

Receiver (4) -1.09 0.34 -1.74 -1.11

Receiver (5) 0.05 0.44 -0.80 0.04

Session + Life stage 0.83 (Intercept) 4.96 0.16 4.65 4.96

Session (2) -1.03 0.21 -1.44 -0.61

Life stage (Adult) 0.12 0.21 -0.30 0.54

Session * Life stage 1.06 (Intercept) 5.00 0.17 5.33 5.00

Session (2) -1.12 0.27 -1.65 -0.57

Life stage (Adult) -0.01 0.32 -0.63 0.63

Session (2) * Life
stage (Adult)

0.22 0.43 -0.63 1.06

Session + Receiver 1.15 (Intercept) 4.87 0.12 4.63 5.11

Session (2) -0.47 0.19 -0.85 -0.11

Receiver (2) 0.21 0.09 0.39 0.21

Receiver (1) -0.64 0.34 0.07 -0.69

Receiver (6) -0.80 0.22 -0.35 -0.81

Receiver (4) -1.11 0.34 -0.43 -1.13

The �nal model used and important covariates are in bold.
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Model ∆DIC Covariate Posterior
mean

Posterior
SD

Lower
CL

Upper
CL

Receiver (5) 0.02 0.43 0.87 0.01

Receiver 1.92 (Intercept) 4.72 0.12 4.49 4.95

Receiver (2) 0.21 0.09 0.03 0.39

Receiver (1) -0.64 0.34 -1.26 0.08

Receiver (6) -1.12 0.20 -1.49 -0.74

Receiver (4) -1.41 0.32 -2.01 -0.76

Receiver (5) -0.16 0.44 -1.01 -0.72

The �nal model used and important covariates are in bold.

 

Site connectivity
During session 1, tagged birds spent proportionally more time at receivers 2 and 3 out of the entire array (0.77
and 0.27 respectively; See Supplementary Table 4, Additional File 1), coupled with a high number of
connections between these adjacent receivers (111.5 ± 0.71; see supplementary information Table S4). Fewer
connections existed between receivers 2 and 3 and the other receivers (frequency < 6). No connections were
recorded between receiver 5 and any other receivers in session 1 (Fig. 5a, b). The network was considerably
different during session 2. Tagged birds spent the highest proportion of time at receivers 2 and 6 out of the
entire array (0.71 and 0.95, respectively; See Supplementary Table 4, Additional File 1). While the number of
connections between receivers was reduced overall in session 2 compared to session 1, receivers 2 and 3
continued to have a relatively greater number of connections than other pairs of receivers (30 ± 1.41).
However, there were more connections between receivers 4 and 6 (10) and receivers 5 and 4 (5) compared to
session 1. Other connections between pairs of receivers in session 2 were at a frequency of < 2 (See
Supplementary Table 5, Additional File 1). Node eigenvector centrality was highest at receivers 2 and 3 at 1.00
during both sessions (Fig. 5c, d; See Supplementary Table 4, Additional File 1).

Discussion
This study demonstrated the utility of a passive VHF-radio 'receivers' array for determining site occupancy and
habitat connectivity of a highly mobile small-bodied bird. Our results showed that the Gouldian �nch
(Erythrura gouldiae) adhered to Optimal Foraging Theory to best utilise the decline in Sorghum spp. seed that
occurs throughout the dry season (20,21,40). Optimal foraging theory was demonstrated by individuals
reducing the time spent within a patch and increasing the rate of movements among patches as the dry
season progressed and seed resources declined. The application of passive telemetry to understand localised
behaviours is well established for aquatic animals (5), whilst in the terrestrial realm, this type of animal
telemetry is predominately used to collect broad-scale migratory movements (4,13,14).
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Passive VHF-radio telemetry detected the presence or absence of Gouldian �nches continually and
simultaneously as they free-ranged over a wide area. Whilst the location accuracy of each detection is less
than a location �x derived from GPS-based telemetry, the high frequency of detections (every 11 - 13 s)
enabled us to de�ne movement patterns and site utilisation at �ne temporal scales. The low recapture rates
for Gouldian �nches in mark-recapture studies have led to suggestions of high mortality of the species in the
late dry season (17,28). However, we argue that the high increase in �ight activity and enlarging of the activity
space exhibited by the tagged birds in the late dry season may contribute to low recapture rates during the late
dry season.

A criticism of passive tracking methods is that static receivers have a limited detection range, and tagged
animals may occupy areas outside the array's detection range (54). Therefore, receiver volume and placement
can in�uence the study �ndings (55). In the present study, receivers were strategically placed across the
landscape in areas previously documented as occupied by Gouldian �nches. Whilst we acknowledge that the
tagged �nches occupied areas outside the detection range of the array, the mean time a tagged bird spent
within any detection area was a relative measure of individual activity. Likewise, the total time a bird spent
within any detection area within a day was a relative measure of site �delity. The network analysis supported
these observations by showing that the tagged birds moved over a greater extent and undertook less repeated
short �ights when food resources were scarce.

To illustrate how a tagged birds behaviour resulted in the observed detection pattern, we have provided a
schematic model Figure 6. Concept A demonstrates behaviour in the mid dry season when resources were
relatively abundant; the individual spends prolonged periods within a patch and infrequently moves between
alternate patches, generating a high mean and total residence time in that receivers' detection �eld. Concept B
demonstrates behaviour during a period of resource restriction; the individual spent short periods within a
patch and frequently moved between alternate patches, generating a low mean and total residence time in any
one detection �eld.

Figure 6. Schematic representation of the two different movement behavioural scenarios provided by the
mean or total residence times measures within receiver detection ranges (circles). Mid-dry season movement
represented by; a.) High total residence time and high mean residence time indicate high site occupancy and
reduced extent of the activity space. b.) Low total residence time and low mean residence time is indicative of
low site occupancy and increased extent of the activity space

The integration of these two concepts provided an index of the tagged individuals' behavioural strategy and
are supported by morphological and dietary studies. For example, the wing of the Gouldian �nch is more
adapted for long-distance �ights than those of other tropical savanna �nch species (Long-tailed �nch
Poephila acuticauda, Double-barred �nch Taeniopygia bichenovii, and Crimson �nch Neochmia phaeton) (56).
Additionally, the Gouldian �nch feeds exclusively upon grass seeds, whilst sympatric �nch species (Long-
tailed �nch P. acuticauda and Masked �nch P. personata) have been shown to switch diet during periods of
low grass seed availability (57). Consequently, the body condition of the Gouldian �nch is directly correlated
with the availability and nutritional quality of grass seeds across the landscape, and late dry season wild�res
have been shown to have a greater impact upon the Gouldian �nch physiological condition when compared to
its sympatric �nch species (28).
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Conclusions
Data collected via passive tracking can be challenging to statistically analyse compared to the uniform time-
stamped location sampling of GPS-based telemetry (34,59). However, mixed-effects modelling techniques can
overcome the constraints associated with the uncertainty around the in�uence of individual birds (repeated
measures) and individual receivers (temporal autocorrelation) by incorporating random effect structures
(10,31–34,60). We argue that coded nano-VHF transmitters, an array of passive receivers e (which can be
constructed at a relatively low cost (8)), offer great potential in assessing how mobile small-bodied animals
move through the landscape and adapt to habitat heterogeneity.

Abbreviations
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Figures

Figure 1
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(a) the East Kimberley Region in Western Australia (WA) (b) The study area (c) the location of receiver stations
and release sites surrounding the township of Wyndham, East Kimberley region, WA.

Figure 2

(a) Black-headed male Gouldian �nch tagged with a Lotek Wireless Inc. 0.21 g NTQB2-2 avian coded VHF
nanotag; (b) Receiver station set up at the study site.
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Figure 3

The predicted response in mean residence time from a model that only included session (1 or 2). Error bars
represent the standard error of the response variable per individual
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Figure 4

The predicted response in total residence time from a model that included (a) session (1 or 2), (b) receiver (1-
6). Error bars represent the standard error in the prediction of the response variable per individual.
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Figure 5

The relative residence time of tagged individuals and their movement between receiver sites in sessions 1 (a,
b) and 2 (c, d). Circles (nodes) represent receivers, and lines (edges) represent pathways between nodes. The
circle size denotes the proportional amount of time spent at a receiver of the corresponding receiver. Network
graph of the array (a, c). The position of nodes is representative of the centrality of a given node within the
network, i.e., how connected that node is to other nodes. Arrows on the lines indicate directional movement.
Spatial graph of the network (b, d). Nodes are coloured according to eigenvector centrality. Pathways are
clockwise in direction, denoting movement to and from a node.
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Figure 6

Schematic representation of the two different movement behavioural scenarios provided by the mean or total
residence times measures within receiver detection ranges (circles). Mid-dry season movement represented by;
a.) High total residence time and high mean residence time indicate high site occupancy and reduced extent
of the activity space. b.) Low total residence time and low mean residence time is indicative of low site
occupancy and increased extent of the activity space 
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