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Abstract
1. Ecological niche theory dictates that sympatric species cannot occupy the same 

ecological niche at the same time. Sympatric granivorous finch species in tropi-
cal savannas appear to contradict this theory by moving in mixed- species flocks 
and feeding together upon the same resources.

2. Here, we explored this contradiction by tracking individuals from three finch 
species (Gouldian— Chloebia gouldiae, long- tailed— Poephila acuticauda and 
masked finch— P. personata) often seen feeding together, while simultaneously 
determining the dietary composition during periods of high and low resource 
abundance.

3. Dietary composition was characterised using stable isotope ratios of δ13C and 
δ15N within the blood, and foraging areas were determined from continuous 
detection using passive VHF radio telemetry. Individuals were sampled early in 
the dry season when grass seeds were abundant, in the middle of the dry season 
and at the end when seeds were very scarce.

4. The results showed plasticity in ecological niche overlap among the three finch 
species depending on grass seed availability within the landscape. In the early 
dry season, the species foraged together on the abundant grass seed. As the dry 
season progressed and grass seed availability declined, masked and long- tailed 
finches exhibited greater spatial partitioning, masked and Gouldian finches in-
creased dietary partitioning, and long- tailed and Gouldian finches increased 
both dietary and spatial partitioning.

5. Our study showed that sympatric granivorous finches utilise trophic and spati-
otemporal partitioning to enable coexistence through periods of low resource 
availability in tropical savannas. Gouldian finches increased activity and ranging 
behaviour, while long- tailed and masked finches diversified their diet.
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diet, Gouldian finch, long- tailed finch, masked finch, movement, niche segregation, stable 
isotopes, sympatric species
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1  |  INTRODUC TION

Ecological niche theory is a fundamental component of commu-
nity ecology (Hutchinson, 1975; Vandermeer, 1972). It theorises 
that sympatric species can only coexist within the same area if they 
do not occupy the same ecological niche (Gause, 1934; Hairston 
et al., 1960; MacArthur, 1958; MacArthur & Levins, 1967). This 
coexistence is typically achieved through species segregating their 
niches across time (occupying the same habitat at different times of 
day or year; Glen & Dickman, 2008), space (using different spaces 
within a common habitat; Tamaki et al., 2008), resources (e.g. using 
different resources; Mohd- Azlan et al., 2014) or a combination of 
these. How niche segregation is manifested varies greatly among 
species. This has long been of interest to ecologists due to its role 
in driving resource specialisation (MacArthur & Levins, 1967), and to 
managers because it identifies the relative significance of resources 
for coexisting species at critical times in a species' life cycle.

Finches have played a key role in evolutionary ecology and our 
understanding of how niche segregation drives behaviour, pheno-
type and, ultimately, speciation (Darwin, 1860; Price & Grant, 1984; 
Smith, 1987; Turbek et al., 2021). Finches that feed upon grass seeds 
(granivores) are a familiar feature of the tropical savannas of north-
ern Australia, where there are 14 species across eight genera within 
the Estrildidae family. These species have overlapping geographical 
ranges (Barrett, 2003), feed upon similar resources (grass seeds, in-
sects; Dostine & Franklin, 2002), and have similar nesting habitats 
(Brazill- Boast et al., 2010; Pearce et al., 2011). However, interspecies 
differences in wing morphology have been reported and attributed 
to lifestyle (Franklin et al., 2017). Crimson finches and double- barred 
finches are reasonably sedentary species and have a lower wing load-
ing capacity (shorter, wider wings), while Gouldian finches and pic-
torella mannikins range over much broader areas and have higher wing 
loading capacity (longer, narrower wings; Franklin et al., 2017). Despite 
these morphological differences, dietary studies have generally re-
ported that these finches are largely granivorous, and, thus, little evi-
dence has yet been provided to support ecological niche segregation.

A possible reason why ecological niche segregation inferences 
have not been reported in dietary studies is that these studies have 
relied solely upon crop content analysis (Dostine & Franklin, 2002; 
Read, 1994). The crop content analysis of birds has well- described 
drawbacks because it only allows for the assessment of the prey 
sources consumed by individuals immediately before their capture 
(Pearson et al., 2003). There is a growing body of evidence that the 
analysis of stable isotopes within the tissues is a better means of 
characterising diet because it provides time- integrated informa-
tion on dietary consumption and assimilation (Fry, 2006; Hobson 
& Clark, 1992; Pearson et al., 2003). This method assumes that the 
isotopic composition of consumer tissues reflects the composition 
of its assimilated food sources (Bearhop et al., 2002). Carbon isotope 
ratios (δ13C) are used to differentiate food resources derived from 
tropical grasses (C4 plants) and those derived from non- grass herba-
ceous plant species (C3 plants; O'Leary, 1988). Carbon isotopes are 
frequently used with nitrogen (N) stable isotopes to assess intra-  and 

interspecies variability in diet (Bearhop et al., 2004). The nitrogen 
stable isotope (δ15N) is particularly important as an indicator of an 
animal's trophic position. Thus, the higher the concentrations of 
δ15N within the body tissue, the higher the trophic level of the food 
consumed (Hobson & Clark, 1992; Inger & Bearhop, 2008). For birds 
in particular, the enrichment of 15N positively correlates with the 
consumption of invertebrates (Pearson et al., 2003). The choice in 
consumer tissue that is analysed reflects the temporal scope over 
which dietary composition can be measured. The selection of a tis-
sue with a relatively short turnover time, such as blood, can be used 
to discriminate seasonal changes in an individual's diet (Dalerum & 
Angerbjorn, 2005).

Diet alone does not fully explain niche segregation because sym-
patric species can also coexist by feeding in different areas and at 
different times. Integrating an individual's habitat occupancy with 
stable isotope values can provide a comprehensive picture of which 
dietary resources are being acquired and where (Delord et al., 2018; 
Micheli- Campbell et al., 2017; Mott et al., 2017; Votier et al., 2010; 
Wakefield et al., 2013). The systematic collection of location fixes 
from free- ranging individuals by attached electronic tracking devices 
(biotelemetry) is now commonly used to reveal patterns in habitat 
use (Hussey et al., 2015; Kays et al., 2015). However, such synthesis 
requires the long- term and frequent collection of individual- based 
movement information. Until recently, it has not been possible to 
collect these data from small bodied mobile species across the land-
scape (le Roux & Nocera, 2021; Martin et al., 2021).

As part of this study, we erected an array of passive VHF receiv-
ers to enable the simultaneous and continuous detection of granivo-
rous finches over a broad area and over prolonged time periods. We 
monitored individuals from multiple species that are often observed 
together in flocks and integrated the detection information with 
δ13C and δ15N stable isotope values within the blood. The study en-
compassed the early to late dry season, a period when the grass seed 
availability in the environment changes dramatically. Our objective 
was to reveal the mechanisms that enable sympatric granivorous 
finches to coexist in tropical savannas. Based upon current dietary 
and morphological evidence, we hypothesised that coexistence 
would be achieved through spatial segregation of foraging areas.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

This study was conducted in the East Kimberley region of Western 
Australia (15°34′S, 128°09′E; Figure 1). The climate is dry tropical 
with a distinct wet and dry season. The annual rainfall of ~850 mm 
(Bureau of Meteorology, 2020) is concentrated between December 
and March. The landscape is classified as savanna grassland, and the 
topography is a mix of gently sloping hills with steep rocky sandstone 
ridges. The tree layer is dominated by the Corymbia dichromophloia 
and Eucalyptus miniata eucalypts, with the understorey largely 
a mix of Sorghum stipoideum and Triodia bitextura (Brazill- Boast 
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et al., 2013). The annual grass, S. stipoideum, is the dominant grass 
cover for much of the dry season; it germinates after the first rains 
of the wet season and will set seed as the wet season ends (late 
March; Weier et al., 2016). Sorghum seed availability steadily de-
clines as the dry season progresses (Weier et al., 2019). There is 
a 4– 6- week period of critical seed shortage at the end of the dry 
season/start of the wet season when sorghum is unavailable in the 
landscape and before perennial grass species have set their seeds 
(Dostine et al., 2001; Franklin et al., 2005; Legge et al., 2015). This 
period is followed by a period when a sequence of seeds becomes 
available, from perennial grass species such as Alloteropsis semialata, 
Chrysopogon fallax, T. bitextura and Heteropogon triticeus (Dostine & 
Franklin, 2002; Lewis, 2007). There are pronounced trends in burn-
ing during the dry season, with small, low- intensity fires occurring at 
the start (April– June) and increasingly large, more intense wildfires 
occurring towards the end (July– November). The finches become 
concentrated around the few remaining waterholes as the dry sea-
son progresses.

2.2  |  Study species

Gouldian (Chloebia gouldiae), long- tailed (Poephila acuticauda) and 
masked finches (P. personata) are sympatric grass finches endemic 

to northern Australia's tropical savannas. They are of similar 
size, known to occupy similar ecological niches with overlapping 
preferred breeding habitats (Brazill- Boast et al., 2011; Higgins 
et al., 2006; Tidemann & Woinarski, 1994) and breeding seasons 
(Gouldian: February to July, long- tailed: February to September, 
masked: February to June; Tidemann & Woinarski, 1994). Until re-
cently, these species had similar ranges covering most of northern 
Australia. In the latter half of the 20th century, the range of Gouldian 
finches contracted dramatically, particularly in the eastern parts of 
its former range (Franklin, 1999; Tidemann, 1996).

All research described herein was conducted under Charles Darwin 
University Animal Ethics permit no. A17015 and research permits from 
the Western Australian Department of Parks and Wildlife (permit no. 
08- 001715- 2), and the Western Australian Department of Biodiversity 
Conservation and Attractions (permit no. FO25000021).

2.3  |  Bird sampling

Finches were captured on three occasions in 2019— April (early dry 
season), July (mid dry season) and October (late dry season). Multiple 
trapping episodes were necessary to capture changes in movement 
as key resources declined during the dry season. Mist nests (12 m 
length; 2.7 m height; 25 mm mesh) were deployed before sunrise 

F I G U R E  1  The area covered by the VHF radio receiver stations in Wyndham, Western Australia, showing the locations of the automated 
telemetry receivers in the lowlands (purple squares), eastern highlands (green circles) and western highlands (yellow triangles). The black star 
indicates the location where the Gouldian, long- tailed and masked finches were tagged.
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close to watering holes to capture the three finch species as they 
came to drink. The nets were positioned so they captured birds as 
they left the water source after drinking. Nets were continuously 
monitored when deployed, and birds were immediately extracted 
upon capture by trained personnel.

Upon extraction from the net, a blood sample was obtained from 
the brachial vein of each bird if it had not been caught previously. 
A 27- gauge hypodermic needle was used to puncture the vein, and 
75 μl of blood was drawn by capillary action into a heparinised hae-
matocrit capillary tube. The blood was immediately dispensed into 
a 2 ml Eppendorf tube and placed on ice. After a few hours, these 
were placed into a −4°C freezer until analysed. Each new bird was 
then fitted with a size- 2 aluminium band with a unique identifying 
number to ensure individuals were not repeatedly sampled.

Finally, a miniaturised coded VHF transmitter weighing only 0.28 g 
(Avian NanoTag model NTQB2- 2; Lotek Wireless Inc.) was attached to 
the bird via a backpack. This backpack was made of a figure- 8 leg loop 
harness from an elasticised thread. Transmitters were attached to the 
elastic thread by super glue to secure the thread to the tag. Each leg 
loop was placed around the femur of the leg, ensuring that no second-
ary wing feathers were caught, the full range leg movement was not im-
peded and that the tag fitted snuggly under the wings when they were 
folded (for full details of the procedure, see Rappole & Tipton, 1991). 
The transmitter and harness had a combined mass of 0.31 g, which 
was between 2% and 3% of the finch's body mass. Four different sizes 
of harness (29, 30, 31 and 32 mm loop sizes) were available because 
the size of the bird varied between species and tagging sessions. The 
sun degraded the elastic and so the harness and transmitters fell off 
between 30 and 80 days after attachment. We attempted to obtain 
blood samples from all finches that were radio- tagged, although this 
was not always possible due to the constriction of the blood vessels 
caused by the time of day and an individual's stress level.

2.4  |  Stable isotope ratio analysis

Stable isotope analysis was performed on whole blood to investi-
gate dietary niches, foraging habits and trophic positions of finches. 
Blood samples were prepared for carbon and nitrogen stable iso-
tope analysis following standard procedures detailed in Fry (2006). 
Samples were freeze- dried at −40°C for at least 48 hr and then 
ground to a fine dust with an electric ball- mill grinder (Retsch Mixer 
Mill MM400; Haan, Germany). This powder was then weighed with 
an accuracy of 0.0001 g (Sartorious 5 decimal place analytical bal-
ance), transferred to small tin capsules, and sent to the Stable 
Isotope Core Laboratory, Washington State University, USA.

The solid nitrogen and carbon present in samples were anal-
ysed with a continuous flow isotope ratio mass spectrometer (Delta 
PlusXP, Thermofinnigan, Bremen), where they were converted to a 
gaseous form (N2 and CO2 respectively) using an elemental analyser 
(S 4010; COstech Analytical). The information about the analytical 
precision based on the within- run standard deviation of reference 
material (glutamic acid) was within ±0.1‰ SD for both δ13C and 

δ15N. The ratios of stable isotopes were calculated as parts per 
thousand (‰) relative to the corresponding international standards 
for carbon (Vienna Pee Dee Belemnite [VPDB]) and atmospheric 
nitrogen (AIR). The mean weight per cent C/N ratio for the whole 
blood was 3.37 ± 0.06 (range = 3.25– 3.69). These were also below 
the 3.5 C:N threshold for low lipid concentration in tissues (Post 
et al., 2007). Results were expressed through standard δ- notion as 
parts per thousand (‰), obtained through the equation:

where X is 13C or 15N, R is the corresponding isotope ratio 
(13C/12C or 15N/14N) and Rstandard is the international standard (Robb 
et al., 2012). Machine measurements were precise, within ±0.1‰ SD 
for the δ13C and δ15N samples.

2.5  |  Assessing site occupancy

Finches were fitted with coded VHF transmitters (Avian NanoTag 
model NTQB2- 2; Lotek Wireless Inc.), and movements were moni-
tored using a network of passive VHF receivers. Each transmitter 
had a unique ID encoded within a VHF pulse sequence, which was 
emitted at 151.500 MHz radiofrequency every 11– 13 s. Tags only 
transmitted for 12 hr between 5:00 am and 5:00 pm, when finches 
were active, to increase battery longevity. Ten automated receiver 
stations were spaced 1.8 ± 0.17 km apart to provide continuous cov-
erage over an area of 800 ha encompassing previously reported for-
aging grounds for the finches (Figure 1; Weier et al., 2016, 2018). 
The array encompassed the bird capture location (Figure 1).

Each receiver station contained a receiver, a power source and 
an antenna. Each receiver was made up of a SensorGnome device 
(Compudata Systems), running open- source Raspberry- Pi 3 software 
and built with off- the- shelf hardware, including a Nooelec NESDR 
SMArTee RTL- SDR radio dongle and Adafruit Ultimate GPS Hat for 
time synchronisation. The receivers listened continuously for the 
coded transmitters, and detections were logged by transmitter ID, 
signal strength and time of detection. SensorGnome receivers were 
provided with sufficient power throughout the year by a 100 W 
solar panel, mounted at 15° and a 12 V deep- cycle battery, with 
5 days of battery power redundancy. A monopole antenna (360° de-
tection radius with a range of up to 2 km) was tuned to 151.500 MHz 
(5.1 dBi) and mounted vertically upon a 5 m length × 5 cm diameter 
galvanised steel post to detect the transmitter signals.

2.6  |  Data analysis

2.6.1  |  Stable isotope analysis

A two- way ANOVA was run separately for each isotope in order to 
examine the significant differences in isotopic values among finch 

�X=
[(

Rsample∕Rstandard

)

−1
]

(

multiplied by 1,000 to give parts per thousand
[

‰
])

.
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species and sampling sessions, followed by Tukey's post hoc test for 
multiple comparisons, where necessary. The isotopic niche breadth 
and overlap between finch species were then assessed by generat-
ing bivariate ellipses in SIBER (Stable Isotope Bayesian Ellipses in R) 
and corrected for sample size (SEAc; Jackson et al., 2011). This pack-
age employed Markov chain Monte Carlo simulations to construct 
ellipses based on the δ13C and δ15N of sampled individuals. The cor-
rected standard ellipse area (SEAc) for δ13C and δ15N illustrates the 
breadth of the isotopic niche for each species for the individuals 
sampled. The degree of ellipse overlap was compared among spe-
cies and periods within the dry season. A significant value of p < 0.05 
was used for all tests.

2.6.2  |  Tracking analysis

Coded VHF transmission detections required considerable process-
ing before analysis. First, detections within 24 hr post- release were 
excluded to allow an acclimation period post- tagging. Second, detec-
tions with a run length (the number of consecutive tag transmissions 
detected by a receiving antenna) of ≤3 were removed to minimise 
the probability of false- positive detections. Third, only receivers that 
were active for the duration of the tracking period were used to en-
sure that the opportunity for detection throughout the array was 
equal among receivers for the tracking period. Finally, to maximise 
the number of birds used for each analysis, tracking data for only the 
first 11 days post- tagging was used in the final analysis, after exclud-
ing the first 24 hr post- release.

The filtered detection data were used to generate residence 
event information. A residence can be defined as the time an indi-
vidual spent within the detection range of a tower, and a residence 
event began following four consecutive detections (44– 52 s) of a 
tag and ended when the bird was not detected at that tower for 
a period of greater than 30 mins. Residence events were estimated 
using the V- Track package (Campbell et al., 2012). Towers within the 
town array were grouped into three ‘sites’: lowlands, eastern high-
lands and western highlands (Figure 1). This grouping was based on 
research by Lewis (2007) at a site 400 km to the east, who found 
that Gouldian finches did not occupy lowland areas during the dry 
season, but rather remained in hilly habitats. As there were no long- 
tailed finches tagged at the capture location in the early dry season, 
analysis was split into two groups to understand movement compre-
hensively— (a) all three species, but only the mid and late dry season; 
and (b) masked and Gouldian finches, only, across all three sessions 
(early, mid and late dry season).

Generalised linear mixed models were used to assess the in-
fluence of species, session (period of the dry season) and site on 
residence time or the probability of visitation at a site. Gamma distri-
butions were specified with a log link function to account for over- 
dispersed, continuous residence time data. The mean time at a site 
was transformed into binomial presence/absence to assess visitation 
probability. Both gamma and binomial distributions were specified 

using the ‘glmmTMB’ package (Brooks et al., 2017). Model residuals 
were checked to ensure a lack of pattern across predictors and fitted 
factors and to identify any overly influential outliers. Combinations 
of species, session and site were used as explanatory variables in 
the models, and Akaike's information criterion (AIC) was used to in-
dicate the relative likelihood that a given model was the most par-
simonious (Burnham & Anderson, 2002). Additive, interactive and 
isolated relationships between response and explanatory variables 
were included when considering significant models (ΔAIC ≤ 2). All 
statistical analysis was performed in the software R version 4.0.0 
(RDCT, 2020).

3  |  RESULTS

3.1  |  Finch capture

Between 30 April and 10 October 2019, a total of 104 Gouldian 
finches, 91 long- tailed finches and 52 masked finches were captured 
(Table 1). The blood of 190 finches (73 Gouldian; 79 long- tailed; 
38 masked) was used for the stable isotope analysis to investi-
gate dietary niches, and 80 finches (45 Gouldian; 15 long- tailed; 
20 masked) were fitted with nano VHF transmitters and had their 
movements tracked. Of the finches sampled for blood, 34 Gouldian, 
11 long- tailed and 14 masked finches also had transmitters attached 
(Table 1). Captured Gouldian, long- tailed and masked finches had 
mean weights of 13.85 g (±0.1 g SE), 13.33 g (±0.13 g SE) and 12.70 g 
(±0.14 g SE) respectively.

3.2  |  Interspecies differences in isotopic niche

The mean δ13C and δ15N values for each species are presented in 
Table 1. The effect of season on δ13C values varied between species 
(Figure 2a– c; ANOVA: F4,181 = 4.39, p = 0.002). Compared with Gouldian 
finches, both masked finches and long- tailed finches had higher δ13C 
values in the mid dry season (long- tailed finch: 0.11, p = 0.060; masked 
finch: 0.25, p < 0.001; Table 2), but only masked finches had signifi-
cantly greater δ13C values in the late dry season (long- tailed finch: 0.01, 
p = 0.805; masked finch: 0.14, p = 0.039; Table 2).

Similarly, the effect of sessions on δ15N values varied between 
species (Figure 2a– c; ANOVA: F2,184 = 8.6, p < 0.001). Compared 
with Gouldian finches, there was no change in the δ 15N values for 
long- tailed finches during the dry season (mid dry season: 0.02, 
p = 0.929; late dry season: 0.03, p = 0.907; Table 2). The δ15N val-
ues of masked finches, however, declined throughout the dry season 
(mid dry season: −0.68, p = 0.011; late dry season: −0.89, p < 0.001; 
Table 2), compared those of Gouldian finches.

The isotopic niche of the Gouldian finch decreased as the dry 
season progressed, but increased for long- tailed and masked finches 
(Table 1; Figure 2d). In the early dry season, the isotopic niche of 
masked finches barely overlapped with that of Gouldian finches 
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TA B L E  1  Stable isotope values and measures of activity for Gouldian, masked and long- tailed finches across the early, mid and late dry 
season near Wyndham, northern Western Australia

Species Session

N samples 
(tagged, blood- 
sampled, both 
blood- sampled 
and tagged)

Tracking Stable isotopes

Total 
number of 
detections

Number 
of towers 
(mean ± SD)

Number of 
residency 
events

Length of 
residency event 
(mean ± SD)

δ13C mean 
(‰ ± SD)

δ15N mean 
(‰ ± SD)

Mean 
standard 
ellipse area

Gouldian finch Early 18
(9, 15, 9)

65,744 4.69 ± 0.86 714 46.35 ± 63.15 −10.19 ± 0.12 3.17 ± 0.66 0.24

Mid 28
(13, 17, 13)

357,986 4.39 ± 1.46 2185 76.44 ± 118.09 −10.23 ± 0.13 2.73 ± 0.33 0.13

Late 36
(7, 41, 7)

84,633 6.91 ± 1.14 732 49.13 ± 78.49 −10.15 ± 0.07 2.71 ± 0.38 0.09

Long- tailed finch Early 29
(0, 29, 0)

— — — — −10.52 ± 0.13 4.74 ± 0.38 0.15

Mid 37
(2, 31, 2)

476 2.00 ± 1.41 54 6.41 ± 6.65 −10.45 ± 0.17 4.33 ± 0.51 0.17

Late 12
(2, 19, 2)

71,200 6.64 ± 0.67 561 43.14 ± 41.91 −10.47 ± 0.16 4.31 ± 0.47 0.23

Masked finch Early 15
(3, 15, 3)

835 3.60 ± 2.41 52 5.77 ± 5.73 −10.50 ± 0.11 5.50 ± 0.53 0.16

Mid 19
(2, 12, 2)

89,387 5.06 ± 3.25 963 56.89 ± 103.25 −10.29 ± 0.17 4.38 ± 0.83 0.43

Late 10
(6, 11, 6)

99,569 5.29 ± 1.05 868 35.81 ± 36.76 −10.32 ± 0.15 4.15 ± 0.75 0.29

Notes: The number of residency events is given as the total number of residency events. A residency event is defined as the length of time a tagged 
individual was within the detection range of a receiver. The length of these residency events is noted as the mean time spent within the detection 
range per receiver, per tag and per day in minutes. The number of towers with detections is also noted as the mean number of towers per tag per day. 
Stable isotope values are given in parts per thousand (‰).

Estimate SE t value Pr(>|t|)

Carbon isotope

(Intercept) −10.19 0.03 −298.26 <0.001***

Mid dry season −0.04 0.05 −0.84 0.402

Late dry season 0.04 0.04 0.95 0.342

Long- tailed finch −0.33 0.04 −7.90 <0.001***

Masked finch −0.31 0.05 −6.32 <0.001***

Mid dry season: long- tailed finch 0.11 0.06 1.90 0.060*

Late dry season: long- tailed finch 0.01 0.06 0.25 0.805

Mid dry season: masked finch 0.25 0.07 3.57 <0.001***

Late dry season: masked finch 0.14 0.07 2.08 0.039*

Nitrogen isotope

(Intercept) 3.17 0.13 24.10 <0.001***

Mid dry season −0.43 0.18 −2.41 0.017*

Late dry season −0.46 0.15 −2.97 0.003**

Long- tailed finch 1.57 0.16 9.72 <0.001***

Masked finch 2.33 0.19 12.51 <0.001***

Mid dry season: long- tailed finch 0.02 0.22 0.09 0.929

Late dry season: long- tailed finch 0.03 0.21 0.12 0.907

Mid dry season: masked finch −0.68 0.27 −2.56 0.011*

Late dry season: masked finch −0.89 0.25 −3.49 <0.001***

Notes: * indicates significant value (<0.05). ** indicates significant value (<0.01). *** indicates significant 
value (<0.001). Explanatory variables included species (Gouldian finch [intercept], long- tailed finch and 
Masked finch) and the period within the dry season (early [intercept], mid and late dry season).

TA B L E  2  Effect sizes, SE and p- values 
for variables included in the ANOVA 
explaining the change in δ13C and δ15N 
concentrations
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(6.6‰ overlap). However, as the dry season progressed, the degree 
of ellipse overlap between these two species increased until the 
isotopic niche for the masked finch overlapped with almost 75‰ 
of the Gouldian finch's ellipse area (mid dry season: 68.1% overlap; 
late dry season: 74.7‰ overlap; Table 3). Gouldian and long- tailed 
finches ellipses only ever overlapped by a small percentage (early 
dry season: 15.8‰ overlap; mid dry season: 5.8‰ overlap; late dry 
season: 3.3‰ overlap), whereas the ellipses for masked and long- 
tailed finches overlapped substantially throughout the dry season 
(early dry season: 59‰ overlap; mid dry season: 100‰ overlap; late 
dry season: 76.8‰ overlap; Table 3).

3.3  |  Interspecies association of space use

After the removal of erroneous detections, a total of 769,830 de-
tections were collected for all three species (Gouldian = 508,363; 
long- tailed = 71,676; masked = 189,791 detections) (Table 1; 
Figure S1). Using AIC model selection, the top- ranked models to 
explain both mean residence length at a site and probability of 
visitation for (a) Gouldian and masked finch over all three sessions 
and (b) all three species using the mid and late dry season, included 
all three variables (species, session and site) as explanatory vari-
ables (Table 4).

F I G U R E  2  Biplot illustrating the δ13C and δ15N isotopic values of long- tailed (red triangles), masked (blue squares) and Gouldian finches 
(green circles) at Wyndham, northern Western Australia. Panels show the isotopic signatures of these finches across the (a) early dry, (b) mid 
dry and (c) late dry seasons in 2019. Figures (a)– (c) show an isotope biplot throughout the dry season with standard ellipse areas corrected 
for sample size (SEAc). Symbols represent the isotopic signatures of each individual. Standardised ellipses area is also displayed (d) for each 
species across the three sampling periods, with the shaded boxes representing the 50%, 75% and 95% credible intervals (from dark to light).
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The probability of visitation at a given site varied between spe-
cies; when all three sessions were included in the analysis, the data 
suggest the variation in visitation probability with season also varied 
between Gouldian and masked finches. Similarly, the top models for 
residence time supported interactions between species and sites 
or sessions, suggesting that the effect of sites and seasons on resi-
dence time varied between species (Table 4).

3.4  |  Visitation probability

Masked finches had a lower overall probability of visitation across 
the early, mid and late dry seasons than Gouldian finches (−1.44, 
p = 0.009; Table S1 [model 11]). The top model did not support a var-
ying effect of the session on visitation probability with species, but 
did support higher overall visitation probability during the mid dry 
season for all individuals (1.62, p < 0.003). Masked finch visitation 
probability was significantly greater than that of Gouldian finches in 
both the western highlands (6.12, p < 0.001; Figure 3a) and lowland 
sites (3.68, p < 0.001; Figure 3a).

When visitation probability was compared between all three 
species during the mid and late dry season, the data supported a sig-
nificantly greater probability of visitation by long- tailed finch in the 
late dry (5.06, p = 0.004). Additionally, it supported a significantly 
higher probability of visitation for both masked and long- tailed 
finches in the western highlands (masked finch: 7.20, p < 0.001; 
long- tailed finch: 3.19, p < 0.001) and lowland sites (masked finch: 
4.19, p < 0.001; long- tailed finch: 1.89, p = 0.009), than for Gouldian 
finches in the eastern highlands (Table S2 [model 13]; Figure 3a).

3.5  |  Residence time

Top models for Gouldian finch and masked finch residence time dur-
ing the early, mid and late dry seasons supported variation in site 
use among species. Using the top- ranked model, masked finch resi-
dence times were significantly higher than those of Gouldian finches 
in the late dry season compared with the early dry season (Table S3 
[model 1]: 0.89, p = 0.05) and in the western highlands (Figure S2; 

Table S3 [model 1]: 1.55, p < 0.001; Figure 3b) and lowlands (Figure 
S2; Table S3 [model 1]: 1.57, p < 0.001; Figure 3b) sites as compared 
with the eastern highlands site.

The top model explaining variability in residence time among 
all three species during the mid and late dry season also supported 
differential response among species to site and session. Compared 
with Gouldian finches, long- tailed finches had significantly higher 
residence times (1.97, p < 0.001), while residence times for masked 
finches did not vary significantly from those of Gouldian finches 
(0.09, p = 0.76) between the mid and late dry seasons. Residence 
times in the western highlands and lowlands sites were also sig-
nificantly higher for long- tailed and masked finches than Gouldian 
finches (Table S4 [model 5]; Figure 3b).

Overall, these results suggest that masked and long- tailed 
finches were more likely to visit and spend more time in the west-
ern highlands and lowlands sites than Gouldian finches, which were 
more likely than the other two finches to visit and spend more time 
in the eastern highlands site. Visitation probability and residence 
times tended to be greatest in the mid dry season, an effect most 
prominent for long- tailed finches.

4  |  DISCUSSION

Our study revealed multiple mechanisms that enable sympatric 
granivorous finches to coexist within tropical savannas. In agree-
ment with the study hypothesis, different species occupied different 
areas of the landscape at different times. However, contrary to the 
hypothesis (based on crop content studies), some finch species sig-
nificantly changed their diet during the late dry season when grass 
seed resources were scarce. There was a large variation in activity 
and diet between individuals of all species. It was only through the 
simultaneous monitoring of site occupancy and dietary characteris-
tics from multiple individuals over extended time periods that these 
behaviours became apparent.

The degree of dietary overlap between Gouldian finches and 
the other two species (long- tailed and masked) increased as seed 
resources declined towards the end of the dry season. Although 
there were consistent differences in the 13C enrichment between 

Session Finch species Gouldian Long- tailed Masked

Early dry season Gouldian ─ 9.6 6.6

Long- tailed 15.8 ─ 59

Masked 10.1 54.5 ─

Mid dry season Gouldian ─ 7.0 68.1

Long- tailed 5.8 ─ 100.0

Masked 20.6 36.5 ─

Late dry season Gouldian ─ 9.2 74.7

Long- tailed 3.3 ─ 76.8

Masked 20.2 57.7 ─

Note: Each row is a measure of how much niche space overlaps with the species in the column.

TA B L E  3  Percentage overlap in 
standard ellipse area as corrected for 
sample size (SEAc) between long- tailed, 
masked and Gouldian finches per session 
across the early, mid and late dry season in 
the Wyndham region, northern Western 
Australia
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the Gouldian finches and the other two species, this was within 
the range of variation among C4 grass species. The broader δ13C 
values of long- tailed and masked finches imply that these finches 
consumed seed from a greater variety of C4 plants than did 
Gouldian finches. Another explanation could be that long- tailed 
finches also fed on things that consumed C4 plants, such as in-
sects. The inclusion of invertebrates in the diet of masked and 
long- tailed finches is further supported by their more enriched 

δ15N values than those detected in Gouldian finches. Crop analysis 
studies have reported that masked and long- tailed finches include 
invertebrates in their diets after the December rains (Dostine & 
Franklin, 2002; Tidemann & Woinarski, 1994). This study supports 
the theory that these species are more generalist feeders than the 
Gouldian finch, and further shows that insects are an important 
food resource for long- tailed and masked finches throughout the 
dry season.

F I G U R E  3  Mean probability of visitation (a) and mean predicted residence time (b) from the four top- ranked models using AICc model 
selection. For both graphs, Model 1 (black) incorporates data for Gouldian (circle) and masked finches (triangles) during early, mid and late 
dry seasons, and Model 2 (grey) incorporates data for Gouldian, masked and long- tailed finches (square) during the mid and late dry seasons. 
Separate models were fitted because long- tailed finches were not captured at the same location as the other species during the early dry 
season.
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The most likely reason for the observed disparity between our 
results and the findings of the crop analyses is methodological, 
although site variability cannot be discounted. Crop sampling only 
provides information about what an individual has consumed im-
mediately before its capture (Pearson et al., 2003). In contrast, 
stable isotope analysis of whole blood effectively integrates the 
previous ~40 days of dietary intake for passerines (Bauchinger & 
McWilliams, 2009; Pearson et al., 2003). Because the crop con-
tents analysed were obtained from finches coming to drink in the 
early morning, insects consumed later in the day, the day before, 
would have left the crop already and were, thus, less likely to be 
detected.

In the study area, the availability of S. stipoideum seeds was 
highest in the early dry season (March– April) before steadily 
declining until the late dry season (October), when it has almost 
entirely disappeared (Weier et al., 2019). The use of passive VHF 
telemetry enabled continuous tracking of multiple individuals 
across this period and showed that, while the three finch species 
fed from different areas throughout the dry season, the level of 
spatial segregation increased when resources were scarce be-
cause they adopted quite different ecological strategies to survive 
the resource bottleneck. Long- tailed and masked finches be-
came more sedentary, reducing energy expenditure and feeding 
on other available food items within their defined range (Abbas 
et al., 2011; Dall & Cuthill, 1997; Devictor et al., 2008). In contrast, 
Gouldian finches continued to feed on a narrow diet of sorghum 
seed, but reduced their time spent within a site, presumably as 
they were required to move over greater areas to collect any sor-
ghum seed that remained.

Current management strategies for these species are similar, 
however, considering the study results, species- tailored strategies 
may have improved success. Gouldian finches fed exclusively on 
sorghum seed, increasing their flight activity and ranging behaviour 
to feed upon remaining patches when grass seed availability was 
low. Thus, management to increase Gouldian finch populations 
should minimise grazing and extensive late- season wildfires to in-
crease sorghum seed availability during the late dry season resource 
bottlenecks (Legge et al., 2015; Weier et al., 2018). The more gen-
eralist long- tailed and masked finches require more localised land 
management. While neither long- tailed nor masked finches are 
currently threatened, the closely related southern black- throated 
finch (Poephila cincta cincta) is highly threatened in savannas of 
north- eastern Australia (Buosi et al., 2021). Given its close mor-
phological resemblance to the long- tailed finch, our results suggest 
that protecting habitat through maintaining herbaceous plant and 
invertebrate community diversity through low- intensity patch burn-
ing, known breeding habitats and waterholes in the late dry season 
would benefit black- throated finches.

The study did have some limitations and potential biases. The 
three species were not captured equally in the same areas and, thus, 
areas of release were also species biased. This may have influenced 
dietary composition; however, this is a circular argument because 
species would be at higher abundance in areas where resources 

were favourable at that time. There is a limitation when using pas-
sive telemetry techniques, in that tagged animals are only detected 
within the detection range of static receivers. Thus, the area of oc-
cupancy is somewhat biased by array placement. In this study, we at-
tempted to provide coverage of the entire activity space of the three 
species, however, some individuals remained for prolonged periods 
outside the detection zone and were not included in the final analy-
sis. There were also periods when towers were rendered inoperable 
due to wildfires, lightning strikes or cattle damage. In order to pre-
vent temporal bias, detections from these towers were not included 
in the final analysis.

Despite these irregularities, a substantial dataset covering the 
continuous movement and site occupancy of multiple individuals 
and species was obtained from a period of high to low resource avail-
ability. Passive VHF telemetry is generally used in collecting broad- 
scale aviation migration studies due to the transmitters' relatively 
small mass to power ratio. In this study, we show its further value in 
studying the fine- scale movement of small- bodied and highly mobile 
species.

5  |  CONCLUSIONS

Long- term dietary selection through tissue stable isotope analysis 
and site utilisation by passive telemetry revealed which resources 
were important to Gouldian, long- tailed and masked finches and 
where they found these resources. The findings supported the 
ecological niche theory for sympatric species and provided a ra-
tionale as to why previous studies may not have observed spatial 
and temporal partitioning for these species. The integration of 
automated telemetry and stable isotope analysis methodologies 
demonstrates that there is significant potential to improve our 
understanding of the functional ecology of difficult- to- observe 
species.
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