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Continuous movement monitoring is a powerful tool for evaluating reintroduction techni
ques and assessing how well reintroduced animals are adjusting to the wild. However, to
date, continuous monitoring has only occurred for large-bodied species capable of carrying
heavy tracking devices. In this study we used an automated VHF radio telemetry array to
investigate the exploratory behavior and movement patterns of critically endangered ʻAlalā
(Corvus hawaiiensis), reintroduced to the Island of Hawaiʻi in 2017. The 11 juvenile ʻAlalā we
tracked exhibited high site fidelity and initial survival. Over time the birds showed decreased
time spent at the supplemental feeders, and transitioned to more focused use of the land
scape, suggesting increased foraging on wild food items. Birds with seemingly less spatial
neophobia at release also made larger post-release exploratory movements. This study
provides the first evidence that 1) supplemental feeding can support site fidelity for re
introduced ʻAlalā without restricting a transition to independent foraging, and 2) that prerelease personality metrics may be useful predictors for predicting post-release movements
of ʻAlalā. Our work is the first to demonstrate the utility and power of automated telemetry
for monitoring the reintroduction of small species.
© 2021 Published by Elsevier B.V.
CC_BY_NC_ND_4.0

Keywords:
Alalā (Corvus hawaiiensis)
Automated telemetry
Exploratory movement
Personality
Reintroduction
Supplemental feeding

1. Introduction
Reintroduction is an important conservation tool for
endangered species recovery. Despite a long history of use,
reintroductions are not always successful and could pose a
great risk to the last individuals of an endangered species
(Fischer and Lindenmayer, 2000; Moseby et al., 2014). After
release into the wild, reintroduced animals face unfamiliar
landscapes, habitats, foods, and predators, and often lack
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opportunities to learn from wild conspecifics. Post-release
survival hinges on choosing suitable individuals and sites for
release (Masuda and Jamieson, 2012; Berger-Tal and Saltz,
2014), effective preparation (Biggins et al., 1999; van Heezik
et al., 1999), and suitable post-release support (Seddon,
1999; Mitchell et al., 2011). Given the high ecological and
financial risks of reintroduction, careful design of re
introduction programs and rigorous post-release monitoring
are essential (Fischer and Lindenmayer, 2000; IUCN Species
Survival Commission, 2013; Hanane and Magri, 2016).
Monitoring the movement of reintroduced animals can
provide insights into exploratory behavior and adjustment
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to the wild (Yott et al., 2011; Bleisch et al., 2017; Mertes
et al., 2019). Upon reintroduction, naïve animals must ex
plore their surroundings to find critical resources and learn
about local threats (Frair et al., 2007). However, movement
in unfamiliar landscapes involves risk of predation and
disorientation (Belichon et al., 1996; Brown and Kotler,
2004). As reintroduced individuals become more familiar
with their surroundings, movement patterns are expected to
change over time as movement costs decline and benefits
increase (Berger-Tal and Saltz, 2014). Newly released ani
mals often make intermittent exploratory movements into
novel areas (Moehrenschlager and Macdonald, 2003;
Schmitz et al., 2015), but as their movement becomes more
guided by memory and learned information, they begin to
focus on specific landscape features, then ultimately shift to
a range-residency (Fryxell et al., 2008). Post-release move
ment patterns of reintroduced animals can therefore iden
tify the pace at which animals switch from exploration to
settlement, and assess how well individuals are adjusting to
the wild (Berger-Tal and Saltz, 2014). Understanding and
predicting how spatial behavior differs between individuals
can also be useful in the context of reintroductions (Merrick
and Koprowski, 2017), by helping choose suitable in
dividuals for future releases.
Movement monitoring is also a powerful tool for asses
sing the efficacy of reintroduction methods (Mitchell et al.,
2011; Attum et al., 2013; Mertes et al., 2019). For instance,
site fidelity is a key component to reintroduction success
easily measured through tracking (Berger-Tal and Saltz,
2014). Site fidelity often results in increased survival during
reintroductions (Bright and Morris, 1994; Lockwood et al.,
2005; Liu et al., 2016) because animals encounter fewer
predators and humans near protected and managed release
locations (Moehrenschlager and Macdonald, 2003; Terhune
et al., 2010; Mitchell et al., 2011). High site fidelity can also
minimize Allee effects (Yott et al., 2011) and facilitate
monitoring. Site fidelity is often encouraged through sup
plemental feeding, which also provides nutritional support
for inexperienced animals (Armstrong and Perrott, 2000).
However, species raised in human care can potentially be
come reliant on supplemental feeders, which could artifi
cially restrict post-release movements. For instance,
reintroduced scimitar-horned oryx (Oryx dammah) used
supplemental food even during periods of local food abun
dance, indicating that their movement was decoupled from
environmental conditions, and restricted by provisioning
(Mertes et al., 2019). These consequences may be amplified
in territorial species, in which restricted movement or arti
ficially clumped resources could limit the ability to establish
and breed (Robb et al., 2008).
Balancing the tension between exploration and site fi
delity is a central challenge of reintroduction. Although
movement monitoring provides an excellent tool for asses
sing how reintroduced animals explore the landscape and
respond to supportive measures, constraints in the size of
tracking devices have limited continuous, long-term mon
itoring to larger species. Fortunately, advances in automated
VHF radio telemetry now allow for cost-effective continuous
monitoring of small-bodied species across a range of habi
tats (Kays et al., 2011; Taylor et al., 2017). In this study we
used an automated VHF radio telemetry array to study the

initial post-release movement of the critically endangered
ʻAlalā (Corvus hawaiiensis), or Hawaiian Crow, an iconic and
culturally important endemic of Hawaiʻi. ʻAlalā were his
torically abundant in low and mid elevation forests on the
Island of Hawaiʻi, where they were an important seed dis
perser (Culliney et al., 2012). However, habitat degradation,
introduced predators and diseases, and persecution led to
significant population declines and the species was limited
to one small region on the leeward side of the Island of
Hawaiʻi by the 1990s (Banko et al., 2002). Although efforts
were made in the 1990s to supplement this population with
birds reared under human care, this release of 27 individuals
was ultimately unsuccessful and the wild population con
tinued to decline (Kuehler et al., 1995; U. S. Fish and Wildlife
Service, 2009).
ʻAlalā have not been observed in the wild since 2002;
however, a conservation breeding program led by the San
Diego Zoo Global’s Hawaii Endangered Bird Conservation
Program successfully prevented imminent extinction and
increased the population. This accomplishment, in con
junction with 2 decades of forest management, has allowed
the recovery program to transition back to reintroduction
guided by an adaptive management framework (U. S. Fish
and Wildlife Service, 2009). Because research on the last
wild ʻAlalā was conducted when the species was in steep
decline and with existing conspecifics on the landscape
(Banko et al., 2002), studying the movements of
reintroduced ʻAlalā can provide insight into aspects of their
spatial ecology and foraging behavior that are poorly un
derstood but could have important consequences for
shaping reintroduction outcomes.
In this study we continuously tracked 11 juvenile ʻAlalā
released in 2017 throughout the ~ 7-month lifespan of their
transmitters. Though social dynamics are also likely to in
fluence movement patterns in this species, analysis of social
networks was outside the scope of this work and is being
detailed in a separate analysis. Our primary focus here was
to quantify how movements changed over time, as temporal
movement patterns can reveal how animals respond to
novel habitats, and when they establish home ranges
(Berger-Tal and Saltz, 2014). Because supplemental food was
provided near the release site throughout the entirety of this
study (VanderWerf et al., 2013), we used distance from and
time away from feeders as key measures of behavioral
change. If birds became less reliant on feeders, we expected
them to spend less time at the feeders and move greater
distances from them as the tracking period progressed. We
used semi-variance functions (Calabrese et al., 2016), and
weekly measures of cumulative space use to assess whether
the ʻAlalā were range resident. We defined exploratory
movement as use of novel geographic space; thus, cumula
tive space use would show a temporal increase when birds
made exploratory movements, and plateau as they settled
into range residency. We tested the hypothesis that ʻAlalā
would focus more on specific landscape features over time,
by evaluating temporal changes in recursion metrics, as a
shift to more focused and repeated use of specific landscape
features would cause an increase in both recursion rate and
mean residence time (Bracis et al., 2018).
Our study also sought to inform future ʻAlalā conserva
tion and reintroduction by investigating predictors of
2
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release. Two weeks before release, the birds were moved to
a release aviary to acclimate prior to release. All birds were
fitted with a Biotrack (Wareham United Kingdom) VHF radio
transmitter (model TW-3-10-28 or TW-5-10-28) with a
pulse rate of 60 ppm and a pulse width of 15 ms.
Transmitters were attached as backpacks, using spectra
harness material (Bally Ribbon Mills, Bally Pennsylvania,
USA) and copper crimps. The tags and attachment materials
weighed 11.8–12.6 g and constituted ≤ 3% of the birds’ mass.
ʻAlalā were released in 2 cohorts on September 26 and
October 11 of 2017, at 16 months of age (457–538 days),
prior to typical adult territorial behavior (3–4 yr; Banko
2002). At the time of release and throughout the study
period, no other ʻAlalā were in the wild. As an index of
spatial neophobia, we measured how long it took birds to
exit the release aviary after staff opened the doors.
After release ʻAlalā were given supplemental food before
dawn every day within 25 m of the release aviary in plastic,
custom food hoppers that ‘Alalā were trained to open prior
to release. The post-release supplemental diet was nearly
identical to what the birds received under managed care
before release and contained sufficient nutritional diversity
and calories to entirely sustain the birds. Supplemental food
was removed at dusk for the initial 4 months, but the pro
visioning period was progressively shortened with food re
moval occurring at 17:00 (January 2018), 16:30 (February
2018), 16:00 (March 2018), and 15:00 (April 2018). Feeding
staff dressed in black costumes with face coverings to
minimize the association between humans and food. Birds
were opportunistically weighed when landing on spring
scales at the feeders, as recorded by live observation or
automated trail cameras (Bushnell Trophy). All pre-release
holding and data collection was approved by San Diego Zoo
Global's animal care and use committee IACUC no. 16-009
and conducted under USFWS Permit no. TE060179-5, State
of Hawaii Division of Forestry and Wildlife permit no. WL1604, U.S. Geological Survey Federal Bird Banding Permit
24020, and a Department of Land and Natural Resources
Natural Area Reserves System Special Use Permit.

individual variation in post-release movement. Personality
traits can often influence movement patterns and survival of
reintroduced and translocated animals (Bremner-Harrison
et al., 2004; Watters and Meehan, 2007; West et al., 2019),
and can therefore provide important insight into prioritizing
individuals for future releases (de Azevedo et al., 2017). We
tested whether pre-release measures of native fruit con
sumption and a proxy for spatial neophobia (fear of novelty)
correlated to post-release movement behavior. We expected
that birds with higher propensities to consume native fruits
would spend more time away from the supplemental fee
ders exploring wild food sources, and that individuals less
hesitant to leave the aviary would make larger exploratory
movements.
2. Materials and methods
2.1. Study site
ʻAlalā were released at the Pu‘u maka‘ala Natural Area
Reserve on the Island of Hawaiʻi, Hawaiʻi, USA. While on the
edge of the historical range, this site was chosen from sev
eral candidate locations based on protection status, size of
contiguous forest, vegetation structure and diversity, and
management status (Price and Jacobi, 2007). The 7570 ha
reserve spans the windward slopes of Mauna Loa from 853
to 1899 m elevation, and receives 200–400 cm of rainfall
annually (Department of Land and Natural Resources, 2012).
Although the site is cooler and wetter than the dry mesic
forests historically occupied by ʻAlalā (Banko, 2009) active
restoration has created diverse food resources, and a dense
understory that provides protection from aerial predators.
The forest canopy is composed of ʻōhiʻa (Metrosideros poly
morpha) and koa (Acacia koa), and the understory contains
native fruiting species, including ʻōlapa (Cheirodendron tri
gynum), kōlea (Myrsine lessertiana), pilo (Coprosma rhynch
ocarpa), pūkiawe (Leptecophylla tameiameiae), ʻākala (Rubus
hawaiensis), and ʻōhelo (Vaccinium spp.), among others.
2.2. Release conditions

2.3. Telemetry data
ʻAlalā were raised at the Keauhou Bird Conservation
Center on the Island of Hawaiʻi in outdoor aviaries with
covered areas for shelter and feeding. The aviaries were
designed so ʻAlalā could comfortably roost, forage, fly, and
bathe with minimal human contact (Greggor et al., 2018).
ʻAlalā chicks were raised by puppet rearing or conspecific
adults. During the fledging period, puppet-reared birds were
fed solely by crow puppets, interacted only with similarly
aged ʻAlalā or costumed people, and were exposed to adult
calls that were broadcast from speakers. Nine ʻAlalā tracked
in this study were puppet reared, and 2 were parent reared.
All birds received anti-predator training before release and
were put through systematic foraging trials (n = 40) in which
they were offered a standard amount of one of 5 native fruit
species. We ranked each bird according to how often it in
vestigated and consumed native fruit during pre-release
foraging trials and used these indices as covariates of postrelease movement.
ʻAlalā were moved to a flight conditioning aviary near
the release site where they were held for 4 months before

We used automated radio telemetry systems (ARTS)
to track individuals for the life of the radio transmitters.
We established five 10-m towers, each with 6 fixed-Yagi
antennas oriented 60° apart, and an automated Sparrow
System receiver manufactured by JDJC Corp programmed to
listen for each frequency every 5 min. We recorded peak
signal strength for each frequency on each antenna, mat
ched detections across towers by time stamp, and used the
relative signal strength between 2 adjacent antennas to
calculate a bearing to the radio-tracked birds (Larkin et al.,
1996). We only included signals above the background ra
diation threshold (−125 dB), for which the recorded pulse
width and interval were within 5 and 100 ms respectively of
each transmitter’s pulse specifications. We collected auto
mated telemetry data from the first day post-release for the
first cohort, but not until two weeks after release for the
second cohort.
We used the telemetr package (Rowlingson, 2012) to
estimate locations for birds based on signal strength and
3
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bearing of simultaneous detections (White and Garrott,
1990). We used maximum likelihood estimation for trian
gulations as this yielded the greatest accuracy for tags at
known locations. To filter for unrealistic locations we re
moved any estimates > 5 km from a receiver, based on a
conservative maximum detection limit, and applied a speed
filter in the trip package (McConnell et al., 1992; Sumner
et al., 2009) using an 80 km h−1 maximum. We achieved an
accuracy of 157 ± 89 m for estimates from 2 bearings, and
101 ± 78 m for estimates from ≥ 3 bearings for tags at known
locations. Telemetry data collected for this study are avail
able at https://doi.org/10.5066/P9ON5BP0 (Paxton, 2021).

large enough effective sample size for calculating auto
correlated kernel density estimates (AKDE; Fleming et al.,
2019). Semi-variance functions of weekly tracks exhibited
asymptotes, suggesting the birds were using a restricted
area at that temporal scale. Weekly estimates represent
temporary phases in which animals exploit a restricted area,
but do not conform to the typical definition of a home range
(Péron, 2019; Patin et al., 2020).
We ran continuous time movement models in
corporating location error for each weekly track segment.
We considered the following range-restricted models: an
Ornstein–Uhlenbeck process model (OU) with Brownian
Motion (Uhlenbeck and Ornstein, 1930), an Orn
stein–Uhlenbeck Foraging model (OUF) with correlated ve
locities, and a special case of OUF in which the velocity and
location autocorrelation parameter are equal (Fleming et al.,
2014; Fleming and Calabrese, 2020). We fit the models via
maximum likelihood, used the best model from each track
segment to generate aligned weekly AKDE estimates by bird,
and averaged weekly AKDE estimates by bird for an overall
mean AKDE. We calculated the area and centroid of the 95%
and 50% isopleths for each week and calculated the cumu
lative area for the 95% and 50% isopleths over time by
overlaying the weekly ranges (Lenz et al., 2015).
We used recursion metrics (Bracis et al., 2018) to in
vestigate our hypothesis that ‘Alalā would increasingly key
in on distinct locations over time. Since we were explicitly
interested in investigating how the ‘Alalā were using areas
distinct from the feeding area, we only analyzed recursion
metrics for locations ≥ 600 m from the feeders. We chose
600 m as this was twice the median daily distance from the
feeders. We calculated revisit rate as the total number of
visits within a defined radius to a previously occupied lo
cation and residence time as the total amount of time spent
within a defined radius of locations across all visits
(Nandintsetseg et al., 2019). To assess temporal changes in
space use we calculated weekly values of these metrics
using the same periods used for weekly range estimates. To
quantify temporal changes in the degree to which birds in
tensively revisited sites, we calculated the proportion of
locations revisited at least 25 times for each birds’ weekly
segment. We selected a threshold of at least 25 revisits as
this was the 90th quantile in recursion rate. Our hypothe
sized behavioral shift would therefore equate to a temporal
increase in the proportion of sites intensively revisited, and
a concurrent increase in mean residency time.
We defined revisits as occurring when a bird left a radius
of 180 m around a location and returned after ≥ 30 min, and
defined residence time at a location as the total amount of
time spent across visits. We used a radius of 180 m because
we were interested in identifying fine-scale foraging loca
tions (Bracis et al., 2018), and that radius is between our
location error and the median step length of 220 m. To
confirm the suitability of this radius we calculated each
metric using radii from 150 to 240 m, by increments of 10 m.
The results were consistent across the radii. We used a
threshold time of 30 min to exclude brief excursions outside
the radius. We did not conduct a full sensitivity analysis for
the 30-min time threshold, as our goal was to document
relative trends; furthermore, a preliminary analysis with no
time threshold yielded similar results, and a median return

2.4. Statistical analysis
We classified biangulated locations ≤ 150 m of the fee
ders, and triangulated locations ≤ 100 m as visits to the
feeders, and considered all other detections as occurring
“away” from feeders. We grouped consecutive series of
diurnal locations that occurred at or away from the feeders
and within the same day into unique bouts and used these
bouts to determine the percentage of diurnal tracking hours
away from the feeders each day for each bird. Because the
ARTS array scanned for each bird every 5 min, this approach
could miss brief (< 5 min) visits to the feeders. However,
casual field observations suggested ʻAlalā seldom made brief
visits to the feeders and the 150-m surrounding area. We
calculated the daily median distance from the feeders. This
is akin to using net squared displacement to characterize
ranging behavior (Edelhoff et al., 2016) but standardized
movements relative to the feeders.
We used linear mixed effects models to relate the per
centage of diurnal tracking hours away from the feeders to
days since release, fruit investigation rank, fruit consump
tion rank, and spatial neophobia (time to leave the aviary).
We used days since release to standardize the response to
each birds’ time on the landscape across cohorts. We used
linear mixed effects models to relate the daily median dis
tance from the feeders to date and spatial neophobia with a
variance term to account for heteroskedasticity. We used
date as the predictor in these models to account for sea
sonally synchronized changes in exploratory behavior across
individuals evident in exploratory analysis. For all response
variables, we included individual as a random effect, and a
first-order autoregressive correlation structure (AR-1) to
model temporal autocorrelation (Zuur et al., 2009).
We estimated semi-variance functions and weekly
ranges of ‘Alalā to evaluate range residency and temporal
changes in space use. A semi-variance function describes
variability in distance between locations as a function of
their time lag and asymptotes if an individual exhibits range
residency over the tracking duration (Fleming et al., 2014;
Calabrese et al., 2016). The semi-variance functions did not
indicate range residency for the ‘Alalā over the tracking
period, so we estimated short-term ranges for each in
dividual. This is a common approach for species exhibiting
continuous change in ranging behavior (Morellet et al.,
2013; Lenz et al., 2015). We estimated weekly ranges to
standardize time periods across individuals. Weekly ranges
also represented a compromise between a fine enough
temporal resolution for describing range expansion, and a
4
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time of 2 h. We compared the mean residence time and
proportion of locations intensively revisited between the
first and second half of the period over which we had data
from all individuals (10–24–2017 to 04–17–2018) using
paired Welch’s t-tests. To identify locations important to all
birds (Bracis et al., 2018) we also estimated recursion sta
tistics for the population over weeks in which we had data
from all birds using the parameters outlined above.
We conducted all statistical analyses in the R Statistical
Software Environment version 3.6.3 (R Core Team, 2020).
We used AIC corrected for small sample size (AICc) to
compare models (Burnham and Anderson, 2002). For mixedeffects models we considered variables significant at
α = 0.05, and strongly significant at 0.01 (Zuur et al., 2009).
We reported both the conditional (R2c) and marginal coeffi
cient of determination (R2m) for mixed-effects models to
compare the variance explained in total (R2c), and by the
fixed effects alone (R2m; Johnson, 2014). We reported all
summary statistics as mean ± standard deviation, and
parameter estimates for models as 95% confidence intervals.
We ran mixed effects models in the nlme package (Pinheiro
et al., 2020), fit semi-variance functions, continuous time
movement models, and AKDE range estimates in the ctmm
package (Fleming and Calabrese, 2020), and generated re
cursion statistics with the recurse package (Bracis
et al., 2018).

that left the aviary faster (linear mixed-effect model;
n = 2063; β = (−0.22, −0.01); P = 0.03). The R2c (0.78) for this
model was much greater than R2m (0.44), indicting con
siderable variability between individuals (Table 1,
Supplementary Materials Fig. S1). The AICc for the model
of distance from feeders was markedly improved by in
cluding an exponential variance function conditional on date
(Δ AICc = 1165), reflecting a sharp increase in exploratory
movements away from the feeders toward the end of the
tracking period. All 11 ʻAlalā exhibited intermittent large
movements away from the feeders. The maximum distance
for individuals averaged 3.28 km (range 2.79–4.05 km).
Despite spending progressively less time at the feeders, the
ʻAlalā only lost 23 ± 33 g over the tracking period, and thus a
small percentage of their body mass (0.04 ± 0.06%).
Space use patterns were highly variable between birds
and did not show evidence of range residency for any ʻAlalā
(Supplementary Materials Fig. S1). Segmenting the move
ment tracks resulted in 23–32 weekly AKDE range estimates
per individual (27 ± 3), all based on an OUF model. The
average AKDE estimates over the full tracking period for
each bird ranged from 0.98 to 3.35 km 2 , and the total cu
mulative area used ranged from 2.14 to 8.80 km2 (5.45 ±
2.10 km 2 ). The ‘Alalā showed sharp increases in space use in
late December/early January and in late March/early April
(Fig. 2B). The spring increase was attributable to a syn
chronized westward shift of range centroids in April
(Fig. 2C). The semi-variance functions did not indicate range
residency for any ʻAlalā; reflecting this, the cumulative area
used only leveled off for more than a month for two in
dividuals. The centroids of the birds’ weekly ranges also
became more distant from feeders as the tracking period
progressed (Supplementary Materials Fig. S2).
We found an increase in both revisit rate and residency
time for locations distinct from feeders over the tracking
period, with a particularly sharp jump in these metrics in
early April (Fig. 3). The first cohort exhibited an initial peak
in both metrics during the first 4 weeks post-release, when
there was no data for the second cohort. Mean residence
time was low throughout the remainder of the first half of
the tracking period but increased by 3.89–6.63 h (95% CI) in
the second half of the tracking (Fig. 3; t = −8.6; df = 10;
P < 0.001). The proportion of revisited locations increased
by 0.05–0.16% (95% CI) in the second half of the tracking
period (t = −4.4; df = 10; P = 0.001). Interestingly, all 11 ʻAlalā

3. Results
We collected 33,344 ± 7718 locations for each of the 11
released ‘Alalā over 202 ± 20 days of tracking (Table 1). The
birds spent (87 ± 10%) of daylight tracking hours away from
the feeders overall, for an average of 86 ± 1% and 90 ± 4% in
the first and second half of each birds’ respective tracking
period. The ‘Alalā spent significantly more time away from
the feeders as the tracking season progressed (linear mixedeffect model; n = 2063; β = 0.013–0.063; P = 0.003; Fig. 1).
This temporal trend differed between individual birds, and
R2c (0.15) was 3 times larger than R2m (0.05). Kalokomaika‘i
was the only individual that showed a decrease in time
spent away from the feeders over the tracking period.
Daily median distance from the feeders significantly in
creased over time (linear mixed effect model; n = 2063;
β = (0.528, 1.02); P < 0.001; Fig. 2A) and was greater for birds

Table 1
Information on automated telemetry of ʻAlalā (Corvus hawaiiensis) in the Pu’u Maka’ala Natural Area Reserve in Hawaiʻi, USA September 2017 - May 2018,
including sample size (n), median percentage of daily (time) away from and distance (dist) to feeders, (m), and slopes for models of temporal change in time
away from the feeders (β time), and distance to feeders (β dist).
Name

Abbreviation

Sex

Release date

n

Time

Dist

β

Mana‘olana
Awa
Palekana
Lili'uwelo
Ho’oikaika
Manaiakalani
Maka'ala
Kia'ikūmokuhāli'i
Kalokomaika'i
Mele
Ola

Mana
Awa
Pale
Lili
Ho’o
Mania
Maka
Kia'i
Kaloko
Mele
Ola

M
F
M
F
M
F
M
M
M
M
F

10/11/2017
9/26/2017
9/26/2017
9/26/2017
9/26/2017
10/11/2017
9/26/2017
9/26/2017
10/11/2017
10/11/2017
10/11/2017

29,418
40,466
40,465
39,959
20,563
29,304
43,607
39,562
31,405
26,406
25,628

90
89
87
88
90
87
87
88
82
89
86

334
310
298
318
341
262
303
329
240
363
263

0.08
0.06
0.03
0.07
0.05
0.04
0.04
0.06
−0.06
0.05
0.02

5

time

β

dist

1.02
0.99
0.72
0.95
1.20
0.57
0.68
0.91
0.36
1.14
0.30
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Fig. 1. Relationship between days after release, and percent of daylight tracking hours away from feeders for ʻAlalā (Corvus hawaiiensis). Individuals birds are
shown in color, and the population response is shown in a dashed line. Data are from automated telemetry in the Pu’u Maka’ala Natural Area Reserve in Hawaiʻi,
USA September 2017 to May 2018.

Fig. 2. (A) Median daily distance from feeders throughout the tracking period for each ʻAlalā (Corvus hawaiiensis). Individuals birds are in color, and the
population level response in a dashed black line. (B) Total cumulative area used over time for each bird, based on 95% isopleths of weekly range areas. (C)
Easting of weekly core range centroid for each bird. Data are from automated telemetry in the Pu’u Maka’ala Natural Area Reserve in Hawaiʻi, USA September
2017 to May 2018.
6

Fig. 3. (A) Weekly mean residency time for each ʻAlalā (Corvus hawaiiensis), averaged over all locations ≥ 600 m from feeders, and weekly proportion of locations ≥ 600 m from the feeders revisited ≥ 25 times by an
individual. Each point on these plots shows the weekly summary for one bird. The shaded area shows the time span over which data were available for all birds, and the vertical line shows the temporal midpoint at which
data were split for analysis. (B) Locations in week 28 (April 3 – April 10) revisited ≥ 25 times by all 11 ʻAlalā are shown in color, and all others in grey. Longer mean residence time at a location is depicted with darker
colors. The feeding area is shown with a point, and automated telemetry towers with a star. Data are from automated telemetry in the Pu’u Maka’ala Natural Area Reserve in Hawaiʻi, USA September 2017 to May 2018.
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showed a sharp increase in both recursion metrics from
March 27 to April 10, when the range centroids showed a
synchronized westward shift for all individuals. The popu
lation-level recursion analysis identified locations west of
the feeders revisited ≥ 25 times by all 11 ‘Alalā from March
27 to April 10 (Fig. 3). In contrast, there were no locations
revisited by all birds ≥ 25 times in any other weekly period.
Moreover, 52 ± 11% of locations were revisited ≥ 10 times by
all 11 birds from March 27 to April 10, compared to only
1.90 ± 0.03% over all other weeks in which we had data for
all birds.

Collectively, these results demonstrate the potential for
using temperament to predict post-release movement of
ʻAlalā. Further research into how pre-release measurements
of temperament influence ʻAlalā movement and survival
may be productive, particularly because specific behavioral
traits may only confer a fitness advantage under certain
environmental conditions (Bremner-Harrison et al., 2004;
Haage et al., 2017). Although the propensity to investigate
and consume native fruits was not a significant predictor of
post-release behavior, stricter measures of food neophobia
could be a useful predictor of post-release foraging or ex
ploration because juvenile ʻAlalā exhibit a high degree
neophobia in other contexts (Greggor et al., 2020). Ulti
mately, choosing individuals with a range of desirable
behavioral traits during reintroductions could foster a
population more resilient to environmental change in both
behavioral response, and genetic composition (Watters and
Meehan, 2007). This strategy may be especially important as
the species is released at new sites with variable environ
mental conditions and unique challenges.
Even when pre-release behavioral data are not available,
consistent divergence in post-release movement can also be
informative (Berger-Tal and Saltz, 2014). For instance, Kalo
komaika‘i exhibited the smallest median daily distance from
the feeders, one of the smallest increases in distance from
feeders over time, spent the most time at the feeders, and
unlike all other birds spent more time at the feeders over the
duration of the study. He was ultimately returned to the
conservation breeding center following an act of conspecific
aggression. His story provides a prime example of how
consistent divergence from conspecifics in movement pat
terns can serve as a warning sign of detrimental behavior or
conflict.
The cumulative space use and mean AKDE estimates
observed for the juvenile ʻAlalā in this study were smaller
than the home range sizes reported for former wild popu
lations. However, as these individual transition from ex
ploratory to territorial behavior, their eventual home ranges
may encompass a larger spatial area, with less overlap. Work
on wild adult ʻAlalā in the 1990s estimated mean home
range sizes of 4.8 km 2 (range 0.6–14.6 km 2 ), but it is unclear
how representative these values are as they do not ne
cessarily include large seasonal movements, they were ob
tained in a different location and habitat compared to the
current study, and reflect conditions of a historically small
population in severe decline (U. S. Fish and Wildlife Service,
2009). The ranges of wild ʻAlalā also likely changed over
time as birds shifted elevation and habitat types during the
breeding season to track fruit and rainfall (Banko et al.,
2002). The temporally synchronized movement patterns we
observed in April across all eleven ʻAlalā could similarly
represent birds tracking food resources. The repeated visits
the birds made in April to a site west of the feeders were
primarily diurnal, and only transpired over a two-week
period, suggesting that the ʻAlalā were tracking an ephem
eral foraging resource or possibly responding to social cues.
Many of the fruits that ʻAlalā have shown a preference for in
human care begin peak fruit production in early spring
(Culliney et al., 2012; Kovach, 2012). These findings provide
encouraging evidence that the birds were learning to forage
independently, despite being reared in conservation

4. Discussion
Using continuous automated telemetry, our study pro
vides insight into the pace and scale at which reintroduced
ʻAlalā explored the landscape, and the degree to which they
adjusted to their new environments. Though the birds ex
hibited high site fidelity, they increased their exploratory
behavior as time progressed, spending less time at the fee
ders, and exploring areas farther from the feeders. Similar
temporal shifts in behavior have been observed for other
reintroduced species (Schmitz et al., 2015) and provide
evidence of learning and adjustment to the wild (Berger-Tal
and Saltz, 2014). As the ʻAlalā presumably gained informa
tion about their surroundings, they made progressively
longer movements, including some landscape-scale flights,
potentially indicative of and analogous to those made by
wild populations to evade bad weather and exploit
ephemeral foods (U. S. Fish and Wildlife Service, 2009). Al
though reintroduced animals typically shift to a settlement
phase eventually, the ʻAlalā in this study had not yet es
tablished home ranges. In the wild, juvenile ʻAlalā were
historically dependent on adults for at least 8 months, as
sociated with family units for even longer, and did not form
breeding territories until 3–4 years (Banko et al., 2002). This
long developmental period, combined with high juvenile
neophobia (Greggor et al., 2020), possible loss of wild be
haviors in human care (U. S. Fish and Wildlife Service, 2009),
and lack of conspecifics on the landscape at the time of re
lease may equate to a relatively protracted exploratory
phase for this species during reintroduction. Though the
ʻAlalā were not yet range resident, the recursion analysis
revealed that the birds were beginning to focus their space
use to a more limited set of locations; this is a sign of in
creased habitat selectivity, and is a behavior that marks the
early stages of settlement (Berger-Tal and Saltz, 2014).
This study is the first to demonstrate that less spatial
neophobia at the time of release is correlated to larger postrelease movements for reintroduced ʻAlalā. While our
spatial neophobia metric served only as a proxy for true
neophobia since there was no associated control, there is a
precedent for using pre-release measures of personality to
prioritize individuals for release (Germano et al., 2017;
Haage et al., 2017; West et al., 2019). However, this strategy
requires that temperament has predictable effects on postrelease behavior and can be classified well. That we saw a
high degree of behavioral variability between individuals
and consistency within individuals across movement me
trics is therefore notable, as these patterns are a defining
mark of personality in animals (de Azevedo et al., 2017).
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response to reintroduction protocols. The vast amount of
data collected with automated telemetry equates to robust
statistical power and strong inference, even in the face of the
small sample sizes characteristic of reintroductions. ʻAlalā
remain one of the most globally imperiled bird species,
so there are unfortunately still insufficient numbers of
individuals to use the experimental approaches that can
best inform reintroduction efforts (Armstrong and Seddon,
2008). However, automated VHF radio telemetry clearly
provides a robust approach for analyzing post-release
movements of ʻAlalā in an adaptive management framework
and provides a promising avenue for assessing and im
proving the reintroduction efforts for other small-bodied
species.

breeding facilities, and highlight that release sites large
enough for ʻAlalā to track ephemeral resources throughout
the year would be beneficial.
Our results collectively provide some lessons for im
proving future ʻAlalā reintroductions. Despite continuous
supplementary feeding, the ʻAlalā progressively decreased
the amount of time spent at the feeders and lost minimal
weight, offering another line of evidence that they were
learning to forage independently. It is also notable that
supplemental feeding, in conjunction with pre-release ac
climation at the release site resulted in high site fidelity and
survival. Though we were unable to experimentally compare
these release strategies to other alternatives, the site fidelity
in this reintroduction stands in sharp contrast to outcomes
in the 1990s, when ʻAlalā promptly dispersed from the im
mediate release site after supplemental food was removed
3–5 months post-release (Kuehler et al., 1995). Despite
making distant flights away from the release site, the ʻAlalā
in this study returned to the release site throughout the
tracking period, and thus benefitted from mammalian pre
dator control at the release site – a critical component of
ʻAlalā restoration that has been largely absent from earlier
reintroductions (U. S. Fish and Wildlife Service, 2009). In
many bird reintroductions, release outcomes are compro
mised by high dispersal and mortality immediately after
release (Hardman and Moro, 2006). Indeed, that all ʻAlalā
from the 2017 release survived through the 202 ± 10-day
tracking period marks an initial success in terms of survival.
Though fidelity was initially beneficial, future release
efforts may need to eventually encourage birds to disperse
once they approach sexual maturity and transition to de
fending territories. The ultimate success for ʻAlalā re
introduction will occur when birds breed independently,
which has not yet happened. As in the 1990s, the ʻAlalā in
this release experienced high initial survival, but ultimately
did not reproduce in the wild (Banko, 2009). Two birds ul
timately suffered injuries or morality from conspecific ag
gression, and others were predated by ʻIo (Hawaiian hawk;
Buteo solitarius), both of which could have been exacerbated
by limited dispersal. Indeed, wild ʻAlalā aggressively defend
territories from conspecifics, and overcrowding can lead to
deadly aggression (Banko, 2009; Tanimoto et al., 2017).
Moreover, at the conservation breeding facilities, ʻAlalā re
productive success increases when breeding pairs are spa
tially and visually separated (Flanagan et al., 2020). Though
pre-decline densities of ʻAlalā are unknown, the last wild
nests were spaced ≥ 300 m (U. S. Fish and Wildlife Service,
2009). Future releases could therefore test how to transition
the spacing of feeding stations to distances more appro
priate for breeding (≥ 300 m apart), to effectively balance the
goals of maintaining site fidelity and minimizing aggression.
Improving the success of reintroduction efforts requires
continually assessing and improving reintroduction strate
gies (Armstrong and Seddon, 2008). Post-release movement
monitoring offers a valuable mechanism for evaluating re
introductions (Moseby et al., 2014), but is challenging for
small-bodied organisms, particularly because small global
positioning devices still have relatively short battery lives.
Our work demonstrates the power of using automated
telemetry to continuously track post-release movements of
small organisms over long time periods to quantify their
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