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Individual and seasonal variation in the ®

movement behavior of two tropical
nectarivorous birds
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Abstract

Background: Movement of animals directly affects individual fitness, yet fine spatial and temporal resolution
movement behavior has been studied in relatively few small species, particularly in the tropics. Nectarivorous
Hawaiian honeycreepers are believed to be highly mobile throughout the year, but their fine-scale movement
patterns remain unknown. The movement behavior of these crucial pollinators has important implications for forest
ecology, and for mortality from avian malaria (Plasmodium relictum), an introduced disease that does not occur in
high-elevation forests where Hawaiian honeycreepers primarily breed.

Methods: We used an automated radio telemetry network to track the movement of two Hawaiian honeycreeper
species, the ‘apapane (Himatione sanguinea) and ‘i‘iwi (Drepanis coccinea). We collected high temporal and spatial
resolution data across the annual cycle. We identified movement strategies using a multivariate analysis of
movement metrics and assessed seasonal changes in movement behavior.

Results: Both species exhibited multiple movement strategies including sedentary, central place foraging,
commuting, and nomadism , and these movement strategies occurred simultaneously across the population. We
observed a high degree of intraspecific variability at the individual and population level. The timing of the
movement strategies corresponded well with regional bloom patterns of ‘6hi‘a (Metrosideros polymorpha) the
primary nectar source for the focal species. Birds made long-distance flights, including multi-day forays outside the
tracking array, but exhibited a high degree of fidelity to a core use area, even in the non-breeding period. Both
species visited elevations where avian malaria can occur but exhibited little seasonal change in elevation (< 150 m)
and regularly returned to high-elevation roosts at night.

Conclusions: This study demonstrates the power of automated telemetry to study complex and fine-scale
movement behaviors in rugged tropical environments. Our work reveals a system in which birds can track shifting
resources using a diverse set of movement behaviors and can facultatively respond to environmental change.
Importantly, fidelity to high-elevation roosting sites minimizes nocturnal exposure to avian malaria for far-ranging
individuals and is thus a beneficial behavior that may be under high selection pressure.
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Background

Movement of animals over space and time directly
affects individual fitness, influences the structure and
dynamics of populations and communities, and is a key
component of ecology and evolution [1]. Animals move
to secure mates, avoid danger, gather social information,
and acquire resources that vary over space and time
[2, 3]. Movement is also a key mechanism by which
animals respond to environmental change over evolu-
tionary time scales [4]. Movement decisions have high
fitness consequences and are under strong selection,
so study of movement behavior can provide deep eco-
logical and evolutionary insights [5, 6].

Animals have evolved a variety of movement strategies
to maximize fitness and resource allocation, with range
residency, migration, and nomadism common across
vertebrate taxa [7]. Nomadic movement is highly
variable in orientation and timing and is a response to
nonseasonal, unpredictable environmental variability for
which territorial defense or ingrained migratory behavior
are less beneficial [8]. In contrast, migratory movements
are an adaptation to predictable seasonality in resources,
and range residency is most adaptive in environments
with stable, evenly distributed, but finite resources [9].
Range residency (i.e. fidelity to a core area) can be sub-
classified into finer-scale movement strategies including
territoriality, in which movement is confined to a
discrete and defended area [10], central place foraging,
wherein animals repeatedly return to the same location
between foraging trips to provision young [11, 12], and
commuting, which can be an extreme case of central
place foraging [13], in which animals move between
roosting or nesting areas to geographically distinct feed-
ing sites [14—16]. Even typically sedentary animals can
embark on occasional long-distance forays to access
seasonal resources, gather information, or prospect for
foraging and breeding sites [17, 18], indicating flexibility
and individual variation within movement strategies.

Though intraspecific variation in movement strategies
is widespread, and observed across taxa in both marine
and terrestrial environments [7], less than 20% of move-
ment research has evaluated intraspecific variability in
movement behavior, or gradients of variation within a
movement strategy [2]. Intraspecific variation in move-
ment behavior can occur between individuals in a popula-
tion [17, 19, 20], across the course of an animal’s lifetime
[5, 21], between populations [22], and at all these scales
within a single species [23]. Intraspecific movement vari-
ability is most ubiquitous in unpredictable environments,
in which individuals must learn about the spatial and
temporal distribution of resources and in species that can
flexibly change strategies to maximize fitness throughout
their life as they gain experience and social status [23, 24].
Plasticity in movement behavior also has important
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implications for how well animals can behaviorally re-
spond, and ultimately adapt to environmental change [2].

With a rich diversity of habitats and species, the
tropics present a particularly valuable system for
understanding the ecology and evolution of movement
behavior. However, the majority of ecological research is
based on temperate systems, creating a potential bias in
our understanding of ecological systems, especially for
birds [25]. Since tropical birds face less seasonality,
greater biotic selection pressure, and exhibit divergent
life history traits relative to their temperate counterparts
[26], the ecological and evolutionary context of avian
movement behavior likely differs markedly in tropical
and temperate systems. Tropical birds also exhibit a
diversity of movement strategies [27], and thus offer a
rich but under-utilized opportunity to investigate the
ecology and evolution of movement behavior [28].

Nectarivorous birds exemplify the diversity of
movement behavior in the tropics, due to exceptional
temporal and spatial variability in both food resources
and competition [29]. Nectar is a temporally and
spatially unpredictable resource with temperature, sea-
son, elevation, soil substate, and genetic varieties all in-
fluencing the variability and intensity of bloom [30, 31].
Reflecting this, tropical nectarivores range from seden-
tary, territorial species that rely on synchronous smaller
nectar resources, to highly nomadic species that track
asynchronous, superabundant blooms [32, 33]. Altitud-
inal migration is also common in tropical nectarivores
[6, 34]. Though commuting behavior has yet to be docu-
mented in tropical nectarivores, the large distances that
some species appear to move to track spatially irregular
bloom patterns indicates that commuting behavior may
occur. Intraspecific variation in movement behavior is
also well documented; at the species level, nectarivores
can include territorial, nomadic, and migratory individ-
uals [35]. At the individual level, nectarivores can also
switch from residential to highly mobile throughout
their lives in response to nectar availability [36, 37], and
from territoriality to central place foraging, with multiple
strategies used concurrently by one bird [38].

Though modern tracking technologies have begun to
offer unprecedented insight into the movement ecology
of tropical birds [32, 39], tracking studies documenting
movement behavior are still under-represented in the
tropics, especially for small-bodied species [27]. To address
this gap, we used an automated radio telemetry network to
quantify the seasonal movement behavior and elevational
patterns of two nectarivorous Hawaiian honeycreepers,
‘apapane (Himatione sanguinea) and ‘i‘iwi (Drepanis
coccinea). The Hawaiian Islands exemplify a simplified
tropical system, with an endemic avian community that has
low taxonomic diversity but a diversity of foraging guilds,
and thus offer a unique study system for investigating the
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ecology and evolution of movement behaviors. As with
other small-bodied tropical nectarivores, most information
on the movement behavior of Hawaiian species is based on
point count data, mist-net capture, stable isotope data, or
visual observations, rather than individual-based telemetry
data. The use of a landscape-level tracking network with
fine spatial and temporal resolution thus allows us to
characterize movement behaviors in ways not possible with
other technologies.

The primary goals of our study were to identify move-
ment strategies in our focal species, quantify individual
variation in movement behavior, and assess whether sea-
sonal changes in movement behavior corresponded with
resource phenology. ‘Apapane and ‘i‘iwi both rely on
nectar from ‘ohi‘a (Metrosideros polymorpha), a domin-
ant tree species found throughout Hawaiian forests from
tree line (2500 m) to sea level [40], though ‘i‘iwi also
forage on nectar from a variety of other understory
plants [41]. ‘Ohi‘a is a particularly unpredictable nectar
source as it not tightly regulated by environmental cues
[42, 43]. Individual trees produce low-level blooms year-
round, but also can also erupt in super-abundant blooms
that are locally asynchronous across sites, elevations, and
genetic varieties [30, 31]. Three years of previous work
at our study site documented 1) consistent bloom of
‘Ohi‘a at high elevations from late-winter to spring, and
2) that once the localized blooms declined, ‘i‘iwi regu-
larly moved 10+ km to forage at an intense superabun-
dant bloom that occurred May-Aug. at a lower elevation
area to the north-northeast [44, 45]. Though we did not
collect data on nectar resources in this study, we tracked
our focal species at the same study site so we could
evaluate the observed movement patterns in the context
of previously documented patterns of resource phen-
ology at the study site.

A secondary objective of this work was to better
understand how movement strategies influence exposure
to avian malaria (Plasmodium relictum), an introduced
parasite responsible for significant mortality in native
Hawaiian birds [46—48]. Naturalists have long noted
‘apapane and ‘i‘iwi making long-distance flights,
presumably to track the shifting distribution of blooms
[49, 50]. Though there is quantitative evidence of
seasonal elevation movement for both species [44, 51], it
is unclear whether long-distance flights constitute no-
madic movements, elevational migrations, central place
foraging, or commuting. This distinction has important
implications because sustained elevational movements
can increase exposure to avian malaria. Year-round
disease transmission of this disease is currently limited
by temperature to areas below ~ 1475 m, though trans-
mission can occur up to ~1715m during the warmest
months of the year, when the primary vector the southern
house mosquito (Culex quinquefasciatus) can occupy
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higher elevation forests [52, 53]. Thus, even birds from
high-elevation breeding populations can be exposed to
avian malaria if they move to low-elevation areas with
high disease prevalence [44], particularly if they remain at
night when the mosquito vector is active [48]. Different
movement strategies may therefore vary in both the bene-
fits they confer in tracking nectar resources and the degree
of risks they pose in terms of avian malaria.

Methods

Study area and field methods

The study was conducted at Hakalau Forest National
Wildlife Refuge (HFNWR; 19°51'N, 155°18'W), a 13,
240 ha preserve on the eastern slopes of Mauna Kea,
Hawai‘i Island, in one of the largest tracts of forest left
in Hawaii. The refuge spans an elevation of 1200 m,
which produces a gradient of precipitation and
temperature with an average annual rainfall of 2500 mm
(range 2159-7620mm) and a mean daily air
temperature of 15°C (range 11-19°C) [54]. The study
occurred in the upper elevations of the forest, a montane
wet forest dominated by ‘6hi‘a, and koa (Acacia koa)
with a diversity of understory plants. Although the ref-
uge has a long history of disturbance and an understory
dominated by exotic pasture grasses, substantial restor-
ation has occurred in the form of ungulate removal, fen-
cing programs [55], and large-scale reforestation of trees
and understory plants [56].

We captured birds in mist nets from Jan. 2014-Jun.
2016 at a high-elevation site in the Pua ‘Akala tract
(1883 m), and at two lower sites (1619, 1669 m). All sites
were within 5km of each other. We aged and sexed
birds when possible based on plumage, skull pneumati-
zation, morphometrics, and breeding characters, and de-
termined breeding status based on cloacal protuberance
swelling and brood patch development [57, 58]. We
fitted birds with aluminum U.S. Geological Survey bird
bands, and VHF radio transmitters from JDJC Corp
(Fisher, Illinois, USA; 4—6week battery life) using a
modified leg loop harnesses [59]. The transmitters
were < 5% of body mass for all birds.

We tracked the radio tagged birds from Jan. 2014 to
Jun. 2016 using a network of 12 automated VHF radio
telemetry stations (ARTS; Fig. 1). Each ARTS station
consisted of six fixed-Yagi antennas oriented 60° apart
on 6-10 m masts, and an automated Sparrow System re-
ceiver (JDJC Corp) that listened for radio signals on each
frequency every 1-2min. The receivers were able to
detect tags above and below the canopy. We located the
ARTS stations in open forest at upper elevations (1636—
2005 m), with some above tree line on prominent hills
overlooking the forest and others below the canopy near
the banding sites to increase detection coverage. Detec-
tion ranges were 5.6 and 2.7 km for above canopy and
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the Island of Hawai'i is shown in the inset

.

Fig. 1 Study area, with Hakalau Forest National Wildlife Refuge boundary in brown, banding sites in yellow, and automated telemetry towers as
black points. Birds were detectable within the full interior of the detection area, which is depicted with a black line. Elevation contours in the
study area run approximately north-south, with lower elevations to the east and highest elevations to the west. The location of the study site on

below canopy towers, respectively, and spanned an
elevational range of 1543 to 2287 m. We recorded peak
signal strength for each transmitter on each antenna,
and used the relative signal strength between adjacent
antennas to calculate bearings [60].

Telemetry data

All analyses were conducted in the R software environ-
ment version 3.6.3 [61]. To filter for false positives, we
excluded signals below the background radiation thresh-
old (-125dB), and any detections for which the re-
corded pulse width and interval were not within 5 and
100 ms respectively of each transmitter’s pulse specifica-
tions. We used the telemetr package [62] to estimate
locations via maximum likelihood using the signal
strength and bearing of synchronized detections [63].
We used training tags at known locations to model
signal strength as a function of distance to the receiver
and used this relationship to predict the location of tags

during single detections. To exclude improbable points
we removed location estimates >10km from the
receivers, and applied a 15 m/s speed filter using the trip
package [64, 65]. For all simultaneous detections of
training tags, we used simple linear regression to relate
localization accuracy to potential predictors of
localization error, including distance to tower, median
and maximum signal strength value during simultaneous
detection, and the total standard error in x and y of
localization (total SE) as estimated by the telemetr
package. We used the best resulting model — which was
determined by Akaike information criteria (AIC) [66] to
include total SE — to estimate error for bi or tri-angulated
bird locations. We calculated mean localization error
above and below — 105 dB for single detections of training
tags as there was a clear threshold at this value and used
these mean localization error values to estimate error for
bird locations based on single detections. The localization
routine for training tags resulted in an error of 101 + 78 m
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for estimates from 23 detections, 157 + 89 m for estimates
from two detections, 190+140m for estimates from
single detections > — 105 dB in signal strength, and 370 +
330m for single detections < -105dB. We excluded
location estimates with > 400 m error and resampled each
bird’s track to include only 10% of location estimates from
single-detection events, to ensure a similar detection
profile across individuals.

To improve the spatial resolution of the data, we used
time-series kriging [67], in which the autocorrelation
structure of a continuous-time stochastic process
(CTSP) model is leveraged to inform localization. Unlike
other approaches requiring a priori model choice (e.g.
correlated random walk model), time-series kriging in
the ctmm package [68] allows users to test models with
a range of multi-scale autocorrelation structures [67].
We inspected variograms for each bird, as an asymptote
indicates range-residency [69]. We fit models incorpor-
ating telemetry location error, and selected among all
range-resident CTSP models using AIC corrected for
small sample size (AICc [66, 69];). We tested models
and ran time series kriging for each bird’s nocturnal and
diurnal points separately, as these diurnal species
exhibited markedly different movement patterns during
diurnal and nocturnal periods. The data were highly
regular in sampling interval, with over 99% of detections
separated by < 1.5h, and 90% of temporal gaps missing
only one location; however, there were occasional gaps
of several days over which we were unable to interpolate
locations with reasonable accuracy using spatiotemporal
kriging. We thus performed kriging only over the ob-
served data (median sampling interval of 2 min), in the
interest of maintaining high spatial resolution location
data. The dataset supporting the conclusions of this art-
icle is available in the ScienceBase repository at Paxton
et al. [70].

Home range estimates

We used the best diurnal CTSP model for each bird to
generate autocorrelated kernel density home range
estimates (AKDE) [69]. AKDE estimation uses the
CTSP model to calculate an optimal smoothing band-
width that accounts for autocorrelation [71, 72]. The
ctmm package facilitates robust comparison of AKDE
home ranges between individuals with different sam-
ple sizes, movement patterns, sampling intervals, and
telemetry error [73-75].

Movement strategies

We followed the approach of Abrahms et al. [7] for
identifying movement strategies, which involved calcu-
lating a suite of movement metrics, conducting a cluster
analysis to identify movement strategies, and performing
a principle components analysis on the movement
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metrics to aid with interpretation of the clusters. We de-
veloped a suite of metrics widely used to characterize
movement behavior [7, 76]. All metrics were calculated
over the full tracking duration for each bird. Two met-
rics, maximum net squared displacement (max NSD)
and standard distance deviation (SDD) characterize the
scale of space use, while two others, daily change in cu-
mulative area (A area) and standard deviation in daily
net squared displacement (SD daily NSD) describe daily
variability in movement behavior. Max NSD is the max-
imum squared Euclidean distance between any point
and the first point in a track and quantifies long-
distance movements. SDD is the average distance of all
diurnal points in a track from their center. SDD was
correlated with AKDE home range area (r=0.77) and
served as a proxy since we could not estimate home
ranges for all birds. To calculate A area we made a mini-
mum convex polygon (MCP) for every day with =15
points. We generated a polygon that represented cumu-
lative space use since the beginning of the tracking dur-
ation for each bird, over each tracking day, by merging
the MCPS for each day with those of all previous track-
ing days. We used these polygons to calculate the mean
change in cumulative area over time by bird. This metric
quantifies daily change in space use with larger values
indicating more change [21]. Though central place for-
aging and commuting behavior can both occur across a
range of spatial scales, sedentary/territorial birds should
exhibit small values for the above metric, while nomads
should exhibit large values [7, 21].

We also calculated three recursion metrics useful for
characterizing movement [7, 77]. Over each bird’s full
tracking period we calculated 1) the total number of re-
visits within a defined distance radius of locations, 2)
residence time, the total time spent inside the radius,
and 3) return time, the time between revisits [78]. Since
the tracking duration and sample size were different for
each bird, we expressed the number of revisits as a ratio
(e.g., a revisitation rate) by dividing the number of re-
visits by the sample size for each individual. We also rel-
ativized the residence time and return time for each bird
by dividing these by the tracking duration. Though some
researchers have regularized location data before calcu-
lating recursion statistics, we did not do so because 99%
of the temporal gaps in the data were <90 mins, and
90% of the gaps were missing only one point. Further-
more, recursion statistics are robust to some irregular
sampling or temporal gaps, and analyses have been
successfully performed for species exhibiting sampling
irregularities consistent with those observed in our
study [78].

We used a radius of 150 m for calculating recursion
statistics, as variance in residence time peaked at this ra-
dius for most birds, indicating a characteristic scale of
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foraging [77]. Furthermore, 150 m was between the
mean error of the kriged locations (33 m) and the me-
dian step length (160 m) [78]. Unlike animals making
random area restricted searches, central place foraging
nectarivores tend to exhibit frequent revisits to specific
floral resources with revisits timed to allow nectar re-
serves to renew [38, 79]. We thus only tallied revisits
separated by =12 h, in the interest of 1) specifically char-
acterizing locations revisited across multiple days, rather
than ones revisited multiple times within a given day,
and 2) comparing our results to previous work [7].
Moreover, the 12 h threshold was markedly greater than
the temporal scale of most temporal irregularities in the
data, thus drastically minimizing any influence that
temporal data gaps could have on the number of tallied
revisits. Central place foragers in this study would there-
fore exhibit a high revisitation rate, long return times,
and short residence times, due to repeated revisitations
to the same foraging sites day after day, whereas territor-
ial individuals that patrol a large proportion of locations
would show a lower revisitation rate, short return times,
and high residence times.

To identify movement strategies, we performed an
agglomerative hierarchical cluster analysis using a
Euclidean distance matrix of the seven scaled movement
metrics and Ward’s minimum-variance linkage algo-
rithm [7]. We used multi-scale bootstrap resampling in
the pvclust package [80] to calculate p-values for each
cluster. We assessed the stability of the clusters by calcu-
lating Jaccard similarities between the original clusters
and 1000 new solutions generated by randomly omitting
birds, and bootstrap resampling [81]. As another meas-
ure of robustness we ran a non-hierarchical cluster ana-
lysis using a K-medoid algorithm [82], and calculated
Jaccard similarities of the resulting solutions.

To help interpret the clusters, we performed a princi-
pal components analysis (PCA) on the movement
metrics. We also assessed cluster-wise differences in
home range size and each clustering metric using
pairwise permutation tests in the rcompanion package
[83], with a false discovery rate p-value adjustment [84].
To help identify if birds exhibited commuting behavior,
we also described patterns of movement within a day, as
commuting individuals typically make full day excur-
sions to geographically distinct foraging areas before
returning in the evening to roosting or nesting sites [15].
To this end, we specifically calculated the number and
duration of excursions each bird made per day from a
core area centered on its detection centroid, including
any excursion >5min. We set the core areas equal to
the 50% AKDE isopleth of each individual bird, and for
birds without AKDE estimates, to the median for its
respective group. We used permutation tests to assess if
the frequency or duration of excursions differed by
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cluster. Lastly, for each cluster, we quantified the fre-
quency of “forays,” which are occasional and sporadic
exploratory movements longer in distance and duration
than typical foraging events [17, 18, 85]. For the pur-
poses of this study, we defined forays as >24'h of non-
detection in the ARTS network, followed by subsequent
redetection.

Elevational and seasonal patterns

We assessed seasonal and elevational patterns by analyz-
ing data from birds captured and tracked across different
seasons, as the transmitters only lasted 4—6 weeks. We
extracted the elevations of each detection from a 30 m
digital elevation model [86] aggregated to 60 m to match
the resolution of the kriged location estimates. We cal-
culated overall elevation range as the difference between
the maximum and minimum elevation by bird and
calculated a daily elevation range in the same manner
for each bird. We used a Welch’s t-test with unequal
variances to compare overall elevational range between
species, and between birds captured at the high-elevation
Pua ‘Akala tract and those captured at the lower elevation
sites. We ran mixed effects models in the nlme package
[87] with day of year as continuous trigonometric predic-
tors [88] to model seasonal variability in daily elevation
range, minimum daily elevation, and median daily NSD.
For minimum daily elevation, we modeled species separ-
ately, as they showed distinct seasonal rhythms, and only
included birds captured at the Pua ‘Akala tract as capture
elevation was confounded with season. Species was a
covariate for all other response variables. For all mixed-
effects models we transformed variables as needed, as-
sumed a 365-day periodicity, included bird as a random
effect, used AIC to compare models, considered variables
significant at a =0.01 [89] and judged p-values <0.01 for
either trigonometric predictor as evidence of a non-
random seasonal pattern. We reported all summary statis-
tics as a mean+ 1 standard deviation unless otherwise
noted.

Results

We tracked 57 birds for an average of 23.9 + 8.3 days
and estimated 4446 + 5139 locations per bird. The
sample was skewed towards adults for ‘apapane (15/
19; 79%) and ‘i‘iwi (36/38; 95%) and skewed towards
males with 14 male ‘apapane (74%), 28 male ‘i‘iwi
(74%), and four ‘i‘iwi of unknown sex (11%). The
ARTS network tracked birds over a 4048-ha area, cov-
ering elevations between 1543 and 2287 m. Home
ranges averaged 160 +309ha for ‘apapane (n=17),
and 176 + 327 ha for ‘i‘iwi (n = 33) but were not calcu-
lated for seven birds, five due to sample size, and two
that were not range resident.
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The cluster analysis of movement metrics identified
three groups deemed significant by multi-scale bootstrap
resampling (Fig. 2). The cluster solution was highly
stable with Jaccard similarities of 0.91, 0.91, and 0.95 for
subsetting randomization, 0.85, 0.89, and 0.89 for
bootstrapping, and 0.88, 0.95, and 0.87 for the different
clustering methods. Fisher’s exact tests demonstrated
that cluster membership was not associated with band-
ing site (p =0.28), species (p =0.64), or age (p =0.81).
Three of five birds tagged in separate years changed
movement strategies, indicating intra-individual variabil-
ity. We a-posteriori described the clusters as “sedentary”,
“central place forager” (CPF), and “commuter” based on
the movement metrics associated with each cluster. The
sedentary group contained 42% of the birds (n = 24), and
the CPF 33% (n = 19). The commuter group included 12
birds with behaviors akin to those in the CPF group, but
larger in spatial scale, and two non-range-resident birds.
A representative example track for each cluster can be
seen in the Supplementary Information (Fig. S1).

The clusters all separated on the first principal compo-
nent axis (PC1) along a gradient of space use and vari-
ability in daily movement behavior, while PC2 largely
separated the sedentary cluster from the other two. The
loadings indicated that PC1 primarily represented scale
of space use (SDD = 0.92; max NSD = 0.82) and variability
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in daily movement behavior (SD daily NSD =0.82). The
95% home range estimates also differed significantly be-
tween the commuter (665 + 569 ha), CPF (108 + 118 ha),
and sedentary (36.9 +16.4ha) groups, as did the SDD
home range proxy (Fig. 3). Extreme values for variability
in daily behavior (A area, var. NSD), and max NSD further
distinguished the commuter group from the other clus-
ters. The recursion metrics also differentiated the seden-
tary group from the other clusters along PC2, particularly
revisitation rate, the dominant loading on this axis (0.74).

Birds in the sedentary group made multiple short
(median 0.3 h; range 0.1-0.5) excursions outside their
core areas within a day (median 15 trip/day; range 6—
26). However, we recorded few revisits separated by =12
h for the sedentary birds indicating that they did not
regularly revisit specific locations on the landscape from
1day to the next. Since the median core area of this
group (i.e., 50% AKDE; 4 ha) was smaller than the 7-ha
circle used to calculate the recursion metrics, the fact
that we recorded few revisits separated by =12h even
within the core areas of the sedentary birds demon-
strates that they seldom left their primary use areas for
extended periods.

In contrast, the recursion metrics for birds in the CPF
and commuter group reflect large-scale space use as
these individuals used core areas that generally exceeded
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Fig. 2 a Dendrogram with results of Ward hierarchical cluster analysis, based on movement metrics and bootstrapped p-values for each cluster,
and b Cluster solution on principal components ordination plot of the clustering variables. Points are individual birds, colored by cluster, with
‘apapane (Himatione sanguinea) as circles and ‘i‘iwi (Drepanis coccinea) as squares. The clustering variables include (Revisitation) rate, or revisits
standardized by sample size, (Return) time and (Residence) time standardized by tracking duration, standard deviation of daily net squared
displacement (SD daily NSD) maximum net squared displacement (Max NSD), change in daily minimum convex polygon (MCP), and standard
distance deviation (SDD) — used as a proxy for home range size. Data are from automated telemetry of ‘apapane and ‘i‘iwi in the Hakalau Forest
National Wildlife Refuge from January 2014 to June 2016
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the 7-ha circle used to calculate the recursion metrics
(median 50% AKDE =7, and 68 ha, respectively). Birds
in the CPF and commuter group thus regularly travelled
outside the 7-ha area used to calculate the recursion
metrics, and beyond their core use areas. The CPF
birds specifically made between 1 to 20 excursions
outside their core area within a day (median 3 trip/
day); these excursions were typically short in dur-
ation (median 0.7h; range 0.2-22.4). In contrast,
commuters made less frequent (medianl trip/day;
range 1-7) but longer daily excursions within a day
ranging in duration from 0.3-14.4h (median 5.8).
We recorded a large number of revisits separated by
>12h for birds in both the CPF and commuter group
(Fig. 4), indicating that they regularly revisited the
same specific locations on the landscape from 1 day
to the next during excursions. The commuters made
fewer excursions per day than the CPF group (p = 0.04)
and made longer duration excursions than the sedentary
group (p =0.001). The sedentary group made more daily
excursions than both the CPF (p < 0.001), and commuter
groups (p < 0.001).

Eleven ‘apapane and 17 ‘i‘iwi made >24 h forays out-
side the tracking area with a median of 2.5 forays per
bird (range 1-8). Forays were strongly associated with
cluster membership (* = 26.2; df = 2; p <0.001), but not

with species (y* = 0.43; df = 1; p <0.51). The percentage
of birds that made forays outside the tracking area was
markedly lower in the sedentary group (1/42; 4%), com-
pared to the CPF (14/19; 74%) or commuter (13/14;
93%). The median duration of forays was 1.7 day for
each group, though the maximum duration varied be-
tween the sedentary (3 day), CPF (7 day), and commuter
group, in which a non-range resident juvenile made a
22-day foray. Forays outside the tracking area occurred
in all months, sexes, and age classes.

The behavioral clusters only loosely corresponded to
breeding phenology for ‘apapane and ‘i‘iwi (Fig. 4).
Based on long-term banding, both species can breed
throughout the year, but the peak is Jan.-Jun. Movement
strategy was not significantly associated with breeding
status at the time of capture (y* =2.4; df =2; p =0.31).
Sixty-nine percent of the 39 birds we tagged Jan.-Jun.
were in breeding condition at capture, but none of the
19 birds tagged Jul.- Dec had signs of breeding condi-
tions. The CPF group occurred throughout the year but
was most common Dec.- Mar., in the early breeding
period. The commuter group peaked Apr.- Jul, in the
late breeding and early non-breeding period, but one
bird in the group was tracked Oct.-Nov. The sedentary
behavior occurred in 11 months, but was most common
Aug.-Nov., in the late non-breeding period.
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Apapane and ‘i‘iwi both moved longer distances
during the summer months; however, these long-
distance movements primarily occurred within eleva-
tional bands (Fig. 4). Even though individual ‘apapane
and ‘i‘iwi moved up to 7.3 and 7.4 km from their
detection centroids, respectively, the mean total
elevational range for individuals was only 232 + 100 m
and did not differ between the high (277 + 106 m) and
low-elevation capture sites (225+99m; t=-1.3; df=
9; p=0.22), or species (£=0.80; df=33; p=0.43).
Minimum elevations documented for ‘apapane were
significantly lower in the summer (5 ,=5.16; P=
0.69; B .0s=40.28; p=0.001; RZ=0.63; R,>=0.22),
though the annual shift was only 100 m at the popu-
lation level (Fig. 4). ‘I‘iwi did not exhibit seasonality
in minimum elevation (8 ,=7.21; P=0.09, B o=
9.78; p=0.03; RZ=0.37; R,>=0.05). Though we
found no evidence of seasonality in daily elevation
range (B 4,=-035 p=021, B .s=-037 p=0.22;
RZ=0.31; R,°=0.01), daily NSD increased May-Aug.
(B sin=-0.08; P=045, B .s=-0.55 p<0001; R’=
0.75; R,,>=0.15) for both species. The peak in daily
NSD coincided with the zenith of the commuter
group, in which long flights (>1km from detection
centroids) were strongly oriented to the north-
northeast from the Pua ‘Akala tract (3.5+0.3°), and
thus largely followed elevational gradients.

Discussion

Using a suite of movement metrics, we characterized the
spatial behavior of two tropical nectarivorous birds
across the annual cycle and revealed three distinct
movement strategies that can concurrently be employed
across the population for each species. ‘Apapane and
‘i‘iwi both exhibited sedentary, central place foraging,
and large-scale commuting behaviors, and a high degree
of intraspecific variability at both the population and in-
dividual level. While all three movement strategies co-
occurred, the propensity of each changed throughout
the annual cycle in concert with nectar phenology and
breeding cycles. The flexible movement behaviors found
in our tropical study system sharply contrast with the
stark seasonal movement patterns found in temperate
systems [5, 90], and highlight the value of examining
understudied tropical systems to better understand the
diversity of movement behaviors within species and
across taxa.

The movement strategies identified in this study are
all characterized by strong fidelity to a core area (e.g.,
range residency), but vary in the degree to which birds
move to and from this core area. The restricted space
use, high residence time and low revisitation rate for the
sedentary group are characteristic of territorial behavior,
in which patrolling multiple locations is more beneficial
than frequent revisits to a few sites [7]. Indeed, ‘i‘iwi
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and ‘apapane are thought to defend flowering trees and
areas around nest sites when breeding [91, 92]. In con-
trast, birds in the commuter and CPF groups revisited
the same locations day after day, exhibiting a pattern
common in nectarivorous central place foragers, in
which systematic revisits to patchy but renewing nectar
sources is more beneficial than random area restricted
searches [38, 79]. Although birds in both the CPF and
commuter group exhibited central place foraging behav-
ior, their foraging movements occurred over markedly
different spatial and temporal scales; the commuters
specifically made full day (median ~ 6h) movements
between their roost sites and geographically distinct
foraging areas, as is typical of commuting species [15],
whereas the CPF group typically made shorter
movements (median ~ 0.7h). Commuting behavior is
common in seabirds, waterbirds, wading birds, and owls
[13, 14, 16, 93, 94]; however, this study is the first to
document commuting behavior in a nectarivorous bird,
to the best of our knowledge. Though commuting
behavior is not usually observed in small passerines (but
see [95]), it is still unknown whether this behavior is un-
common, or just poorly documented due to logistical
constraints in tracking.

While we identified three distinct clusters, our results
highlight that the movement strategies can also be
viewed as a continuum of behaviors. Indeed, commuting
can be an extreme case of CPF behavior [13], in which
longer distance and/or longer duration foraging flights
are driven by food availability, risk of leaving the nest/
roost area, and habitat selectivity [96, 97]. Thus, an indi-
vidual can concurrently exhibit both commuting and
CPF behavior, much like individual nectarivores can
simultaneously exhibit territoriality and CPF behaviors
[38]. For instance, birds in the CPF group occasionally
made day-long excursions to foraging grounds, while the
commuters occasionally made short trips. These results
highlight that the dominant behavior exhibited in a clus-
ter may not be the only behavior used by individuals in
that group. This form of within-cluster variability is not-
able, as it suggests individual birds can respond to
changes in resource availability at different time scales
by strategically combining territoriality, CPF, and com-
muting behaviors in various degrees to maximize re-
source allocation and fitness.

The seasonal timing of the movement strategies, and
the northeastern orientation of the commuter flights are
consistent with previous findings from this same study
site. In the early 2000s, Guillaumet et al. [44] observed
‘i‘iwi from this same study area making large-scale
movements during the non-breeding period for three
consecutive years to access super-abundant blooms of
‘Ohi‘a that occurred from May-Aug. at a lower elevation
area 10-12km to the north-northeast of the study area
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[44, 45]. We also observed the commuters moving to
this same area from Apr.-Jul. in all 3 years of our study.
Though we were unable to measure ‘Ohi‘a bloom during
our study, the consistency between our findings and
those of Guillaumet et al. [44] hints at regular annual
movements that track landscape-level phenology of
‘ohi‘a bloom. ‘Ohi‘a bloom also peaks at our high eleva-
tion breeding site in late winter and early spring [44, 45],
when the sedentary and CPF strategies were most com-
monly observed, and may explain why birds exhibited
smaller movements during this time period. Indeed,
other nectarivores have demonstrated a sedentary strat-
egy to access localized, synchronous, and increased space
use and movement to seek out intense asynchronous
blooms when local resource density declines [32, 33, 36].
However, it is also possible that localized movements
varied between the groups in part, due to heterogeneous
resource distribution across the core use areas of differ-
ent individuals.

Regardless of the factors driving the movement behav-
iors, our results importantly demonstrate that that individ-
ual ‘apapane and ‘i‘iwi can strategically switch among
movement strategies to meet shifting environmental and
internal conditions. As direct evidence of this, one male
‘apapane captured twice in breeding condition exhibited
sedentary behavior in Mar. of 1year, when ‘ohia bloom
was more likely locally abundant, and CPF from the same
area in May-Jun. of another year, during the typical period
of lower resource density. Further study could help to
elucidate endogenous and environmental factors that
drive this intraindividual variability.

The patchy and locally unpredictable nature of nectar
resources may also be a strong driver of the forays that
birds made outside of the tracking array. Forays are
thought to allow animals to learn about landscape-level
resource patterns, and prospect for new breeding sites
[17, 18]. Since nectarivores have well-developed spatio-
temporal cognitive abilities [38, 98], and ‘Ohi‘a are long-
lived, ‘apapane and ‘i‘iwi likely become more familiar with
local bloom patterns over time through large-scale explor-
ation. Furthermore, since the timing of ‘ohi‘a blooms can
vary annually, exploratory forays outside the tracking area
may allow birds to assess conditions across the landscape.
In contrast, adults of the closely related, but more domin-
ant ‘akohekohe (Palmeria dolei) defend well-defined areas
throughout the year, and do not exhibit large exploratory
movements akin to the forays seen in our study [99]. This
Hawaiian honeycreeper is dominant to ‘i‘iwi where they
coexist [100], so the ability to defend high-quality territor-
ies and foraging trees may afford a more extreme seden-
tary behavior in which large exploratory movements are
not as advantageous.

Despite making long-distance movements, many
‘apapane and ‘i‘iwi exhibited homing behavior. For
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instance, we observed 1) range residency, 2) that the five
birds tracked over different years occupied the same area
from year to year, and 3) that birds returned at night to
night to a central area, even in the breeding season.
There are several possible explanations for homing be-
havior during the non-breeding period. Though none of
the birds captured Jul.-Dec. showed signs of breeding,
they may have initiated nests or engaged in pre-breeding
activities such as pair-bond behavior shortly after cap-
ture. Alternatively, birds may have used several short-
term foraging areas in distinct locations over the non-
breeding period, but our tracking duration for any given
individual only captured a single homing event. Serial
home sites have been observed for migrating humming-
birds [101], juvenile ‘akohekohe [99], and in central
place foraging species [102]. Homing behavior in the
non-breeding season also supports the long-held theory
that small resident populations of both species maintain
a presence on the breeding grounds year-round to retain
or establish breeding sites [42, 45, 48, 50]. All the
‘apapane and ‘i‘iwi tracked over two separate periods
showed fidelity to the same localized area, and two
sedentary ‘i‘iwi with no evidence of breeding in a first
tracking period occupied the same sites during a second
tracking period in which they both were in breeding
condition. Homing behavior outside the breeding season
is likely adaptive, as familiarity with an area can help an
individual locate resources and avoid predators. ‘I‘iwi
that initiate nests earlier have greater reproductive
success [45], suggesting that early arrival, or continual
defense of a breeding territory may be beneficial for
reproductive success. Taken together, the advantages of
homing behavior outside the breeding season may be an
important counter-selective force to nomadism, and thus
maintain the diversity of movement strategies observed.
Though nomadism occurs in tropical nectarivores
[33], we found only limited evidence of this behavior.
Two birds in the commuter group were not range
resident, and thus exhibited patterns consistent with no-
madism. It is possible that birds engaged in short-term
nomadic movements during forays, when they disap-
peared from our tracking network for 1-22 days. Of the
tracked birds, 75% of the CPF group, and 93% of the
commuters made at least one foray outside the tracking
array. Relatively short-term bouts of nomadism can
occur seasonally [21], or irruptively [8]; however, we
found no clear seasonal pattern suggesting the latter is
more likely in our study species. It is also possible that
nomadic behavior was more common than we detected.
Some tagged birds were not detected for enough days to
be included in this study, due to either tag failure or no-
madic movement outside the 40 km? detection range of
our tracking network shortly after capture. Alternatively,
Hawaiian honeycreepers may exhibit phase nomadism in
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which animals are nomadic during only one life stage, or
partial nomadism, in which only a portion of the popula-
tion is nomadic [8]. Kuntz [45] found that many female
and young ‘i‘iwi apparently departed their breeding
areas for most of the post-breeding period, while many
adult males remained, providing support for phase and
partial nomadism. If the focal species exhibit phase or
partial nomadism, we may have underestimated the
overall prevalence of nomadic movement, as we primar-
ily captured and tracked adult males. Understanding the
prevalence of nomadism in this system requires further
study using a wider demographic pool, a larger ARTS
network, and aerial flights to survey outside the tracking
network.

The movement of Hawaiian forest birds across the
landscape has important implications for their risk of ex-
posure to introduced avian malaria. Both the avian mal-
aria parasite and its mosquito vector require sufficient
temperatures to develop [52]. Year-round transmission
of avian malaria only occurs below ~ 1475 m; however,
mosquitoes can develop up to ~1715mm during the
warmer weather months (Jul.-Sept.) [53]. The capture
locations in our study are above (and just below) the ~
1715 m disease line, where populations of native birds
still occur in high densities [103] with little evidence of
disease exposure [104]. However, we recorded birds —
especially commuters — making long-distance move-
ments to elevations where avian malaria could be
present in the late spring and early summer months,
when the mosquito vector occurs at higher elevations.
Individuals may have also visited areas with higher avian
malaria prevalence during forays outside the tracking
array. However, since the Culex mosquito vector is pri-
marily nocturnal [48], birds that return to high-elevation
core areas at night would have a lower risk of exposure
to disease. Commuting behavior may therefore improve
fitness in birds from high-elevation breeding populations
that need to travel to lower elevations to access foraging
resources by minimizing the risk of contracting avian
malaria during foraging trips. However, future study is
needed to assess the prevalence and fitness conse-
quences of commuting behavior in other high elevation
breeding populations.

It is notable that while our study area had a strong ele-
vational gradient most of the documented movement
was along a relatively constant elevation for both species.
The consistency in elevation is important because travel
to low elevations can increase exposure to avian malaria,
and lead to population declines, even in disease-free high
elevation populations [44]. That we found limited sea-
sonal change in elevation is particularly important for
‘i‘iwi, which are more susceptible to mortality from
avian malaria than ‘apapane [105]. Though some studies
have documented large elevational movements [44], and
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long-distance flights of ‘i‘iwi [47, 106], including to low
elevations following large storms [107], others have
found limited evidence of elevational movements in
‘apapane and ‘i‘iwi [31, 43]. Given that mortality rates
from malaria are over 40% in ‘apapane and 90% in ‘i‘iwi
[46], movement behavior may be under intense selective
pressure to favor strategies that reduce exposure to
malaria (ie, commuting behavior over nomadism).
Additional research that assesses the propensity for eleva-
tional movements in Hawaiian honeycreepers across mul-
tiple high-elevation breeding populations would help to
inform the conservation and management of these species.

Conclusions

This work provides the first quantitative assessments of
movement behavior in nectarivorous Hawaiian birds and
highlights the power of using automated radio telemetry
to gain insights into complex movement behaviors of
small-bodied species. The automated tracking system
allowed for high-resolution location data both tempor-
ally and spatially that is not possible with traditional
tracking, particularly in challenging mountainous terrain
like Hawai‘i. Our results demonstrate a suite of flexible
and facultative movement strategies that evolved in re-
sponse to a dynamic tropical environment, and a high
degree of intraspecific variability that occurs within both
populations and individuals. This work also provides
insight into how birds use different movement strategies
to balance the benefits of resource tracking with the risks
of disease exposure. Although the timing of the movement
strategies was consistent with seasonal resource patterns,
that individuals from the same location simultaneously
employed different movement strategies implies that other
endogenous factors may also shape movement behaviors
[90]. Further research is needed to tease apart the contri-
bution of endogenous factors, resource distribution,
breeding phenology, and other environmental factors that
may be driving specific movement behaviors.
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