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Abstract— Species range expansions could be facilitated by consistent behavioral differences between individuals on the range edge
relative to those in other parts of the range. Movement behaviors in particular are thought to be important for expanding and invasive
species. There is evidence for a relationship between consistent individual differences in exploratory behavior and dispersal (the permanent
movement an individual makes from its birth site to the place where it reproduces), but it is still unknown whether individual differences
in exploration propensity relate to daily adult movement patterns within the home range (“space use”). Evidence suggests that daily space
use behavior can vary consistently among individuals, but no studies have examined the relationship between empirical space use behavior
and aviary-based measures of exploration, or space use behavior in different populations along an expanding range. Here, we studied a
range-middle and range-edge population of great-tailed grackles (Quiscalus mexicanus), a species that is rapidly expanding its geographic
range. We evaluated whether performance on an exploration task in captivity related to subsequent space use behavior in the wild, measured
using home-range size, mean and variation in log movement velocity (step length per time), and spatial location preferences. We found that
exploration performance was related to space use in the wild for the range-middle (Arizona) population but not the range-edge (California)
population. The movement behavior of Arizona grackles was also related to the number of breeding and food sites within their home
ranges. Moreover, we found that California grackles had significantly larger home-range sizes, but lower average movement velocities
than Arizona grackles. Our results indicate that individual differences in exploration, measured in captivity, do seem to be a contributing
mechanism explaining variation in space use in the wild. However, context dependent environmental factors, such as the presence of
important resources or population proximity to the edge of the range can have a large impact on some aspects of daily space use patterns.
To further clarify how behavior influences invasion success, future studies are needed to investigate additional edge-middle population
pairs for daily space use and alternative personality traits, like activity or aggression.

Keywords— space use, great-tailed grackle, invasion syndrome, exploration, range expansion, movement

males on the range edge expressed more aggressive
behavior, suggesting that range expansion was facilitated by
Introduction aggressive males dispersing further and displacing less
aggressive mountain bluebirds. Additionally, invasive cane
Problematic range expansions of invasive species are  (pads on the invasion front in Australia spent longer in the

occurring across the globe. However, not all species that dispersal movement mode and moved greater distances than
invade novel areas outside of their traditional range become  other toads tracked several years later in the same location

established [1, 2] and it is still unclear what characteristics  [9],
facilitate successful invasions [3]. These characteristics are
important for predicting potential invasions, especially since
invasive species are implicated as a leading cause of
biodiversity loss [4, 5]. One hypothesis is that the specific
behavioral types of individuals at the invasion front
facilitates geographic range expansion [6]. Traits such as
exploration propensity and aggressiveness may make some
individuals more likely to succeed when venturing into new
habitats and competing with heterospecifics [7]. Evidence
linking consistent individual differences in behavioral types
to invasion success is accumulating. For example,
Duckworth and Badyaev [8] found that western bluebird

Within-species variation in the ability (movement) and
motivation  (exploratory  tendency) to  encounter
conspecifics, novel foods, and novel food sources could be a
limiting factor in successful species range expansions [10].
In novel areas, these resources and other environmental
factors may not be as easily detectable or recognizable, and
may be distributed differently across the landscape than in
core areas of the range.  Although individuals with
exploratory phenotypes may be more successful at
colonizing new habitat, more exploratory individuals may
also face higher predation risk [11], and could be less likely
to find local food sources [12]. Consequently, new areas
may only become colonized by invaders if individuals
Contact data: Kelsey B. McCune, kelseybmccune @ gmail.com exhibit a range of exploratory behaviors. Additionally, while
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dispersal—the permanent movement of an individual from
its place of birth to the place where it reproduces [13]—is
necessary to initially invade a novel habitat, subsequent
daily space use patterns could determine establishment
success. There is likely to be a dependence between space
use preferences (e.g., in terms of movement patterns, and
temporal consistency of revisiting known areas) and
exploration propensity (e.g., in terms of investigating new
locations and objects in the landscape). Moreover, as is
evident from the cane toad invasion into Australia
[@lindstrom2013rapid], space use patterns could also vary
based on location along the invasion front. For example, on
the range edge, conspecific density might be lower and
individuals may be able to maintain larger home-range sizes
or may use space differently due to differences in resource
distribution [14]. However, current research on invasion
success and movement behavior focuses most heavily on
dispersal. While dispersal and exploration propensity have
been shown to be associated [7], we still do not know how
exploration tendency influences space use patterns in the
daily lives of individuals expanding their ranges.

Space use behavior is expected to be influenced by
internal states like exploratory tendency and hunger, as well
as by the non-random distribution of available habitat and
resources [15]. Space use can also consistently differ among
individuals [16], which indicates that each individual has
distinct preferences for how, when, and where to move
within their home range. Traditional analyses of animal
space use required spatial and temporal independence of
data points for statistical analysis [17], yet movement data
are unlikely to meet these criteria. Spatial and temporal
autocorrelation occurs when the position of an individual at
a given time is tightly linked to its position both before and
after, including cases where individuals are repeatedly
found in the same locations across time. This
autocorrelation is an intrinsic component of space use
behavior and eliminating it can reduce biological relevance
and obscure relationships with behavioral types [18]. Using
new models [19], we can draw more information from
movement data to better illuminate the relationship between
individual differences in exploratory tendency, space use
behavior, and invasion success.

Study species

Great-tailed grackles (Quiscalus mexicanus, hereafter
“grackles”) are rapidly expanding their geographic range
[20]. They are “invasive” because they meet the criteria for
the establishment and spread stages of invasion [21], and
they are considered a pest in some areas where they reduce
crop yields [22]. However, the nature and level of ecological
and social factors that grackles experience may vary in
importance between populations in different parts of the
range. Generally, this species is strongly associated with
human-modified landscapes and is able to take advantage of
a variety of human foods (e.g., crops, leftovers at outdoor
cafes, or even scraps from garbage cans) in addition to
foraging on insects and natural food items [23].
Furthermore, they exhibit variation in territorial social
behavior in both the breeding and non-breeding seasons.
During the non-breeding season, this species forages in
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smaller groups and communally roosts in larger groups [23].
During the breeding season, one or more males defend a
territory where multiple females place their nests to raise the
young [24]. Roaming males are also present and can obtain
extra-pair copulations with females on other males’
territories [24].

In this investigation, we aimed to understand whether
exploratory tendency, measured in captivity, is associated
with space use behavior, measured in the wild. We draw on
individual-level data populations of grackles across the
current range (see Table 1): Central America (core of the
original range), Arizona (middle of the northern expanding
edge) and northern California (near the northern limit of the
expanding edge). Exploration propensity—measured
following the protocol described in McCune et al. [25]—is
interpreted as an individual’s response to novelty, such as
novel environments or novel objects [26], to gather
information that does not satisfy immediate needs [27].
Previous studies on birds have found a relationship between
some movement behaviors (home-range size and natal
dispersal) in the wild and exploration propensity measured
in captivity using novel environment [28, 29] and novel
object [27] tests. As such, these measures have the potential
to be relevant to grackles as well.

After measuring exploratory tendency in captivity, we
used radio telemetry to measure space use behavior in the
wild. We quantified a standard measure of space use that
controls for autocorrelation (i.e., we defined a home range
size for each bird), but we also investigated the behavioral
relevance of autocorrelation in space use with two relatively
new methods. The first method describes individual
differences in path-level movement behavior by analyzing
the mean and variation (standard deviation) of log
step-length (i.e., the log distance between two sequential
observations) and turning angle for each individual over
time [33, 16], while the second method describes individual
differences in spatial location preferences by analyzing
whether each individual predictably returns to particular
grid-cells (i.e., geographic locations) across successive
weeks [34, 35], above and beyond what is expected given
the general suitability of each grid-cell (e.g., in terms of
food locations and breeding sites).

With these data, we tested two separate hypotheses. First,
we tested whether grackle performance on exploration tasks
in captivity is related to the space use metrics of the same
individuals in the wild. Second, we tested the hypothesis
that the space use behavior of wild grackles systematically
varies with respect to the location of the population in the
expanding range. This research has implications for invasive
species management [6], but could also be used to inform
the conservation of threatened and endangered species [e.g.,
to identify which individuals are likely to remain in new or
restored habitat after a translocation; 36]. In particular,
linking space use and exploratory tendency will be
important for identifying variation in behavioral phenotypes
in species where it is not logistically feasible a priori to
measure exploration in captivity.
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Table 1: Population characteristics for each field site. The number of generations at a site is based on a generation length of 5.6 years
for this grackle species [30] and on the first year in which this species was reported to breed at the location—1936 for Tempe, Arizona
[20] and 2000 for Woodland, California [Steve Hampton’s reports in: 31]. The first confirmed nest sighting in Woodland, California was
reported in the Yolo Audubon Society’s newsletter The Burrowing Owl (July 2004), which Steve Hampton shared with C.J. Logan. For
Central America, there is no data on the first year in which they started breeding because this species originates in this region, therefore we

used the age of the species: 800,000 years [32].

. . Breeding Years of Mean number Kilometers to Nearest field o e
Site Range position . . . . . Citation
since breeding of generations nearest field site site
Central America Core Unknown 800000 142857.1 5594  Tempe [32]
Tempe, AZ Middle of expansion 1936 66 11.8 1259  Woodland [20]
Woodland, CA Edge of expansion 2000 20 3.6 1259  Tempe [31]

Preregistration details

This manuscript is the post-study article resulting from a
preregistration that received an in-principle
recommendation. The proposed hypotheses, methods, and
analysis plan were described in detail in the peer-reviewed
preregistration (see Supplementary Materials). The
preregistration was written in June 2019. At the same time,
GPS points were already being collected during daily
telemetry tracking sessions for other purposes [37]. To
collect enough data for the hypotheses tested here, we
increased the duration of tracking sessions and the number
of GPS points collected per unit-time. We submitted the
preregistration in September 2019 to Peer Community in
Ecology for pre-study peer review. After four rounds of
revisions, the preregistration received an in-principal
recommendation at Peer Community in Ecology in
September, 2020.

Specific hypotheses and predictions

Note that the hypotheses and predictions listed below are
reproduced from the preregistration and do not reflect the
deviations mentioned in the sub-section that follows.

Hypothesis 1:

Individual differences in measures of exploration using
novel environment and novel object tasks [see: 25, for
methods] are related to variation in space use (measured via
home-range size, autocorrelation of step lengths and turning
angles, or whether individuals are predictably found in the
same locations) across the breeding and non-breeding
seasons. Previous studies on birds have found a relationship
between movement behavior in the wild and exploration
measured in captivity using novel environment [28, 29] and
novel object [27] tests, therefore the measures we are
investigating have the potential to be relevant to grackles.
We expect space use to vary within an individual across
breeding seasons because during the non-breeding season
this species forages in smaller groups and communally
roosts in larger groups [23]. During the breeding season,
one or more males defend a territory and females place their
nests within territories to raise the young [24]. Roaming
males are also present and can obtain extra-pair copulations
with females on other male’s’ territories [24].

To investigate the first hypothesis, we derived the
following main prediction (P1), and four alternate

P1

Pl.al

Pl.a2

P1.a3

P1l.a4

predictions (P1.al1-P1.a4):

More exploratory grackles, i.e., individuals that get
closer to the novel object and novel environment,
will be found in larger expanses (larger home range
sizes), use less predictable movement patterns (low
autocorrelation of step lengths and turning angles),
and occupy a greater variety of spatial locations.
This would suggest that more exploratory individuals
are more willing to move into novel areas in the wild.

The more exploratory grackles will be found in a
smaller expanse (smaller home range size), use more
predictable movement patterns (high autocorrelation
of step lengths and turning angles), and consistently
occupy the same spatial locations. This would
suggest that the more exploratory individuals may
dedicate more time to investigating a smaller area
within their home range, rather than moving into new

areas for resources such as food or mating
opportunities.
Only performance on the novel environment task will

correlate positively with space use behavior in the
wild. This would suggest that perception of, and
behavioral interactions with, novel environments
(spatial information) differs from that used for novel
objects [38].

Only performance on the novel object task will
correlate positively with space use behavior in the
wild. This would suggest that, in these populations
located in human-modified environments, space use
may primarily be driven by grackles searching for
novel objects that represent human-provided sources
of food. Much of the food grackles consume is
contained within human-made packaging (e.g.,
grackles search inside take-out bags from
restaurants) or enclosed in human-made containers
(e.g., garbage cans), therefore they should have a
reason to approach and explore new objects to
determine whether they could be a new food source.

There will be no correlation between an individual’s
proximity or touches to the novel object or novel
environment and their space use behavior. This
would suggest that the measures of exploration in
captivity are either are not relevant enough to how
grackles use space in the wild to be able to measure
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the same trait, or they are independent of space use
behavior. Such independence could arise due to the
tracked individuals being primarily adults who may
already be familiar with their home range and
surrounding areas, and thus do not need to further
use the space as if it were novel.

Hypothesis 2:

Space use behavior will vary among grackles from our three
study populations located along different points in the
geographic range of this species (core, middle of expansion,
and range edge; Table 1). These populations are
theoretically connected; however, actually moving between
any two of our field sites within a few grackle lifespans is
unlikely due to the large distances between field sites and
geographic barriers (e.g., the Sierra Nevada and Sierra
Madre mountain ranges, and the high elevation areas of
Mexico).

To investigate the second hypothesis, we derived the
following main prediction (P2), and two alternate
predictions (P2.a1-P2.a2):

P2 Home-range size will be larger, autocorrelation of
step lengths and turning angles will decrease (i.e.,
grackle movement behavior will be less predictable),
and grackles will use a greater variety of spatial
locations as the geographic distance from the original
center of the range increases. Specifically, the
grackles sampled from the site on the edge of the
range (northern California), will have larger overall
home-range sizes, exhibit more variety in step
lengths and turning angles, and use a greater variety
of spatial locations than the sample of grackles in the
core of the range (Central America). Grackles in the
sample from the middle of the expanding range
(Arizona) will be intermediate in space use. Such
population differences in space use behavior may
relate to range expansion because some of the
individuals on the leading edge of the range may use
more space and move longer distances [8]. However,
larger-scale sampling of grackle groups across the
strata of the expansion front and core range would be
needed to more robustly validate the hypothesis that
cross-site differences are indicative of a broader
pattern driven by the location of the expansion front.

P2.al Grackles sampled on the edge of the range will have
smaller overall home range sizes, high
autocorrelation in step length and turning angle (i.e.,
movement behavior will be more predictable) and
consistently use the same spatial locations, compared
to grackles sampled in the middle or core of the
current range. This would suggest that suitable
habitat may be distributed in small patches, that
novel habitats at the edge of the range may have high

predation risk which discourages grackles from using

novel space, and/or that individual grackles
specialize on certain novel habitat types that are
patchily distributed.

P2.a2 We will find no difference across the geographic
range in the space use behavior of the grackles

MCCUNE et al.

sampled. This would suggest that, on average, all
grackles may use the same amount of space, or that
there is a similar distribution of individual
differences in space use in each population.
Alternatively, it could indicate that we did not detect
differences because we measured adults rather than
juveniles. Grackles sampled in different populations
may converge on similar space use behavior during
development, or juvenile grackles may disperse
further on the edge of the range. However, we are not
able to detect these differences with our data, which
are primarily from adults.

Deviations from the preregistration

In the course of the research process, a number of deviations
from the preregistration were necessitated either by exigent
circumstances or by scientific rational:

DI1: Due to the COVID-19 pandemic and credible safety
concerns at the planned study site research station, we
did not travel to Central America to measure the space
use and exploratory propensity of grackles in the
endemic portion of the range.

D2: We modeled only step length—rather than both step
length and turning angle—as a dependent variable for
assessing space use behavior. The preregistered model
of search dynamics introduced in Ross et al. [39] and
tested in Pacheco-Cobos et al. [33] as well as Ross and
Winterhalder [40] relies on food-encounter-annotated,
equal-interval GPS points over short time-steps. Due to
constraints in the field, GPS data could not be collected
using equal-interval track points, nor annotated with
food item encounters. We instead have unannotated
GPS data taken at short time-steps with fairly uniform,
though not exactly equal, intervals. As such, we are
unable to measure variation in turning angle, but we
are still able to model variation in step length as
planned by normalizing the distance between GPS
points by the time between GPS points, to yield a
movement velocity.

D3: We discovered in our investigation of grackle
personality traits [see: 25] that exploration of a novel
object was not repeatable. This indicates that this
particular test was not a good measure of the
personality trait we refer to as “exploration”. As such,
here we only use each grackle’s exploratory tendency
as measured by their performance on the novel
environment test which was repeatable.

D4: Because the population density of California grackles
was significantly less than the density of grackles in
Arizona (see Results, Hypothesis 2, Population
density), we could not include population density in the
models for H2, when the categorical variable for site
was already included. This is because these two
correlated variables account for the same variance.

D5: We preregistered that we would follow color-marked
individuals for 20-90 minutes and radio-tagged
individuals for 90 minutes to collect GPS points for the
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grackle’s location at one-minute intervals. However,
we were not always able to achieve this goal because
the grackles sometimes flew, or moved out of view for
extended periods of time. Similarly, although we
preregistered that we would search for grackles 4 times
per week, personnel constraints and difficulty of
finding focal individuals made it difficult to achieve
this goal for all individuals.

Methods
Subjects

Great-tailed grackles were caught from the wild using a
variety of methods (e.g., mist nets, walk-in traps, and bow
nets), given colored leg bands in unique combinations for
individual identification, and brought into large aviaries at
each site. We prioritized capturing adult individuals (older
than 1 year), because cognitive and behavioral traits are
often not fully developed in hatch-year birds [41]. We
identified grackles as adults using eye color, where hatch
year birds have brown eyes, but second year and older birds
have yellow to white eyes. While it is possible that cognitive
traits continue to develop in second year and older birds, it
is impossible to distinguish grackle age after the bird’s first
year [23]. We also attempted to balance subjects by sex.
Subjects spent up to six months in an aviary while they
participated in behavioral choice tests and individual
differences assays, including measures of exploration in
captivity (see below), as part of other research projects by
this lab. We preregistered that we would need a sample size
of 20 grackles per population to have a 70% chance of
detecting a small effect (see Analysis Plan in Supplementary
Materials) and our actual sample was very close to this
number (n = 19 in Arizona, n = 24 in California).

Space use

Before the grackles were released from the aviaries, they
were fitted with VHF radio tags (Lotek PipLL model
Ag386, Advanced Telemetry Systems model A2455, or
Holohil Systems model BD-2) attached to a leg loop harness
[methods as in: 42] so that we could track space use
behavior in the wild. We searched for each tagged grackle
multiple times per week. Once found, the experimenter
followed the focal individual for approximately 20-90
minutes, using the iPhone application GPX Tracker [43] to
record a GPS point at the bird’s location every one minute,
regardless of whether the bird moved [44]. Researchers only
approached to a distance that did not affect the grackle’s
behavior (approximately 30m away) and observed the
grackle’s behavior with binoculars. If the grackle alarm
called or oriented towards the researcher (indicating that the
researcher’s presence affected the grackle’s behavior), all
tracking on that individual was stopped for the day. To
ensure we captured all locations the individual visits and not
just those where they are most easily seen and followed,
tagged grackles that move out of sight during tracking were
searched for with telemetry until they were found again.
However, we excluded GPS points collected outside of
“normal daily activities” [45], for example mobbing a
predator, or points before sunrise or after sunset when

grackles are at the roost. Additionally, as noted below, we
excluded a small number of points for methodological
reasons (e.g., implausibly high velocities suggesting GPS
resolution errors). Outside of these circumstances, we
included all GPS points in our analysis of space use
behavior.

We attempted to balance the collection of space-use data
across morning and afternoon time periods for all grackles.
We hoped to track the same individuals across the breeding
and non-breeding seasons. However, the leg loop harnesses
often degraded and fell off after 1-4 months. Therefore, we
have few data points on the same individuals in both seasons,
but we can compare space use in different individuals across
seasons.

Dependent variables for space use models

We quantified grackle space use behavior with four metrics:
home-range size, mean and variation of log movement
velocity (log step length per time), and spatial location
preference.

Home range size

First, we used a traditional measure of space use that controls
for spatial and temporal autocorrelation in relocations: home
range size. For each grackle that had more than 20 GPS point
locations [46], we calculated home range size in km? using
the akde function in the R packages ctmm [47] and sf [48].

Mean and variation in log movement velocity

Second, we quantified small-scale movement decisions by
extracting step length (the geographic distance between two
sequential GPS points, ideally taken at 1-minute intervals)
from the tracking data. We were interested in both the
distance moved, as well as the variation in distance moved.
As detailed in the deviation from the preregistration, GPS
points were not captured at exact 1-minute intervals, so we
calculated the mean and standard deviation of step length
per unit time for each bird. The total number of GPS points
used to calculate the mean and standard deviation varied
across birds. Step length per time was log-transformed, and
we dropped a small number of estimates that were
implausibly high (i.e., > 200 m/min), presumably resulting
from GPS resolution errors.

Temporal correlation in spatial location preferences

To better understand spatial location preferences, we
determined the rectangles of the smallest area that would
enclose the maximum number of data points (see Figure 1).
At the California site, this is a 2.04 x 1.94 km rectangle, and
at the Arizona site, this is a 2.38 x 1.79 km rectangle. The
best rectangle for the Arizona site let us capture 16,873 out
of 17,000 GPS points (99.25%) within our sample area. The
best rectangle for the California site let us capture 19,534
out of 21,361 GPS points (91.44%) within our sample area
(see Figure 1). The slightly lower fraction of data inclusion
in the California site was due to a few individuals that were
tracked at two distant study sites, leading to GPS tracks
falling substantially outside of the central study area. We
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Figure 1: Space use data processing pipeline. We visualize the raw data on grackle space use in Arizona and California in sub-figures
(a) and (d), respectively. We then highlight the in-sample region (containing the bulk of observations) in sub-figures (b) and (e). Finally, in
sub-figures (c) and (f), we highlight the overall frequency of grid-cell space use (aggregating over birds and weeks) using two-dimensional
heat-maps. Similar gridded frequency data, computed per bird, per week, constitute the final data that are fed into the space use model in

Stan.

(a) All Arizona GPS Observations

Orange points fall within our sample set Zoomed on the bounding box to the left
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excluded these points because, for computational reasons, it
was impossible to extend the boundaries of our study area to
capture all such points, while maintaining a reasonable
grid-cell resolution. By focusing on the site where the bulk
of GPS points were observed, we are able to maintain
computational tractability, fine-scale grid-cell resolution,
and comparability with the Arizona site.

Once geographic boundaries were selected, we divided the
geographic sample space into a list of G grid-cells, so that
each cell was approximately equal in area for each site. For
the California site, the space is divided into a 66 x 66 array of
grid-cells, which leads to an average grid-cell size of about
29 x 30 m and a grid-cell density of 1,100 grid-cells per km?.
For the Arizona site, the sample space is divided into a 71 x
71 array of grid cells, which leads to an average grid-cell
size of about 25 x 33 m and a grid-cell density of 1,183 grid
cells per km?. By choosing the number of subdivisions to be
66 and 71 respectively, we equalize the scale of inference at
both sites. We then used 2-dimensional binning with the ash
package [49] in R to quantify the number of recorded GPS
points inside each of the grid-cells for each bird on each day.

We model temporal autocorrelation in spatial location
preference by studying the bird-specific time-series of
movement behavior. Let Fj, ,, o be the count of times that
bird b was observed in grid-cell g on week w. For any week
after the first week of continuous observations, we can
model the entire G-vector, Fj,, .G, using a multinomial

-121.490
Longitude

£
L i
e
-121.485 -121.480 Longitude
regression [34] of the form:
Fip,1:6) ~ Multinomial(®y, . 1.6)) (D
where:
Opw,1:6) = (1 — 0t )8[1:6) + O Fip 1,12 (2)
where:
o = logistic(Bjo) + B1)Zj1,p) + -+ 9pp)) 3)
and where:
B(p] ~ Normal(0,2.5) 4
(5] ~ Normal(0,c) (5)
6 ~ Exponential(1) (6)
0 ~ Dirichlet(1,...,1) @)

Eq. 1 shows that we model the distribution of space use
as a multinomial outcome with probability vector @y, 1.)-
Eq. 2 then shows how 1.6 is constructed. The
G-vector Oy, 1.c] is generated as a convex combination of
two other G-vectors, 01.gj—a vector giving the “suitability”
or “attractiveness” of each grid-cell to grackles in
general—and F[b,w—l,l:G]’ a vector giving the fraction of
time bird b spent in each and every grid-cell on week w — 1
(F is just a normalized version of F). The mixing rate of
these two components—the suitability component and the
1-week lag component—is controlled by a bird-specific
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parameter, 0. Eq. 3 shows that o is constructed using a
simple logistic regression model, with an intercept
parameter, Py, slope parameters, [,, bird-specific
covariates, ZW,], and finally, a bird specific random effect,
¢p. This regression equation allows us to study how
exploratory different birds are as indicated by the
predictabilty of space use: birds with a large o are less
exploratory in that their space use in week w is well
predicted by their space use in week w — 1. While birds with
a small o) are more exploratory in that they are more likely
to visit all grid-cells (in proportion to their suitability)
regardless of their space use distribution in the previous
week. Eqs. 4-7 show that we use weak priors.

Models were fit using R [50] and Stan [51] through the
cmdstanr package [52]. Model fit was assessed using the
effective sample size and 7 statistics. Models were also
quality-checked by creating simulated data under the data
generating process described by Eqs. 1-7 in R, and then
using the Stan model to recover the generative parameters:
see https://github.com/ctross/grackleator for
details. In our Supplementary Materials, we also provide an
example of a forward simulation showing the differing
space-use distributions across successive time-steps for a
hypothetical bird with o0 = 0.1 versus a hypothetical bird
with oo = 0.9.

Predictor variables
Exploration

We used data collected as part of another investigation [see:
25] to quantify the personality trait "exploration". In that
investigation, we adapted commonly used methods to test
exploratory tendency of grackles that were temporarily held
in aviaries. Exploratory tendency was measured as the
latency to approach and the duration spent in proximity
(within 20 cm) of a novel environment set within the
familiar environment of their aviary (Figure 2). Exploration
assays occur twice for each bird: once near the beginning of
their aviary time and once again approximately 6 weeks
later. In our previous investigation [25], we also validated
that performance on the exploration assays reflected
exploration rather than boldness, and that performance was
repeatable across time.

Other predictor variables

We recorded the sex of each bird and whether the data were
collected in the breeding or non-breeding season. We also
measured energetic condition using a scaled mass index
[53, 54] to investigate whether differences in the energetic
or physiological mobility may limit an individual’s space
use behaviors [15]. We measured captivity history as the
number of days each individual spent in the aviaries to
assess the impact of captivity on subsequent movement in
the wild. Moreover, we recorded the maximum group size
that the focal grackle was observed with, as well as habitat
characteristics—such as human food sources and available
breeding habitat—using data collected as part of a separate
investigation [see: 37]. These factors of the external
environment could potentially affect how grackles choose to
move or where they spend time [15]. We also tested whether

Figure 2: Depiction of the novel environment assay. After
grackles habituated to their aviaries, we introduced a novel
environment, a small pop-up tent. We measured the latency to
approach the tent and the duration spent in proximity to the tent
during 2-hour trials. Grackles did not need to approach the tent to
acquire food and water (visible at the back of the aviary).

time spent in captivity altered the social behavior of
grackles when they were subsequently released into the wild
by investigating if the maximum group size observed across
each individual’s focal follows varied as a function of each
individual’s captivity history.

Lastly, conspecific density (the number of individuals per
square meter) has also been shown to affect home range size
in other bird species [55, 56]. To assess whether home range
size may vary between our populations due to conspecific
density, rather than exploratory traits, we conducted point
count surveys to measure grackle population density. We
placed 225 point count stations across the geographic
boundaries encompassing each population (Tempe, AZ;
Sacramento, CA). For each study population, the first
central point was randomly placed within 500 m of the
center of the study area. The remaining points were placed
in a 500 m grid pattern extending out from this central point.
In total, the grid covered an area that was 7 x 7 km. Each
point was visited once during the non-breeding season
(September—March). During the survey, researchers
recorded all grackles that were visually and aurally detected
for six minutes. We quantified region-specific grackle
density by fitting a hierarchical model that accounts for
imperfect detection.  Specifically, we used the model
developed by Amundson et al. [57], which integrates data
on time of detection and distance estimates to account for
the probability a bird is available to be detected (p,), and the
probability it is detected given that it is available (py),
respectively [58]. All parameters (density, p,, and p;) were
modeled as a function of the study site. Because we
expected vocalization rates to be greater for males than
females, we also modeled p, as a function of sex.
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Figure 3: Log home range size results. In the left frame, we plot bird-specific log home-range size (with birds sorted within sites). In the
right frame, we plot the effects of predictors on the outcome of log home-range size. Predictor variables are plotted as rows and colored by
site. Each dot indicates the posterior mean relationship between the predictor variable and outcome in a univariate model, and the horizontal
line through each dot shows the 95% credible region. Reliable relationships are indicated by a lack of overlap of the credible interval with

zero (the vertical dashed line).
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Hypothesis 1:  Are individual differences in
exploration related to variation in space use?

We collected an average of 838 GPS points (range:
21-1,781) during an average of 26 (range: 2-78) tracking
sessions on each Arizona grackle (n: 19). For California
grackles (n: 24), we averaged 1,178 GPS points (range:
47-1,968) during an average of 18 (range: 1-38) tracking
sessions per grackle. Overall, we found mixed evidence that
exploration measured in captivity was related to space use in
the wild.

Home range size

Neither latency to approach, nor duration near, the novel
environment were related to variation in home range size in
California (Figure 3). In contrast, more exploratory grackles
in Arizona did have larger home range sizes. There was a
reliably positive relationship between duration near the
novel environment and log home range size of Arizona
grackles. Similarly, though the credible region crosses zero,
there was a nearly reliable negative relationship between
latency to approach the novel environment and log home
range size. In California, no other predictor variables were
reliably related to home range size. In Arizona the number
of both breeding sites and food sites were positively
associated with log home range size (Figure 3).

Mean and variation in log movement velocity

The relationships between log movement velocity (i.e., log
step length per unit time) and some predictor variables
differed based on the study site (see Figure 4). However,
there was no evidence that either measure of exploration
was related to either the average or standard deviation of log

birds with a larger number of food sites had more variable
log movement velocities, indicating that more variable food
locations led to more Lévy-like foraging behavior. However,
in Arizona, it appears that a greater number of food or
breeding sites leads to generally faster, but less variable
movement dynamics. No other effects are reliably non-zero.

Temporal correlation in spatial location preferences

We investigated which predictor variables were related to
temporal autocorrelation (i.e., predictability) of grackle
spatial location preferences. In Arizona, the exploration
measures were indeed related to temporal autocorrelation in
space use in the predicted direction (Figure 5). Birds who
waited longer to approach a novel environment in their
aviaries showed elevated temporal autocorrelation (i.e., less
exploration) and birds who spent more time near the novel
environment in their aviaries showed lowered temporal
autocorrelation (i.e, more exploration). There was also a
negative effect of the number of food sites and breeding
sites on autocorrelation at the Arizona site (see Figure 5),
indicating that grackles that had a higher number of human
food source areas (e.g, dumpsters, cat food bowls, outdoor
restaurant seating areas, etc.) within their home ranges were
less predictable, week to week, in space use. At the
California site, the credible regions of all variables (except
group size) overlapped zero, indicating that none were
reliably related to spatial-location preferences.  More
generally, there was substantial between-individual variation
in autocorrelation at both the California and Arizona sites,
indicating that individuals differ in how likely they were to
be found in the same spatial locations across weeks (i.e.,
some were consistently predictable with  high
autocorrelation values and others were unpredictable with
low autocorrelation values). In sum, we note evidence for
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Figure 4: Log movement velocity results. In the left frame, we plot bird-specific log movement velocity distributions (summarized as a
mean £2 SDs; birds sorted within sites). In the right frame, we plot the effects of predictors on the outcomes of average log movement
velocity (left sub-panel) and standard deviation in log movement velocity (right sub-panel). Predictor variables are plotted as rows and
colored by site. Each dot indicates the posterior mean relationship between the predictor variable and outcome in a univariate model, and
the horizontal line through each dot shows the 95% credible region. Reliable relationships are indicated by a lack of overlap of the credible

interval with zero (the vertical dashed line).
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P1 at the Arizona site, in that more exploratory grackles
were more dynamic in their space use, showing reduced
autocorrelation across a 1-week time gap. At the California
site, the data were most consistent with P1.a4, showing no
association between the temporal consistency of space use
and aviary-measured exploratory tendency.

Hypothesis 2: Does space-use behavior vary between
two study populations located at different points in the
geographic range?

Population density

We conducted point count surveys at 214 point-count sites,
rather than the planned 225 at our Tempe, Arizona site due
to access issues (e.g., when a point count site was located in
an inaccessible construction site or wetland) or scheduling
oversights (i.e., points 196-202 were missed due to
scheduling conflicts). We conducted point count surveys at
all 225 planned sites in Sacramento, California.  We
estimated the great-tailed grackle population density in
Tempe, Arizona at 0.073 birds/ha (CI: 0.057, 0.093) and in
Woodland, California at 0.016 birds/ha (CI: 0.012, 0.021).
Population density was significantly higher at our Arizona
site relative to the California site (B: -1.54, CL: -1.91, -1.17).

Home range size

California grackles exhibited significantly larger home
range sizes, measured in square kilometers using
autocorrelated kernel density estimates, relative to Arizona
grackles (Table 2). No other predictor variables were
significantly related to home range size. This provides
partial support for prediction P2. It is also notable that
although California grackles had larger average home range

Site = AZ = CA

sizes, most of the home ranges were highly overlapping
compared to the discrete, smaller home ranges in Arizona
(Figure S1).

Mean and variation in log movement velocity

Grackles in California showed slightly smaller mean log
movement velocity (i.e., step length per unit time), but no
difference in variation (standard deviation) of log movement
velocity, relative to grackles in Arizona (left panel of Figure
4).

Temporal correlation in spatial location preferences

As stated above regarding P1, we did find evidence of a
linkage between exploratory tendency and autocorrelation in
space use at the Arizona, but not the California site.
However, there were no large differences in the average
level of autocorrelation in space use between sites. The left
panel of Figure 5 shows that the variation across birds in
temporal autocorrelation level within either field site is
much larger than the variation between sites, but on a
rank-matched basis, there is slightly less autocorrelation in
the California site, which is consistent with P2. The credible
interval for this comparison encompasses zero, so the
evidence here is weak and should be seen as suggestive not
confirmatory (Table 2).

Impact of captivity on social behavior

The amount of time that grackles spent in captivity did not
affect their maximum social group size after release back to
the wild (B: -0.00; CI: -0.01, 0.00; p: 0.56) for either the
Arizona or California study sites (B: 0.37; CI: -0.48, 1.25; p:
0.51).
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Figure 5: Spatial location preference results. In the left frame, we plot sorted posterior estimates of oy, the bird-specific parameter
defining the level of temporal autocorrelation in space use, where higher scores represent less exploratory behavior, across weeks, on
average. Since we have approximately the same number of birds in each sample, these sorted individual-level estimates are suggestive of
rank-matched differences in temporal autocorrelation, with Arizona birds showing slightly higher levels of temporal autocorrelation for
their rank, especially at higher ranks. In the right frame, we plot the effects of predictor variables on bird-specific temporal autocorrelation
(positive effects here represent lower exploratory tendency and more autocorrelation). Predictor variables are plotted as rows and colored by
site. Credible regions are plotted as 95% intervals. Note that we have 20 CA birds in this analysis, since this analysis required observations

over several weeks in succession.
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Table 2: Effects of field site location on each of the considered outcome variables. Here, we include all predictors using a multivariate
regression. There is some evidence that California birds have larger home ranges and slower average movement velocities. All other effects,
for all other outcomes, include the value of zero within the credible region.

Log home-range size

Log movement velocity (mean)

Log movement velocity (SD)  Autocorrelation in space-use

Mean 2.50% 97.50% Mean 2.50% 97.50% Mean 2.50%  97.50% Mean 2.50%  97.50%
(Intercept) -0.092  -1.907 1.723 0564  0.218 0.909 1.725 1.527 1.923 0.277 0.1 0.455
CA (vs. AZ) 2.255 0.768 3.741 -0.671  -0.953  -0.388 0.129 -0.034  0.291 -0.063  -0.212  0.086
Male (vs. Female)  0.153 -1.471 1.778 0.015 -0.294  0.324 0.004 -0.174  0.181 0.104 -0.055  0.263
Captivity History 0.753 -0.065  1.572 0.079 -0.077  0.235 -0.018  -0.107  0.071 -0.008  -0.09 0.074
Breeding Season -1.261  -3.075  0.554 -0.005  -0.35 0.34 0.061 -0.138  0.259 -0.05 -0.233  0.134

Discussion

Movement and space use behavior are theoretically
motivated by internal states such as personality traits,
hunger, reproductive drive, and risk perception [15].
Variation in movement can significantly impact the rate and
longevity of species invasions [59]. Research testing
internal states like behavioral and cognitive traits via assays
in captivity often assumes that laboratory performance
reflects fitness-relevant behavior in the wild. However, few
studies have experimentally tested the relationship between
personality traits - like exploratory tendency - and natural
movement behavior in the wild. Here, we found that the
relationship between movement behavior and exploration,
measured as the latency to approach or the duration in
proximity to a novel environment, was dependent on which
movement variables were considered and the proximity of
the focal population to the range edge.

Exploration was related to home range size and temporal
autocorrelation in space use only in the range-middle

population (Arizona), providing partial support for
prediction P1. In contrast, exploration was not related to
movement velocity (step length per unit time) in either site.
Thus, variation in individual decisions at the step level (a
fine-grained measure of movement behavior) is not well
explained by the exploration personality trait as we
measured it, although larger-scale measures of space use
like total space explored (i.e., home range size) or spatial
location preference at approximately 30m square resolution
were. We also found that some movement variables differed
between the range-edge and range-middle populations:
home range was larger among range-edge grackles,
providing partial support for our prediction P2 that
range-edge grackles would use a great amount of space less
predictably. However, average movement velocity was
lower among range-edge grackles, which instead supports
P2 alternative 1, while temporal autocorrelation was similar
between populations, which supports P2 alternative 2. These
inconsistent results could indicate that different types of
movement behavior are motivated by distinct internal states
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that influence fitness or range expansion in different ways.

Classic models in optimal foraging theory, like the
marginal value theorem [60, 61] and its extension to models
of movement dynamics in patchy environments [33],
suggest that both average search velocity and variation in
search velocity will be tightly coupled to the distribution of
resources on the landscape. We did find a reliable
relationship between ecological factors like food and
breeding site availability and movement behavior of
Arizona grackles. As such, movement patterns in the wild
were broadly affected by the distribution of key resources in
addition to internal personality states, although we lack
information on step-level food encounter rates. When
individuals encounter food items, they reduce velocity to
process and consume those items. If food items are
clustered, foragers should continue to deploy slower and
more tortuous area-restricted search to remain in a patch
where subsequent encounters are likely, until some
threshold ““giving-up time” is reached and they resume a
faster between-patch search mode [33]. As such, future
work investigating linkages between step-level movement
dynamics and the personality trait of exploration should
minimally account for environmental richness and
patchiness—as variation in these variables may explain
some of the between-site differences we found here,
independent of the proximity to the range edge. At a more
nuanced level, it may be that exploration propensity
regulates the “giving-up time” for encounter-conditional
area-restricted search, with more exploratory individuals
moving on to new patches at faster rates, holding all else
constant. However, such an association would only be
detectable if GPS tracks are annotated with food-item
encounters. In the absence of encounter-annotated GPS, it is
impossible to tell if differences in movement velocity are
due to differences in individual preferences (i.e., different
“giving up times”) or differences in environmental richness
(e.g., due to different arrival rates of human food-scraps in
different areas).

Although the relationship between environmental factors,
movement dynamics, space use, and exploratory tendency
differed for grackles at the two sites, we found limited
evidence for an “invasion syndrome”: i.e., consistent
differences in the behavior or physiology of pioneer
individuals pushing the geographic range boundaries into
new areas relative to individuals in the middle of the range
[59, 7, 62]. Pioneers are often shown to be more exploratory
[63], bolder [64], and more aggressive [8], as well as more
likely to move further in a single lifespan [9, 65], and
disperse away from areas that are densely populated with
conspecifics [3]. Grackles on the edge of the range do
appear to be using space differently than grackles in the
middle of the range. However, our current study does not
provide consistent support that this population difference is
attributable to exploration.  Previously, we found that
grackles on the range-edge were not different in overall
exploration propensity or average behavioral flexibility
relative to grackles in the middle of the expanding range.
However, they had greater flexibility variance (measured by
reversal learning), higher average persistence (they
participated in a larger proportion of trials) [66], and they
dispersed further from their parents and siblings [67]. Here,

we found that grackles on the invasion front had larger
home range sizes, but moved slightly smaller distances per
unit time. Similar to our focal species, exploratory and
range-edge individuals from other native and invasive
species show larger home range sizes [28, 65]. However, we
cannot exclude the possibility that the larger home range
size of the range-edge population was due to the
significantly lower population density relative to the
range-middle population [55, 56].

Our finding that range-edge grackles showed smaller
average step lengths per unit time does stand in contrast to
much of the other research on movement and invasion
success. For example, invasive cane toads and mynas on the
range-edge in Australia showed greater distances moved per
time than those in the range-middle [9, 65] and invasive
signal crayfish moved twice as far per unit time compared to
sympatric native crayfish [14]. Thus, population differences
existed in our study, but did not conform to what is
empirically and theoretically expected for an “invasion
syndrome”. However, as we eluded to above, such a
difference might be expected if the California site were
characterized by higher food-item richness (in calories
available per hectare, per day, per bird) due to reduced
scramble competition (owing to the lower density of
conspecifics), reducing the need for grackles there to engage
in active search. Sit-and-wait or slow velocity search is
energetically preferable to high-velocity search, as long as
the renewal rate of food items (e.g., due to humans littering)
is sufficiently high [68]. With few exceptions, all California
grackles spent the majority of their time around the parking
lots of a single large shopping center with numerous fast
food restaurants, even though there were abundant nearby
natural resources (e.g., fallow agricultural fields and ponds).
Consequently, the daily space use of all California grackles
occurred in a similar location and centered on a similar,
high-yield food source. In such a context, simply waiting
near a high-yield location may be fitness maximizing
relative to more energetically costly high-velocity active
search, as long as the density of competitors is low. As such,
additional research is needed to disentangle the complicated

interaction between individual-level features (e.g.,
exploratory tendency) and site-level features (e.g.,
conspecific density and environmental richness and
patchiness) that should jointly determine movement

dynamics and space use.

Future research may also need to more purposefully
balance inclusion of multiple range-middle and range-edge
sites relative to key environmental variables to draw
conclusions about between-group differences in outcomes
that are not confounded by differences in ecology. We
hesitate to make broad conclusions about the role of home
range size or step length on invasion success from our study
because we focused on only one edge and one middle
population. Moreover, both of our focal populations were
located in the non-native portion of the great-tailed grackle
range. It is possible that exploration and movement behavior
of grackles in the endemic portion of the range in Central
America would differ in ways that could clarify the
mechanisms influencing grackle invasion success into North
America. More generally, movement decisions of pioneer
individuals might also be linked to other personality traits
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like activity or sociability [3], or state-conditional risk
preferences [69]. We believe that exploratory tendency
likely does have direct causal influence on real-world space
use, movement and invasion success, but future empirical
work must collect more granular data to permit adjustment
for important confounds that we could not account for here.
There is currently limited research that measures
performance on assays in captivity and fitness-relevant
behavior of the same individuals across multiple populations
in the wild. Our study contributes important information on
the ecological validity of a personality assay in captivity, the
factors that affect the predictability of movement behavior
in the wild, and the variation in specific types of movement
that could influence invasion success. These results can help
inform conservation and invasive species management
strategies by highlighting that populations can vary in
multiple behavioral traits, and in potentially counterintuitive
ways. However, further research is needed on additional
populations and personality traits to make more general
conclusions about the relationship between animal
personality, movement behavior and invasion success.
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