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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.
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Introduction10

Problematic range expansions of invasive species are11

occurring across the globe. However, not all species that12

invade novel areas outside of their traditional range become13

established [1, 2] and it is still unclear what characteristics14

facilitate successful invasions [3]. These characteristics are15

important for predicting potential invasions, especially since16

Contact data: Kelsey B. McCune, kelseybmccune@gmail.com

invasive species are implicated as a leading cause of 17

biodiversity loss [4, 5]. One hypothesis is that the specific 18

behavioral types of individuals at the invasion front 19

facilitates geographic range expansion [6]. Traits such as 20

exploration propensity and aggressiveness may make some 21

individuals more likely to succeed when venturing into new 22

habitats and competing with heterospecifics [7]. Evidence 23

linking consistent individual differences in behavioral types 24

to invasion success is accumulating. For example, 25

Duckworth and Badyaev [8] found that western bluebird 26

males on the range edge expressed more aggressive 27

behavior, suggesting that range expansion was facilitated by 28

aggressive males dispersing further and displacing less 29

aggressive mountain bluebirds. Additionally, invasive cane 30

toads on the invasion front in Australia spent longer in the 31

dispersal movement mode and moved greater distances than 32

other toads tracked several years later in the same location 33

[9]. 34

Within-species variation in the ability (movement) and 35

motivation (exploratory tendency) to encounter 36

conspecifics, novel foods, and novel food sources could be a 37

limiting factor in successful species range expansions [10]. 38
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In novel areas, these resources and other environmental39

factors may not be as easily detectable or recognizable, and40

may be distributed differently across the landscape than in41

core areas of the range. Although individuals with42

exploratory phenotypes may be more successful at43

colonizing new habitat, more exploratory individuals may44

also face higher predation risk [11], and could be less likely45

to find local food sources [12]. Consequently, new areas46

may only become colonized by invaders if individuals47

exhibit a range of exploratory behaviors. Additionally, while48

dispersal—the permanent movement of an individual from49

its place of birth to the place where it reproduces [13]—is50

necessary to initially invade a novel habitat, subsequent51

daily space use patterns could determine establishment52

success. There is likely to be a dependence between space53

use preferences (e.g., in terms of movement patterns, and54

temporal consistency of revisiting known areas) and55

exploration propensity (e.g., in terms of investigating new56

locations and objects in the landscape). Moreover, as is57

evident from the cane toad invasion into Australia58

[@lindstrom2013rapid], space use patterns could also vary59

based on location along the invasion front. For example, on60

the range edge, conspecific density might be lower and61

individuals may be able to maintain larger home-range sizes62

or may use space differently due to differences in resource63

distribution [14]. However, current research on invasion64

success and movement behavior focuses most heavily on65

dispersal. While dispersal and exploration propensity have66

been shown to be associated [7], we still do not know how67

exploration tendency influences space use patterns in the68

daily lives of individuals expanding their ranges.69

Space use behavior is expected to be influenced by70

internal states like exploratory tendency and hunger, as well71

as by the non-random distribution of available habitat and72

resources [15]. Space use can also consistently differ among73

individuals [16], which indicates that each individual has74

distinct preferences for how, when, and where to move75

within their home range. Traditional analyses of animal76

space use required spatial and temporal independence of77

data points for statistical analysis [17], yet movement data78

are unlikely to meet these criteria. Spatial and temporal79

autocorrelation occurs when the position of an individual at80

a given time is tightly linked to its position both before and81

after, including cases where individuals are repeatedly82

found in the same locations across time. This83

autocorrelation is an intrinsic component of space use84

behavior and eliminating it can reduce biological relevance85

and obscure relationships with behavioral types [18]. Using86

new models [19], we can draw more information from87

movement data to better illuminate the relationship between88

individual differences in exploratory tendency, space use89

behavior, and invasion success.90

Study species91

Great-tailed grackles (Quiscalus mexicanus, hereafter92

“grackles”) are rapidly expanding their geographic range93

[20]. They are “invasive” because they meet the criteria for94

the establishment and spread stages of invasion [21], and95

they are considered a pest in some areas where they reduce96

crop yields [22]. However, the nature and level of ecological97

and social factors that grackles experience may vary in 98

importance between populations in different parts of the 99

range. Generally, this species is strongly associated with 100

human-modified landscapes and is able to take advantage of 101

a variety of human foods (e.g., crops, leftovers at outdoor 102

cafes, or even scraps from garbage cans) in addition to 103

foraging on insects and natural food items [23]. 104

Furthermore, they exhibit variation in territorial social 105

behavior in both the breeding and non-breeding seasons. 106

During the non-breeding season, this species forages in 107

smaller groups and communally roosts in larger groups [23]. 108

During the breeding season, one or more males defend a 109

territory where multiple females place their nests to raise the 110

young [24]. Roaming males are also present and can obtain 111

extra-pair copulations with females on other males’ 112

territories [24]. 113

In this investigation, we aimed to understand whether 114

exploratory tendency, measured in captivity, is associated 115

with space use behavior, measured in the wild. We draw on 116

individual-level data populations of grackles across the 117

current range (see Table 1): Central America (core of the 118

original range), Arizona (middle of the northern expanding 119

edge) and northern California (near the northern limit of the 120

expanding edge). Exploration propensity—measured 121

following the protocol described in McCune et al. [25]—is 122

interpreted as an individual’s response to novelty, such as 123

novel environments or novel objects [26], to gather 124

information that does not satisfy immediate needs [27]. 125

Previous studies on birds have found a relationship between 126

some movement behaviors (home-range size and natal 127

dispersal) in the wild and exploration propensity measured 128

in captivity using novel environment [28, 29] and novel 129

object [27] tests. As such, these measures have the potential 130

to be relevant to grackles as well. 131

After measuring exploratory tendency in captivity, we 132

used radio telemetry to measure space use behavior in the 133

wild. We quantified a standard measure of space use that 134

controls for autocorrelation (i.e., we defined a home range 135

size for each bird), but we also investigated the behavioral 136

relevance of autocorrelation in space use with two relatively 137

new methods. The first method describes individual 138

differences in path-level movement behavior by analyzing 139

the mean and variation (standard deviation) of log 140

step-length (i.e., the log distance between two sequential 141

observations) and turning angle for each individual over 142

time [33, 16], while the second method describes individual 143

differences in spatial location preferences by analyzing 144

whether each individual predictably returns to particular 145

grid-cells (i.e., geographic locations) across successive 146

weeks [34, 35], above and beyond what is expected given 147

the general suitability of each grid-cell (e.g., in terms of 148

food locations and breeding sites). 149

With these data, we tested two separate hypotheses. First, 150

we tested whether grackle performance on exploration tasks 151

in captivity is related to the space use metrics of the same 152

individuals in the wild. Second, we tested the hypothesis 153

that the space use behavior of wild grackles systematically 154

varies with respect to the location of the population in the 155

expanding range. This research has implications for invasive 156

species management [6], but could also be used to inform 157

the conservation of threatened and endangered species [e.g., 158
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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].

Site Range position Breeding
since

Years of
breeding

Mean number
of generations

Kilometers to
nearest field site

Nearest field
site Citation

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]

to identify which individuals are likely to remain in new or159

restored habitat after a translocation; 36]. In particular,160

linking space use and exploratory tendency will be161

important for identifying variation in behavioral phenotypes162

in species where it is not logistically feasible a priori to163

measure exploration in captivity.164

Preregistration details165

This manuscript is the post-study article resulting from a166

preregistration that received an in-principle167

recommendation. The proposed hypotheses, methods, and168

analysis plan were described in detail in the peer-reviewed169

preregistration (see Supplementary Materials). The170

preregistration was written in June 2019. At the same time,171

GPS points were already being collected during daily172

telemetry tracking sessions for other purposes [37]. To173

collect enough data for the hypotheses tested here, we174

increased the duration of tracking sessions and the number175

of GPS points collected per unit-time. We submitted the176

preregistration in September 2019 to Peer Community in177

Ecology for pre-study peer review. After four rounds of178

revisions, the preregistration received an in-principal179

recommendation at Peer Community in Ecology in180

September, 2020.181

Specific hypotheses and predictions182

Note that the hypotheses and predictions listed below are183

reproduced from the preregistration and do not reflect the184

deviations mentioned in the sub-section that follows.185

Hypothesis 1:186

Individual differences in measures of exploration using187

novel environment and novel object tasks [see: 25, for188

methods] are related to variation in space use (measured via189

home-range size, autocorrelation of step lengths and turning190

angles, or whether individuals are predictably found in the191

same locations) across the breeding and non-breeding192

seasons. Previous studies on birds have found a relationship193

between movement behavior in the wild and exploration194

measured in captivity using novel environment [28, 29] and195

novel object [27] tests, therefore the measures we are196

investigating have the potential to be relevant to grackles.197

We expect space use to vary within an individual across198

breeding seasons because during the non-breeding season199

this species forages in smaller groups and communally200

roosts in larger groups [23]. During the breeding season, 201

one or more males defend a territory and females place their 202

nests within territories to raise the young [24]. Roaming 203

males are also present and can obtain extra-pair copulations 204

with females on other male’s’ territories [24]. 205

To investigate the first hypothesis, we derived the 206

following main prediction (P1), and four alternate 207

predictions (P1.a1–P1.a4): 208

P1 More exploratory grackles, i.e., individuals that get 209

closer to the novel object and novel environment, 210

will be found in larger expanses (larger home range 211

sizes), use less predictable movement patterns (low 212

autocorrelation of step lengths and turning angles), 213

and occupy a greater variety of spatial locations. 214

This would suggest that more exploratory individuals 215

are more willing to move into novel areas in the wild. 216

P1.a1 The more exploratory grackles will be found in a 217

smaller expanse (smaller home range size), use more 218

predictable movement patterns (high autocorrelation 219

of step lengths and turning angles), and consistently 220

occupy the same spatial locations. This would 221

suggest that the more exploratory individuals may 222

dedicate more time to investigating a smaller area 223

within their home range, rather than moving into new 224

areas for resources such as food or mating 225

opportunities. 226

P1.a2 Only performance on the novel environment task will 227

correlate positively with space use behavior in the 228

wild. This would suggest that perception of, and 229

behavioral interactions with, novel environments 230

(spatial information) differs from that used for novel 231

objects [38]. 232

P1.a3 Only performance on the novel object task will 233

correlate positively with space use behavior in the 234

wild. This would suggest that, in these populations 235

located in human-modified environments, space use 236

may primarily be driven by grackles searching for 237

novel objects that represent human-provided sources 238

of food. Much of the food grackles consume is 239

contained within human-made packaging (e.g., 240

grackles search inside take-out bags from 241

restaurants) or enclosed in human-made containers 242

(e.g., garbage cans), therefore they should have a 243

reason to approach and explore new objects to 244

determine whether they could be a new food source. 245
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P1.a4 There will be no correlation between an individual’s246

proximity or touches to the novel object or novel247

environment and their space use behavior. This248

would suggest that the measures of exploration in249

captivity are either are not relevant enough to how250

grackles use space in the wild to be able to measure251

the same trait, or they are independent of space use252

behavior. Such independence could arise due to the253

tracked individuals being primarily adults who may254

already be familiar with their home range and255

surrounding areas, and thus do not need to further256

use the space as if it were novel.257

Hypothesis 2:258

Space use behavior will vary among grackles from our three259

study populations located along different points in the260

geographic range of this species (core, middle of expansion,261

and range edge; Table 1). These populations are262

theoretically connected; however, actually moving between263

any two of our field sites within a few grackle lifespans is264

unlikely due to the large distances between field sites and265

geographic barriers (e.g., the Sierra Nevada and Sierra266

Madre mountain ranges, and the high elevation areas of267

Mexico).268

To investigate the second hypothesis, we derived the269

following main prediction (P2), and two alternate270

predictions (P2.a1–P2.a2):271

P2 Home-range size will be larger, autocorrelation of272

step lengths and turning angles will decrease (i.e.,273

grackle movement behavior will be less predictable),274

and grackles will use a greater variety of spatial275

locations as the geographic distance from the original276

center of the range increases. Specifically, the277

grackles sampled from the site on the edge of the278

range (northern California), will have larger overall279

home-range sizes, exhibit more variety in step280

lengths and turning angles, and use a greater variety281

of spatial locations than the sample of grackles in the282

core of the range (Central America). Grackles in the283

sample from the middle of the expanding range284

(Arizona) will be intermediate in space use. Such285

population differences in space use behavior may286

relate to range expansion because some of the287

individuals on the leading edge of the range may use288

more space and move longer distances [8]. However,289

larger-scale sampling of grackle groups across the290

strata of the expansion front and core range would be291

needed to more robustly validate the hypothesis that292

cross-site differences are indicative of a broader293

pattern driven by the location of the expansion front.294

P2.a1 Grackles sampled on the edge of the range will have295

smaller overall home range sizes, high296

autocorrelation in step length and turning angle (i.e.,297

movement behavior will be more predictable) and298

consistently use the same spatial locations, compared299

to grackles sampled in the middle or core of the300

current range. This would suggest that suitable301

habitat may be distributed in small patches, that302

novel habitats at the edge of the range may have high303

predation risk which discourages grackles from using 304

novel space, and/or that individual grackles 305

specialize on certain novel habitat types that are 306

patchily distributed. 307

P2.a2 We will find no difference across the geographic 308

range in the space use behavior of the grackles 309

sampled. This would suggest that, on average, all 310

grackles may use the same amount of space, or that 311

there is a similar distribution of individual 312

differences in space use in each population. 313

Alternatively, it could indicate that we did not detect 314

differences because we measured adults rather than 315

juveniles. Grackles sampled in different populations 316

may converge on similar space use behavior during 317

development, or juvenile grackles may disperse 318

further on the edge of the range. However, we are not 319

able to detect these differences with our data, which 320

are primarily from adults. 321

Deviations from the preregistration 322

In the course of the research process, a number of deviations 323

from the preregistration were necessitated either by exigent 324

circumstances or by scientific rational: 325

D1: Due to the COVID-19 pandemic and credible safety 326

concerns at the planned study site research station, we 327

did not travel to Central America to measure the space 328

use and exploratory propensity of grackles in the 329

endemic portion of the range. 330

D2: We modeled only step length—rather than both step 331

length and turning angle—as a dependent variable for 332

assessing space use behavior. The preregistered model 333

of search dynamics introduced in Ross et al. [39] and 334

tested in Pacheco-Cobos et al. [33] as well as Ross and 335

Winterhalder [40] relies on food-encounter-annotated, 336

equal-interval GPS points over short time-steps. Due to 337

constraints in the field, GPS data could not be collected 338

using equal-interval track points, nor annotated with 339

food item encounters. We instead have unannotated 340

GPS data taken at short time-steps with fairly uniform, 341

though not exactly equal, intervals. As such, we are 342

unable to measure variation in turning angle, but we 343

are still able to model variation in step length as 344

planned by normalizing the distance between GPS 345

points by the time between GPS points, to yield a 346

movement velocity. 347

D3: We discovered in our investigation of grackle 348

personality traits [see: 25] that exploration of a novel 349

object was not repeatable. This indicates that this 350

particular test was not a good measure of the 351

personality trait we refer to as “exploration”. As such, 352

here we only use each grackle’s exploratory tendency 353

as measured by their performance on the novel 354

environment test which was repeatable. 355

D4: Because the population density of California grackles 356

was significantly less than the density of grackles in 357

Arizona (see Results, Hypothesis 2, Population 358

density), we could not include population density in the 359
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models for H2, when the categorical variable for site360

was already included. This is because these two361

correlated variables account for the same variance.362

D5: We preregistered that we would follow color-marked363

individuals for 20-90 minutes and radio-tagged364

individuals for 90 minutes to collect GPS points for the365

grackle’s location at one-minute intervals. However,366

we were not always able to achieve this goal because367

the grackles sometimes flew, or moved out of view for368

extended periods of time. Similarly, although we369

preregistered that we would search for grackles 4 times370

per week, personnel constraints and difficulty of371

finding focal individuals made it difficult to achieve372

this goal for all individuals.373

Methods374

Subjects375

Great-tailed grackles were caught from the wild using a376

variety of methods (e.g., mist nets, walk-in traps, and bow377

nets), given colored leg bands in unique combinations for378

individual identification, and brought into large aviaries at379

each site. We prioritized capturing adult individuals (older380

than 1 year), because cognitive and behavioral traits are381

often not fully developed in hatch-year birds [41]. We382

identified grackles as adults using eye color, where hatch383

year birds have brown eyes, but second year and older birds384

have yellow to white eyes. While it is possible that cognitive385

traits continue to develop in second year and older birds, it386

is impossible to distinguish grackle age after the bird’s first387

year [23]. We also attempted to balance subjects by sex.388

Subjects spent up to six months in an aviary while they389

participated in behavioral choice tests and individual390

differences assays, including measures of exploration in391

captivity (see below), as part of other research projects by392

this lab. We preregistered that we would need a sample size393

of 20 grackles per population to have a 70% chance of394

detecting a small effect (see Analysis Plan in Supplementary395

Materials) and our actual sample was very close to this396

number (n = 19 in Arizona, n = 24 in California).397

Space use398

Before the grackles were released from the aviaries, they399

were fitted with VHF radio tags (Lotek PipLL model400

Ag386, Advanced Telemetry Systems model A2455, or401

Holohil Systems model BD-2) attached to a leg loop harness402

[methods as in: 42] so that we could track space use403

behavior in the wild. We searched for each tagged grackle404

multiple times per week. Once found, the experimenter405

followed the focal individual for approximately 20–90406

minutes, using the iPhone application GPX Tracker [43] to407

record a GPS point at the bird’s location every one minute,408

regardless of whether the bird moved [44]. Researchers only409

approached to a distance that did not affect the grackle’s410

behavior (approximately 30m away) and observed the411

grackle’s behavior with binoculars. If the grackle alarm412

called or oriented towards the researcher (indicating that the413

researcher’s presence affected the grackle’s behavior), all414

tracking on that individual was stopped for the day. To415

ensure we captured all locations the individual visits and not 416

just those where they are most easily seen and followed, 417

tagged grackles that move out of sight during tracking were 418

searched for with telemetry until they were found again. 419

However, we excluded GPS points collected outside of 420

“normal daily activities” [45], for example mobbing a 421

predator, or points before sunrise or after sunset when 422

grackles are at the roost. Additionally, as noted below, we 423

excluded a small number of points for methodological 424

reasons (e.g., implausibly high velocities suggesting GPS 425

resolution errors). Outside of these circumstances, we 426

included all GPS points in our analysis of space use 427

behavior. 428

We attempted to balance the collection of space-use data 429

across morning and afternoon time periods for all grackles. 430

We hoped to track the same individuals across the breeding 431

and non-breeding seasons. However, the leg loop harnesses 432

often degraded and fell off after 1–4 months. Therefore, we 433

have few data points on the same individuals in both seasons, 434

but we can compare space use in different individuals across 435

seasons. 436

Dependent variables for space use models 437

We quantified grackle space use behavior with four metrics: 438

home-range size, mean and variation of log movement 439

velocity (log step length per time), and spatial location 440

preference. 441

Home range size 442

First, we used a traditional measure of space use that controls 443

for spatial and temporal autocorrelation in relocations: home 444

range size. For each grackle that had more than 20 GPS point 445

locations [46], we calculated home range size in km2 using 446

the akde function in the R packages ctmm [47] and sf [48]. 447

Mean and variation in log movement velocity 448

Second, we quantified small-scale movement decisions by 449

extracting step length (the geographic distance between two 450

sequential GPS points, ideally taken at 1-minute intervals) 451

from the tracking data. We were interested in both the 452

distance moved, as well as the variation in distance moved. 453

As detailed in the deviation from the preregistration, GPS 454

points were not captured at exact 1-minute intervals, so we 455

calculated the mean and standard deviation of step length 456

per unit time for each bird. The total number of GPS points 457

used to calculate the mean and standard deviation varied 458

across birds. Step length per time was log-transformed, and 459

we dropped a small number of estimates that were 460

implausibly high (i.e., > 200 m/min), presumably resulting 461

from GPS resolution errors. 462

Temporal correlation in spatial location preferences 463

To better understand spatial location preferences, we 464

determined the rectangles of the smallest area that would 465

enclose the maximum number of data points (see Figure 1). 466

At the California site, this is a 2.04×1.94 km rectangle, and 467

at the Arizona site, this is a 2.38× 1.79 km rectangle. The 468

best rectangle for the Arizona site let us capture 16,873 out 469
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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.
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of 17,000 GPS points (99.25%) within our sample area. The470

best rectangle for the California site let us capture 19,534471

out of 21,361 GPS points (91.44%) within our sample area472

(see Figure 1). The slightly lower fraction of data inclusion473

in the California site was due to a few individuals that were474

tracked at two distant study sites, leading to GPS tracks475

falling substantially outside of the central study area. We476

excluded these points because, for computational reasons, it477

was impossible to extend the boundaries of our study area to478

capture all such points, while maintaining a reasonable479

grid-cell resolution. By focusing on the site where the bulk480

of GPS points were observed, we are able to maintain481

computational tractability, fine-scale grid-cell resolution,482

and comparability with the Arizona site.483

Once geographic boundaries were selected, we divided the484

geographic sample space into a list of G grid-cells, so that485

each cell was approximately equal in area for each site. For486

the California site, the space is divided into a 66×66 array of487

grid-cells, which leads to an average grid-cell size of about488

29×30 m and a grid-cell density of 1,100 grid-cells per km2.489

For the Arizona site, the sample space is divided into a 71×490

71 array of grid cells, which leads to an average grid-cell491

size of about 25×33 m and a grid-cell density of 1,183 grid492

cells per km2. By choosing the number of subdivisions to be493

66 and 71 respectively, we equalize the scale of inference at494

both sites. We then used 2-dimensional binning with the ash495

package [49] in R to quantify the number of recorded GPS496

points inside each of the grid-cells for each bird on each day.497

We model temporal autocorrelation in spatial location 498

preference by studying the bird-specific time-series of 499

movement behavior. Let F[b,w,g] be the count of times that 500

bird b was observed in grid-cell g on week w. For any week 501

after the first week of continuous observations, we can 502

model the entire G-vector, F[b,w,1:G], using a multinomial 503

regression [34] of the form: 504

F[b,w,1:G] ∼ Multinomial(Θ[b,w,1:G]) (1)

where: 505

Θ[b,w,1:G] = (1−α[b])θ[1:G]+α[b]F̂[b,w−1,1:G] (2)

where: 506

α[b] = logistic(β[0]+β[1]Z[1,b]+ ...+φ[b]) (3)

and where: 507

β[p] ∼ Normal(0,2.5) (4)
508

φ[b] ∼ Normal(0,σ) (5)
509

σ ∼ Exponential(1) (6)
510

θ ∼ Dirichlet(1, . . . ,1) (7)

Eq. 1 shows that we model the distribution of space use 511

as a multinomial outcome with probability vector Θ[b,w,1:G]. 512

Eq. 2 then shows how Θ[b,w,1:G] is constructed. The 513

G-vector Θ[b,w,1:G] is generated as a convex combination of 514

two other G-vectors, θ[1:G]—a vector giving the “suitability” 515
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or “attractiveness” of each grid-cell to grackles in516

general—and F̂[b,w−1,1:G], a vector giving the fraction of517

time bird b spent in each and every grid-cell on week w− 1518

(F̂ is just a normalized version of F). The mixing rate of519

these two components—the suitability component and the520

1-week lag component—is controlled by a bird-specific521

parameter, α[b]. Eq. 3 shows that α[b] is constructed using a522

simple logistic regression model, with an intercept523

parameter, β[0], slope parameters, β[p], bird-specific524

covariates, Z[p,b], and finally, a bird specific random effect,525

φ[b]. This regression equation allows us to study how526

exploratory different birds are as indicated by the527

predictabilty of space use: birds with a large α[b] are less528

exploratory in that their space use in week w is well529

predicted by their space use in week w−1. While birds with530

a small α[b] are more exploratory in that they are more likely531

to visit all grid-cells (in proportion to their suitability)532

regardless of their space use distribution in the previous533

week. Eqs. 4–7 show that we use weak priors.534

Models were fit using R [50] and Stan [51] through the535

cmdstanr package [52]. Model fit was assessed using the536

effective sample size and r̂ statistics. Models were also537

quality-checked by creating simulated data under the data538

generating process described by Eqs. 1-7 in R, and then539

using the Stan model to recover the generative parameters:540

see https : / / github . com / ctross / grackleator for541

details. In our Supplementary Materials, we also provide an542

example of a forward simulation showing the differing543

space-use distributions across successive time-steps for a544

hypothetical bird with α = 0.1 versus a hypothetical bird545

with α = 0.9.546

Predictor variables547

Exploration548

We used data collected as part of another investigation [see:549

25] to quantify the personality trait "exploration". In that550

investigation, we adapted commonly used methods to test551

exploratory tendency of grackles that were temporarily held552

in aviaries. Exploratory tendency was measured as the553

latency to approach and the duration spent in proximity554

(within 20 cm) of a novel environment set within the555

familiar environment of their aviary (Figure 2). Exploration556

assays occur twice for each bird: once near the beginning of557

their aviary time and once again approximately 6 weeks558

later. In our previous investigation [25], we also validated559

that performance on the exploration assays reflected560

exploration rather than boldness, and that performance was561

repeatable across time.562

Other predictor variables563

We recorded the sex of each bird and whether the data were564

collected in the breeding or non-breeding season. We also565

measured energetic condition using a scaled mass index566

[53, 54] to investigate whether differences in the energetic567

or physiological mobility may limit an individual’s space568

use behaviors [15]. We measured captivity history as the569

number of days each individual spent in the aviaries to570

assess the impact of captivity on subsequent movement in571

the wild. Moreover, we recorded the maximum group size572

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).

that the focal grackle was observed with, as well as habitat 573

characteristics—such as human food sources and available 574

breeding habitat—using data collected as part of a separate 575

investigation [see: 37]. These factors of the external 576

environment could potentially affect how grackles choose to 577

move or where they spend time [15]. We also tested whether 578

time spent in captivity altered the social behavior of 579

grackles when they were subsequently released into the wild 580

by investigating if the maximum group size observed across 581

each individual’s focal follows varied as a function of each 582

individual’s captivity history. 583

Lastly, conspecific density (the number of individuals per 584

square meter) has also been shown to affect home range size 585

in other bird species [55, 56]. To assess whether home range 586

size may vary between our populations due to conspecific 587

density, rather than exploratory traits, we conducted point 588

count surveys to measure grackle population density. We 589

placed 225 point count stations across the geographic 590

boundaries encompassing each population (Tempe, AZ; 591

Sacramento, CA). For each study population, the first 592

central point was randomly placed within 500 m of the 593

center of the study area. The remaining points were placed 594

in a 500 m grid pattern extending out from this central point. 595

In total, the grid covered an area that was 7 x 7 km. Each 596

point was visited once during the non-breeding season 597

(September–March). During the survey, researchers 598

recorded all grackles that were visually and aurally detected 599

for six minutes. We quantified region-specific grackle 600

density by fitting a hierarchical model that accounts for 601

imperfect detection. Specifically, we used the model 602

developed by Amundson et al. [57], which integrates data 603

on time of detection and distance estimates to account for 604

the probability a bird is available to be detected (pa), and the 605

probability it is detected given that it is available (pd), 606

respectively [58]. All parameters (density, pa, and pd) were 607

modeled as a function of the study site. Because we 608

expected vocalization rates to be greater for males than 609

females, we also modeled pa as a function of sex. 610
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COMPARING SPACE USE BEHAVIOR AND AVIARY-BASED EXPLORATION MEASURES MCCUNE et al.

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).

−2.5

0.0

2.5

5.0

0 5 10 15 20 25
Bird ID (sorted, within sites)

Lo
g 

ho
m

e−
ra

ng
e 

si
ze

Site AZ CA

Log home−range size

A
dd

iti
on

al
 m

ea
su

re
s

E
xp

er
im

en
ta

l
 m

ea
su

re
s

−3 −2 −1 0 1 2

Body condition (as SMI)

Breeding season

Breeding sites

Captivity History

Food sites

Group size

Male (vs. Female)

Duration near

Latency to approach

Site AZ CA

Results611

Hypothesis 1: Are individual differences in612

exploration related to variation in space use?613

We collected an average of 838 GPS points (range:614

21–1,781) during an average of 26 (range: 2–78) tracking615

sessions on each Arizona grackle (n: 19). For California616

grackles (n: 24), we averaged 1,178 GPS points (range:617

47–1,968) during an average of 18 (range: 1–38) tracking618

sessions per grackle. Overall, we found mixed evidence that619

exploration measured in captivity was related to space use in620

the wild.621

Home range size622

Neither latency to approach, nor duration near, the novel623

environment were related to variation in home range size in624

California (Figure 3). In contrast, more exploratory grackles625

in Arizona did have larger home range sizes. There was a626

reliably positive relationship between duration near the627

novel environment and log home range size of Arizona628

grackles. Similarly, though the credible region crosses zero,629

there was a nearly reliable negative relationship between630

latency to approach the novel environment and log home631

range size. In California, no other predictor variables were632

reliably related to home range size. In Arizona the number633

of both breeding sites and food sites were positively634

associated with log home range size (Figure 3).635

Mean and variation in log movement velocity636

The relationships between log movement velocity (i.e., log637

step length per unit time) and some predictor variables638

differed based on the study site (see Figure 4). However,639

there was no evidence that either measure of exploration640

was related to either the average or standard deviation of log641

movement velocity for either population. In California, 642

birds with a larger number of food sites had more variable 643

log movement velocities, indicating that more variable food 644

locations led to more Lévy-like foraging behavior. However, 645

in Arizona, it appears that a greater number of food or 646

breeding sites leads to generally faster, but less variable 647

movement dynamics. No other effects are reliably non-zero. 648

Temporal correlation in spatial location preferences 649

We investigated which predictor variables were related to 650

temporal autocorrelation (i.e., predictability) of grackle 651

spatial location preferences. In Arizona, the exploration 652

measures were indeed related to temporal autocorrelation in 653

space use in the predicted direction (Figure 5). Birds who 654

waited longer to approach a novel environment in their 655

aviaries showed elevated temporal autocorrelation (i.e., less 656

exploration) and birds who spent more time near the novel 657

environment in their aviaries showed lowered temporal 658

autocorrelation (i.e, more exploration). There was also a 659

negative effect of the number of food sites and breeding 660

sites on autocorrelation at the Arizona site (see Figure 5), 661

indicating that grackles that had a higher number of human 662

food source areas (e.g, dumpsters, cat food bowls, outdoor 663

restaurant seating areas, etc.) within their home ranges were 664

less predictable, week to week, in space use. At the 665

California site, the credible regions of all variables (except 666

group size) overlapped zero, indicating that none were 667

reliably related to spatial-location preferences. More 668

generally, there was substantial between-individual variation 669

in autocorrelation at both the California and Arizona sites, 670

indicating that individuals differ in how likely they were to 671

be found in the same spatial locations across weeks (i.e., 672

some were consistently predictable with high 673

autocorrelation values and others were unpredictable with 674

low autocorrelation values). In sum, we note evidence for 675
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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 grackles676

were more dynamic in their space use, showing reduced677

autocorrelation across a 1-week time gap. At the California678

site, the data were most consistent with P1.a4, showing no679

association between the temporal consistency of space use680

and aviary-measured exploratory tendency.681

Hypothesis 2: Does space-use behavior vary between682

two study populations located at different points in the683

geographic range?684

Population density685

We conducted point count surveys at 214 point-count sites,686

rather than the planned 225 at our Tempe, Arizona site due687

to access issues (e.g., when a point count site was located in688

an inaccessible construction site or wetland) or scheduling689

oversights (i.e., points 196–202 were missed due to690

scheduling conflicts). We conducted point count surveys at691

all 225 planned sites in Sacramento, California. We692

estimated the great-tailed grackle population density in693

Tempe, Arizona at 0.073 birds/ha (CI: 0.057, 0.093) and in694

Woodland, California at 0.016 birds/ha (CI: 0.012, 0.021).695

Population density was significantly higher at our Arizona696

site relative to the California site (β: -1.54, CI: -1.91, -1.17).697

Home range size698

California grackles exhibited significantly larger home699

range sizes, measured in square kilometers using700

autocorrelated kernel density estimates, relative to Arizona701

grackles (Table 2). No other predictor variables were702

significantly related to home range size. This provides703

partial support for prediction P2. It is also notable that704

although California grackles had larger average home range705

sizes, most of the home ranges were highly overlapping 706

compared to the discrete, smaller home ranges in Arizona 707

(Figure S1). 708

Mean and variation in log movement velocity 709

Grackles in California showed slightly smaller mean log 710

movement velocity (i.e., step length per unit time), but no 711

difference in variation (standard deviation) of log movement 712

velocity, relative to grackles in Arizona (left panel of Figure 713

4). 714

Temporal correlation in spatial location preferences 715

As stated above regarding P1, we did find evidence of a 716

linkage between exploratory tendency and autocorrelation in 717

space use at the Arizona, but not the California site. 718

However, there were no large differences in the average 719

level of autocorrelation in space use between sites. The left 720

panel of Figure 5 shows that the variation across birds in 721

temporal autocorrelation level within either field site is 722

much larger than the variation between sites, but on a 723

rank-matched basis, there is slightly less autocorrelation in 724

the California site, which is consistent with P2. The credible 725

interval for this comparison encompasses zero, so the 726

evidence here is weak and should be seen as suggestive not 727

confirmatory (Table 2). 728

Impact of captivity on social behavior 729

The amount of time that grackles spent in captivity did not 730

affect their maximum social group size after release back to 731

the wild (β: -0.00; CI: -0.01, 0.00; p: 0.56) for either the 732

Arizona or California study sites (β: 0.37; CI: -0.48, 1.25; p: 733

0.51). 734
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COMPARING SPACE USE BEHAVIOR AND AVIARY-BASED EXPLORATION MEASURES MCCUNE et al.

Figure 5: Spatial location preference results. In the left frame, we plot sorted posterior estimates of α[b], 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 0.564 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

Discussion735

Movement and space use behavior are theoretically736

motivated by internal states such as personality traits,737

hunger, reproductive drive, and risk perception [15].738

Variation in movement can significantly impact the rate and739

longevity of species invasions [59]. Research testing740

internal states like behavioral and cognitive traits via assays741

in captivity often assumes that laboratory performance742

reflects fitness-relevant behavior in the wild. However, few743

studies have experimentally tested the relationship between744

personality traits - like exploratory tendency - and natural745

movement behavior in the wild. Here, we found that the746

relationship between movement behavior and exploration,747

measured as the latency to approach or the duration in748

proximity to a novel environment, was dependent on which749

movement variables were considered and the proximity of750

the focal population to the range edge.751

Exploration was related to home range size and temporal752

autocorrelation in space use only in the range-middle753

population (Arizona), providing partial support for 754

prediction P1. In contrast, exploration was not related to 755

movement velocity (step length per unit time) in either site. 756

Thus, variation in individual decisions at the step level (a 757

fine-grained measure of movement behavior) is not well 758

explained by the exploration personality trait as we 759

measured it, although larger-scale measures of space use 760

like total space explored (i.e., home range size) or spatial 761

location preference at approximately 30m square resolution 762

were. We also found that some movement variables differed 763

between the range-edge and range-middle populations: 764

home range was larger among range-edge grackles, 765

providing partial support for our prediction P2 that 766

range-edge grackles would use a great amount of space less 767

predictably. However, average movement velocity was 768

lower among range-edge grackles, which instead supports 769

P2 alternative 1, while temporal autocorrelation was similar 770

between populations, which supports P2 alternative 2. These 771

inconsistent results could indicate that different types of 772

movement behavior are motivated by distinct internal states 773

10



that influence fitness or range expansion in different ways.774

Classic models in optimal foraging theory, like the775

marginal value theorem [60, 61] and its extension to models776

of movement dynamics in patchy environments [33],777

suggest that both average search velocity and variation in778

search velocity will be tightly coupled to the distribution of779

resources on the landscape. We did find a reliable780

relationship between ecological factors like food and781

breeding site availability and movement behavior of782

Arizona grackles. As such, movement patterns in the wild783

were broadly affected by the distribution of key resources in784

addition to internal personality states, although we lack785

information on step-level food encounter rates. When786

individuals encounter food items, they reduce velocity to787

process and consume those items. If food items are788

clustered, foragers should continue to deploy slower and789

more tortuous area-restricted search to remain in a patch790

where subsequent encounters are likely, until some791

threshold “giving-up time” is reached and they resume a792

faster between-patch search mode [33]. As such, future793

work investigating linkages between step-level movement794

dynamics and the personality trait of exploration should795

minimally account for environmental richness and796

patchiness—as variation in these variables may explain797

some of the between-site differences we found here,798

independent of the proximity to the range edge. At a more799

nuanced level, it may be that exploration propensity800

regulates the “giving-up time” for encounter-conditional801

area-restricted search, with more exploratory individuals802

moving on to new patches at faster rates, holding all else803

constant. However, such an association would only be804

detectable if GPS tracks are annotated with food-item805

encounters. In the absence of encounter-annotated GPS, it is806

impossible to tell if differences in movement velocity are807

due to differences in individual preferences (i.e., different808

“giving up times”) or differences in environmental richness809

(e.g., due to different arrival rates of human food-scraps in810

different areas).811

Although the relationship between environmental factors,812

movement dynamics, space use, and exploratory tendency813

differed for grackles at the two sites, we found limited814

evidence for an “invasion syndrome”: i.e., consistent815

differences in the behavior or physiology of pioneer816

individuals pushing the geographic range boundaries into817

new areas relative to individuals in the middle of the range818

[59, 7, 62]. Pioneers are often shown to be more exploratory819

[63], bolder [64], and more aggressive [8], as well as more820

likely to move further in a single lifespan [9, 65], and821

disperse away from areas that are densely populated with822

conspecifics [3]. Grackles on the edge of the range do823

appear to be using space differently than grackles in the824

middle of the range. However, our current study does not825

provide consistent support that this population difference is826

attributable to exploration. Previously, we found that827

grackles on the range-edge were not different in overall828

exploration propensity or average behavioral flexibility829

relative to grackles in the middle of the expanding range.830

However, they had greater flexibility variance (measured by831

reversal learning), higher average persistence (they832

participated in a larger proportion of trials) [66], and they833

dispersed further from their parents and siblings [67]. Here,834

we found that grackles on the invasion front had larger 835

home range sizes, but moved slightly smaller distances per 836

unit time. Similar to our focal species, exploratory and 837

range-edge individuals from other native and invasive 838

species show larger home range sizes [28, 65]. However, we 839

cannot exclude the possibility that the larger home range 840

size of the range-edge population was due to the 841

significantly lower population density relative to the 842

range-middle population [55, 56]. 843

Our finding that range-edge grackles showed smaller 844

average step lengths per unit time does stand in contrast to 845

much of the other research on movement and invasion 846

success. For example, invasive cane toads and mynas on the 847

range-edge in Australia showed greater distances moved per 848

time than those in the range-middle [9, 65] and invasive 849

signal crayfish moved twice as far per unit time compared to 850

sympatric native crayfish [14]. Thus, population differences 851

existed in our study, but did not conform to what is 852

empirically and theoretically expected for an “invasion 853

syndrome”. However, as we eluded to above, such a 854

difference might be expected if the California site were 855

characterized by higher food-item richness (in calories 856

available per hectare, per day, per bird) due to reduced 857

scramble competition (owing to the lower density of 858

conspecifics), reducing the need for grackles there to engage 859

in active search. Sit-and-wait or slow velocity search is 860

energetically preferable to high-velocity search, as long as 861

the renewal rate of food items (e.g., due to humans littering) 862

is sufficiently high [68]. With few exceptions, all California 863

grackles spent the majority of their time around the parking 864

lots of a single large shopping center with numerous fast 865

food restaurants, even though there were abundant nearby 866

natural resources (e.g., fallow agricultural fields and ponds). 867

Consequently, the daily space use of all California grackles 868

occurred in a similar location and centered on a similar, 869

high-yield food source. In such a context, simply waiting 870

near a high-yield location may be fitness maximizing 871

relative to more energetically costly high-velocity active 872

search, as long as the density of competitors is low. As such, 873

additional research is needed to disentangle the complicated 874

interaction between individual-level features (e.g., 875

exploratory tendency) and site-level features (e.g., 876

conspecific density and environmental richness and 877

patchiness) that should jointly determine movement 878

dynamics and space use. 879

Future research may also need to more purposefully 880

balance inclusion of multiple range-middle and range-edge 881

sites relative to key environmental variables to draw 882

conclusions about between-group differences in outcomes 883

that are not confounded by differences in ecology. We 884

hesitate to make broad conclusions about the role of home 885

range size or step length on invasion success from our study 886

because we focused on only one edge and one middle 887

population. Moreover, both of our focal populations were 888

located in the non-native portion of the great-tailed grackle 889

range. It is possible that exploration and movement behavior 890

of grackles in the endemic portion of the range in Central 891

America would differ in ways that could clarify the 892

mechanisms influencing grackle invasion success into North 893

America. More generally, movement decisions of pioneer 894

individuals might also be linked to other personality traits 895

11
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like activity or sociability [3], or state-conditional risk896

preferences [69]. We believe that exploratory tendency897

likely does have direct causal influence on real-world space898

use, movement and invasion success, but future empirical899

work must collect more granular data to permit adjustment900

for important confounds that we could not account for here.901

There is currently limited research that measures902

performance on assays in captivity and fitness-relevant903

behavior of the same individuals across multiple populations904

in the wild. Our study contributes important information on905

the ecological validity of a personality assay in captivity, the906

factors that affect the predictability of movement behavior907

in the wild, and the variation in specific types of movement908

that could influence invasion success. These results can help909

inform conservation and invasive species management910

strategies by highlighting that populations can vary in911

multiple behavioral traits, and in potentially counterintuitive912

ways. However, further research is needed on additional913

populations and personality traits to make more general914

conclusions about the relationship between animal915

personality, movement behavior and invasion success.916
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