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Abstract

Behavioral flexibility, the ability to change behavior when circumstances change based on
learning from previous experience, is thought to play an important role in a species’ ability to
successfully adapt to new environments and expand its geographic range. However, behav-
ioral flexibility is rarely directly tested at the individual level. This limits our ability to determine
how it relates to other traits, such as exploration or persistence, that might also influence in-
dividual responses to novel circumstances. Without this information, we lack the power to
predict which traits facilitate a species’ ability to adapt behavior to new environments. We
use great-tailed grackles (a bird species; hereafter “grackles”) as a model to investigate this
question because they have rapidly expanded their range into North America over the past
140 years. We evaluated whether grackle behavioral flexibility (measured as color reversal
learning) correlated with individual differences in the exploration of new environments and
novel objects, boldness towards known and novel threats, as well as persistence and motor
diversity in accessing a novel food source. We determined that exploration of a novel envi-
ronment across two time points and persistence when interacting with several different novel
apparatuses were repeatable in individual grackles. There was no relationship between explo-
ration or persistence and the two components of flexibility - the rate of learning to prefer a
color option in the reversal learning task, and the rate of deviating from a preferred option.
However, grackles that underwent serial reversal training to experimentally increase behav-
ioral flexibility were more exploratory in that they spent more time in close proximity to the
novel environment relative to control individuals. This indicates that, the more an individual
investigated a novel apparatus, the more it was able to potentially learn and update its knowl-
edge of current reward contingencies to adapt behavior accordingly. Our findings improve
our understanding of the traits that are linked with flexibility in a highly adaptable species.
We highlight the importance of using multiple different methods for measuring boldness and
exploration to evaluate consistency of performance and therefore the methodological valid-
ity. We also show a link between exploration and behavioral flexibility that could facilitate
adaptation to novel environmental changes.
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Introduction

Humans are altering all ecosystems on the planet too rapidly for most species to evolve
adaptations to survive and reproduce (Hendry et al.,, 2008; Sih, 2013). Among other
consequences, anthropogenic change can lead to a proliferation of novel habitats, foods, and
predators (Sih et al., 2011). Across short timescales, individuals must adapt to this novelty through
changes in behavior. Behavioral flexibility (hereafter “flexibility”) is defined as the ability to use
learning to functionally change behavior when circumstances change (Mikhalevich et al., 2017).
As such, flexibility is thought to facilitate species resilience to anthropogenic change (Sol et al.,
2013) and species invasions into novel areas (Sol et al., 2002; Wright et al., 2010).

The relationship between flexibility and adaptation to anthropogenic change is rarely directly
tested at the individual level. Research studying the impact of flexibility on the success of species
invasions most often uses proxies of flexibility such as species’ brain size, or presence of the
theoretical outcomes of flexible behavior like the number of foraging innovations (Sol et al., 2002).
The few studies that have directly related environmental adaptation to flexibility through measures
of reversal learning show that flexible behavior can be closely linked with the current environmental
niche. For example, mountain chickadees that live in harsh, high elevation environments perform
worse on reversal learning tasks relative to lower elevation, milder climate individuals (Croston et
al., 2017). This suggests that individuals that have a wider range of food options and a reduced
reliance on cached food in milder climates require more flexibility to switch between food types.
Additionally, new evidence from great-tailed grackles shows that the more flexible individuals also
demonstrate greater foraging diversity in the wild (Logan et al., 2025), and were better able to
innovate solutions on a novel foraging apparatus (Logan et al., 2023). Consequently, flexibility may
show variation within, as well as among, species and may affect diverse aspects of individual
behavioral interactions with the environment. To better understand how flexibility might facilitate
responses to novelty and resilience to anthropogenic change, it is important to directly test flexibility
and relate it to other ecological and behavioral traits at the individual level.

Although behavioral flexibility has been the trait that much research has focused on to
understand how behavior can impact adaptation to anthropogenic environmental changes,
individual differences in other traits like exploratory tendency, boldness, persistence, or motor
diversity could also play a role and correlate with behavioral flexibility (Sol et al., 2002; Logan,
2016a). To distinguish whether observed behavior in the wild or performance on behavioral trait
assays are motivated by one or more distinct traits, it is important to measure multiple traits in the
same individuals (Carter et al., 2013). However, evaluation of the relationship between flexibility
and other behavioral traits has produced inconsistent results (Logan, 2016a; Dougherty & Guillette,
2018). In one well studied avian group, the Paridae, flexibility is related to exploration, which
increases the likelihood of encountering fitness-enhancing resources in novel environments
(Canestrelli et al., 2016; Griffin et al., 2016). This might imply that they are not two distinct traits,
but the direction of the relationship is inconsistent across species (negative: Amy et al., 2012;
positive: Rojas-Ferrer et al., 2020). Individuals approaching a potentially threatening aspect of the
environment require a certain degree of boldness (McCune et al., 2018). However, the relationship
between boldness and flexibility can be positive (Titulaer et al., 2012), negative (Bebus et al., 2016;
Bensky & Bell, 2022), or neutral (Guenther et al., 2014; De Meester et al., 2022). Theoretically,
persistence should inhibit flexibility because it results in perseverating on a previously rewarded
behavior rather than changing to a more productive behavior for a given circumstance (Morand-
Ferron et al., 2022). In contrast to persistence, motor diversity is theoretically positively correlated
with flexibility because it implies that the individual has a repertoire of different behaviors it is able
to choose from to match each circumstance (Diquelou et al., 2016). Research in squirrels supports
this prediction (Chow et al., 2016), where the more flexible individuals were less persistent and
more likely to use diverse motor behaviors. Whereas, an earlier study in great-tailed grackles using
different behavioral assays found no relationship between flexibility and any other behavioral traits,
including persistence and motor diversity (Logan, 2016a).
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The lack of consistent support for which behavioral traits are related (or not) to flexibility could
stem from what has been called a “jingle-jangle fallacy” (Carter et al., 2013). This term describes
the mismatch between a trait label (like exploration) and what the method (novel environment)
actually measures (could be exploration, activity, or boldness). A mismatch can occur when
researchers use a single trait label for what are actually multiple distinct inherent traits (“jingle
fallacy”), or if using two or more distinct labels for what is actually the same inherent trait (“jangle
fallacy”). One step towards avoiding this issue is to use multiple experimental methods, as in a test
battery, to measure a variety of behaviors, then assess the relationships among performance to
identify which aspects of the behaviors that are measured might be driven by the same underlying
trait (Perals et al., 2017; Shaw & Schmelz, 2017).

To determine whether behavior labels represent the same underlying trait, it is also important
to ensure that measured performance on behavioral assays is consistent within individuals across
time and context (i.e., repeatable). Inter-individual differences in performance could result from
short-term variation in the external environment like social interactions or food availability or
variation in internal states like hunger or stress. This plasticity is distinct from consistent individual
differences in behavior across contexts stemming from genetic or developmental effects (i.e.,
animal personality; Fidler et al., 2007; Duckworth, 2010). If behavioral traits are heritable, multiple
traits can become linked through natural selection such that individuals that show high values on
one trait (e.g., flexibility), will consistently display high values on a linked trait (e.g., exploration;
Reale et al., 2007; Rowe & Healy, 2014). It is important to know whether traits are linked because
such linkage could result in limited behavioral plasticity that may alter the ability or mode of
adapting to rapid environmental changes (Sih et al., 2004). Indeed, inconsistency in the direction
of the relationship between flexibility and behavioral traits in previous studies could stem from a
lack of repeatability in performance on behavioral trait assays. To address whether flexibility is
related to other behavioral traits, we must first assess whether our methods produce performance
that is repeatable (Dingemanse & Dochtermann, 2013) to validate that it is more likely to represent
variation in a heritable trait.

In a previous study with a smaller sample size (Logan, 2016a), we found no evidence for
significant correlations between flexibility and the behavioral traits exploration, boldness,
persistence, and motor diversity. However, this result could stem from the small sample size and
lack of power to detect a relationship with a small effect size, or methods that do not result in
repeatable performance. Based on this preliminary evidence, in the present study we increased
our power to detect a relationship by training some individuals to be more flexible before measuring
the other behavioral traits. Additionally, we tested whether performance on measures of
exploration, boldness, persistence, and motor diversity are repeatable across time and contexts
and therefore likely represent distinct personality traits. Behavior is considered repeatable if the
variance in performance on the task is smaller within individuals compared to the variance among
individuals. If there is no repeatability of these behaviors within individuals, then performance is
likely state dependent (i.e., it depends on fluctuating motivation, stress, hunger levels, etc.) and/or
is reliant on the current context of the tasks, and therefore less likely to consistently correlate with
flexibility (Griffin et al., 2015). Then, we assessed whether the repeatable traits were related to
performance on a flexibility task. We focus on great-tailed grackles (Quiscalus mexicanus;
hereafter “grackles”) because they are likely to have experienced selection for behavioral
adaptations to rapid environmental change. Grackles have rapidly expanded their range into novel
areas in North America over the past 140 years (Wehtje, 2003; Summers et al., 2023) and our
previous research on this species has demonstrated that grackles are flexible (Logan, 2016b), and
that flexibility is a distinct trait on which grackles show individual variation (Logan et al., 2023).
Thus, this species is ideal for assessing whether flexibility is part of a suite of behaviors that
facilitate adaptation to novel environments.

Preregistered hypotheses and predictions summary

We preregistered several additional predictions pertaining to alternative measures of
behavioral flexibility, however we include below only those that ended up being relevant. See the
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preregistration for the full list and the criteria that determined which variables to use
(Supplementary Material 3). This article also attempt to test a Hypothesis 2 and its associated
predictions, which are reported in Supplementary Material 2. The prediction numbers listed here
maintain the original order from the preregistration to help readers track consistency across Stage
1 and Stage 2.

Hypothesis 1: Behavioral flexibility is correlated with the exploration of new environments and
novel objects, but not with boldness, persistence, or motor diversity.

Predictions 1-5: Behaviorally flexible individuals will be more exploratory of novel environments
(P1) and novel objects (P2) than less flexible individuals, but there will be no difference in
persistence (P3), boldness (P4), or motor diversity (P5) (as found in Logan, 2016b).

P1 alternative 4: There is no correlation between exploration and behavioral flexibility because our
novel object and novel environment methods are inappropriate for measuring exploratory
tendency. These measures of exploration both incorporate novelty and thus may measure
boldness rather than exploration. This will be supported by a positive correlation between
behavioral responses to our exploration and boldness assays.

P3 alternative 1: There is a positive correlation between persistence and the number of incorrect
choices in reversal learning before making the first correct choice. This indicates that individuals
that are persistent in one context are also persistent in another context.

P3 alternative 2: There is no correlation between persistence and the number of incorrect choices
in reversal learning before making the first correct choice. This indicates that flexibility is an
independent trait.

Methods

Preregistration details

The hypotheses, methods, and analysis plan are described in detail in the peer-reviewed
preregistration, in Supplementary Material 3. We summarize these methods here, with any
changes from the preregistration noted in the Changes after the study began section. The
preregistration was written and submitted to Peer Community In (PCl) Ecology for peer review
(Sep 2018) before collecting any data. After data collection began (and before any data analysis
was conducted), we received peer reviews from PCI Ecology, revised, and resubmitted the
preregistration (Feb 2019). It received an in principle recommendation in Mar 2019.

Subjects

Grackles were caught in the wild in Tempe, Arizona USA using mist nets, walk-in traps and
bow nets. Trapping could occur at any time of day when grackles were active. While some trapping
methods can select for subjects with certain traits (e.g., boldness Biro & Dingemanse, 2008; but
see Brehm & Mortelliti, 2018), mist nets are not visible to birds and no habituation is required,
decreasing the probability of a selection bias for individuals that are more bold, food motivated,
etc. Grackles were then individually housed in an aviary (each 244 cm long by 122 cm wide by
213 cm tall). We aimed for a balanced sample of adult males and females, but because grackles
in this population were difficult to catch, we ultimately ended up with only 4 females (15 males)
and 2 juveniles (17 adults). Grackles were held in captivity until they completed the test battery, or
6 months had passed. All grackles were then released back into the wild and subsequently
observed exhibiting normal behavior.

Test battery

During testing (except exploration, see below) we food deprived grackles for up to four hours
per day, but they had the opportunity to receive high value food items by participating in the assays.
They had access to a maintenance diet at all other times, and access to water at all times.
Individuals were given three to four days to habituate to the aviaries before their test battery began.
Birds were then tested 6 days per week. On each testing day, we conducted multiple testing
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sessions where the duration of the session depended on the grackle’s motivation to participate or
the task design (see below).

We use data from a recent investigation (Logan et al., 2023; Lukas et al., 2024) on the flexibility
of 19 grackles, and here we additionally measured exploration and boldness in these same
individuals. We also measured persistence and motor diversity through performance on two
multiaccess boxes (MABs) in 17 of these grackles. The research described here is part of a larger
project where the main goal was to better understand the impact of flexibility on diverse cognitive,
behavioral, and physiological traits. Consequently, for all grackles we first assayed flexibility and
implemented a flexibility training where half of the grackles underwent serial reversal learning and
the other half received only one reversal and then control trials, described below. The training
resulted in grackles more quickly changing their behavior when reward contingencies changed,
relative to control grackles (Logan et al., 2023). By experimentally increasing the difference in
behavioral flexibility between control and trained grackles, we increased our power to detect
relationships between flexibility and other traits. After grackles passed the flexibility training, they
received the subsequent behavioral trait assays in a randomized order. Grackles were assayed
twice for exploration and boldness, and given sessions with the MABs until they passed criterion.
Because there were two MABSs, we also have two measures of persistence and motor diversity for
each individual.

Behavioral flexibility

We used the reversal learning paradigm to measure flexibility as the ability to change behavior
when circumstances change. In the first phase of reversal learning, subjects learn an initial
association between a stimulus (here, color) and food. The reversal phase then occurs where the
food is switched to the other color and the measure of flexibility is how quickly the subject learns
the new food-color association. The methods for the initial association and the reversal trials are
identical, where, on each trial, grackles could choose to look inside one of two colored containers
for food (Figure 1a). After they make a choice, the experimenter removes both containers, refills
the food if necessary, then replaces the containers for the next trial. The side that the rewarded
container was on was pseudorandomized to never be on the same side more than twice in a row
to inhibit grackles from forming a side bias. When grackles showed a significant preference for the
rewarded color in the initial association phase, demonstrated by choosing correctly on 17 out of
the most recent 20 trials, we switched the location of the food to the other colored container (a
“reversal”’). We measured baseline flexibility as the number of trials it took grackles to choose
correctly on 17 out of the most recent 20 trials in this first reversal to demonstrate a change in
preference to the second colored container. The flexibility training consisted of a randomized
subset of grackles (n = 8) that received serial reversals where we switched the location of the food
in multiple reversals after the grackle passed criterion in each reversal. Serial reversals continued
until grackles were switching their preference in each reversal quickly enough to meet our
experiment’s passing criterion of two consecutive reversals in 50 trials or fewer. We chose a
criterion of 50 trials based on an earlier study of grackle reversal learning performance (Logan,
2016a) where 50 represented an approximately 30% increase in the speed that grackles switched
their preference in the first reversal (Logan et al., 2023). Grackles needed 6-8 reversals to pass
this serial reversal training. Instead of serial reversals, control grackles (n = 11) received equal
testing experience with two identically colored containers, both containing a food item.

From the performance of each individual on reversal learning, we used Bayesian reinforcement
learning models to create the Flexibility Comprehensive variables by modeling all of the choices
that individuals made during the serial reversal learning experiment, and the uncertainty around
these choices. Because we include the sequence of all correct and incorrect choices individuals
made during reversal learning, these variables more effectively represent flexibility compared to
more commonly used variables such as the number of trials to reverse a preference. The details
of this model and the validation of it as a measure of flexibility are described elsewhere (Blaisdell
et al.,, 2021; Lukas et al, 2024). The Flexibility Comprehensive variables consist of two
components: ¢ (the Greek letter phi) as the rate of learning to be attracted to a color option and A
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(the Greek letter lambda) as the rate of deviating from learned attractions that were previously
rewarded. Thus, our two measures of flexibility, that we subsequently included as covariates
explaining behavioral trait performance, were the Flexibility Comprehensive continuous variables
or the dichotomous variable describing whether the grackle was in the flexibility trained or control
group. There was one measure per individual for each of these variables.

All measures of the behavioral traits exploration, boldness, motor diversity, and persistence
were collected after the serial reversal learning training was complete. By experimentally
increasing the difference in flexibility performance between the trained and control grackles we
increased our ability to detect a relationship, if it exists, between this trait and the other traits under
investigation in this study.

(a)

x I

W stick
| t/ ; 3
"

T
Pull G,!:t Wifﬂdow l ] Twist ||
=

Figure 1 - This experiment assessed the relationship between multiple different
behavioral tests and contexts. We quantified and increased behavioral flexibility with
serial reversal learning of a color preference: a light gray and a dark gray tube (a),
we determined individual differences in exploration of a novel environment: a tent
(b), exploration of a novel object: a homemade pink fuzzy shape (c), boldness
towards threatening objects (purple halloween cat and Cooper’s hawk) compared
to a known non-threat (pigeon) (d), we cataloged motor diversity when interacting
with novel foraging problems on the two multiaccess boxes (e-f), and we measured
persistence by counting the number of touches to all novel apparatuses (b, c, d, €,
and f).
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Behavioral traits

Boldness

We define boldness as an individual’s response to a potential threat (Reale et al., 2007). We
measured boldness with two different threatening objects, a known threat (taxidermied Cooper’s
hawk) and a novel threat (purple cat halloween decoration). We also included a known non-threat
(taxidermied pigeon) as a control condition (Figure 1d). Each individual was assayed with all three
objects, presented in randomized order, across three days. Exposure to each object was limited
to 15 minute trials, and a food item was placed next to the object. Boldness assays occurred while
the grackle was food deprived to elicit approach behaviors. We conducted each of these assays
twice to measure the repeatability of performance on this task to verify that the experimental
designs elicited behaviors indicative of an inherent personality trait (as opposed to a passing
motivational state). During boldness trials we measured multiple behaviors and, as preregistered,
statistically analyzed the variable for which we ultimately had the most data, “Duration on the
Ground”, encompassing the total time grackles spent within 100 cm of the object.

Exploration

We defined exploration as an individual's response to novelty (Reale et al., 2007) to gather
information that does not satisfy immediate needs (Mettke-Hofmann et al., 2002). We used two
different assays to measure exploratory tendency: novel environment (a small tent) and novel
object (a pink fuzzy shape) exploration (Figure 1b & 1c). We also conducted control conditions
where we measured the grackle’s behavior in its familiar environment (the aviary) and with a
familiar object (an empty water dish). Exploration tests occurred when the grackle was not food
deprived to ensure that any approach to the novel object was for information gathering rather than
food. Each trial was 45 minutes long and we always conducted the familiar condition trial
immediately before the novel condition trial. We also conducted each of these assays twice to
measure repeatability. As in boldness trials, we measured multiple behaviors during exploration
trials and statistically analyzed the variable for which we ultimately had the most data. In the
exploration of the novel environment condition we had the most data for two variables, “Duration
near” (within 20cm) and “Latency to first land on the ground” within 100 cm of the object, so we
conducted one model for each variable. For the exploration of the novel object condition, we had
the most data for “Latency to first land on the ground”.

Motor diversity and persistence

We defined motor diversity as the number of different motor actions used to solve novel
problems on either of two multiaccess boxes (MABs; Figure 1e & 1f). We used an ethogram (Table
1) to define and distinguish each interaction with the MABs. For each grackle, we summed the
number of distinct motor actions they used while interacting with each MAB, resulting in two values
for each grackle. We quantified persistence as the number of touches to a novel apparatus per
trial time (Griffin et al., 2015; Logan, 2016a), where the novel apparatuses included the novel
environment and novel object from the exploration assays, the potentially threatening boldness
objects, as well as the two MABs. We summed the number of touches grackles made to each
apparatus, resulting in a value of persistence for each test apparatus, if the grackle received that
test (e.g., two grackles did not participate in the MAB tests). We further distinguished touches to
the MABs based on whether they were functional (touches to the doors or loci that could result in
getting the food item) or nonfunctional (touches to the side of the box that would never result in
food). Motor diversity and persistence were coded from videos of grackles interacting with the two
different MAB apparatuses for a separate experiment on problem solving ability (Logan et al.,
2023), as well as the novel apparatuses from the exploration and boldness assays.

Peer Community Journal, Vol. 5 (2025), article e83 https://doi.org/10.24072/pcjournal.593


https://doi.org/10.24072/pcjournal.593

8 Kelsey B. McCune et al.

Table 1 - Motor action ethogram for the two multiaccess box experiments. Any of
the four modifiers can be added to any of the six motor actions. However, Stand
only goes with the On top modifier, resulting in a total of 21 unique motor actions.
For example, Vertical Peck is a peck to a vertical surface, and Gape Upside Down
is a gape with the head being held upside down. Note that one interaction can be
coded in multiple categories (e.g., if a bird pulls the string first horizontally and then

vertically).
Body part Motor action Description
Bill Peck Touches the apparatus or its pieces, usually a short duration (e.g., 1s). A peck is with the
bill closed or open, but just the tip of the bill touches the apparatus.
Push Moves away from self a piece of the apparatus or its pieces, usually of a longer duration
than a peck.
Pull Moves towards self a piece of the apparatus or its pieces, usuallly of a longer duration than
a peck
Grab Holds a piece of the apparatus or its pieces, usually of a longer duration than a peck. The
bill will be open and the part of the bill touching the apparatus will be the inside of the
mandibles.
Gape The closed bill is placed under the edge, in an opening, or on a surface of the apparatus or
its pieces and the the bill is opened. Usually of a longer duration than a peck.
Feet Stand Oriented upright on top of the apparatus.
Modifiers These can apply to any of the above actions
Vertical (e.g., Performs an action directed vertically, often towards the horizontal (oriented parallel to the

head vertical to
the ground)

ground) edges of the apparatus (e.g., the lid of the box), or moves a piece of the apparatus
up.

Horizontal (e.g.,

head parallel to
the ground)

Performs an action directed horizontally, often towards the vertical (oriented upright to the
ground) edges of the apparatus (e.g., the walls), or moves a piece of the apparatus
horizontally.

Upside down

Performs an action with its head upside down.

On top

Performs an action while standing on top of the apparatus.

Statistical analyses

General analysis plan

For all analyses, we used the MCMCglmm function in the MCMCglmm R package (Hadfield,
2010). Our preregistered analysis plan was to use a Poisson distribution and log link for both the
repeatability analyses and analyses testing the correlation of behavioral traits with flexibility.
However, we used the DHARMa package (Hartig, 2022) to verify that the data for each analysis
met the assumptions for Poisson regression and modified the model family accordingly (see below
in Changes after the study began). We started each model with 13,000 iterations, a thinning
interval of 10, a burnin of 3,000, and minimal priors (V=1, nu=0). We checked that the GLMM
showed acceptable convergence (i.e., lag time autocorrelation values <0.01 Hadfield, 2010), and
adjusted the number of iterations, thinning and burnin if necessary. Due to our unbalanced sample
of sex and age we checked whether these variables significantly impacted the response. We found
that these covariates did not have a significant effect on any of the models (described below), so
we omitted them from the final models (see Changes after the study began section).

Repeatability

We obtained repeatability estimates that account for the observed and latent scales. The
repeatability estimate indicates how much of the total variance, after accounting for fixed and
random effects, is explained by individual differences. For each behavioral trait, we included fixed
effects to control for variation in the response not attributable to individual differences and
consequently we report the adjusted repeatability estimates. All models included a covariate
describing whether the grackle was flexibility trained or in the control group. Our boldness model
additionally included a covariate for threat condition (hawk or cat). For persistence, we additionally
included a covariate for assay type and one for the total time the grackle had access to an assay
to control for opportunity to make functional or non-functional touches. The motor diversity model
included an additional covariate for assay type. Marginal and conditional R-squared values are
reported in Table S1 of Supplementary Material 2 to illustrate the impact of fixed effects on
repeatability estimates.
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From the posterior distribution of the MCMCglmm model for each behavioral trait, we extracted
the Bird ID random effect variance to calculate the ratio of variance accounted for by individual
differences relative to total variance (Nakagawa & Schielzeth, 2010). We used the mean value of
this ratio across all iterations for a given behavioral trait as our measure of repeatability. We used
the HPDinterval function from the coda package (Plummer et al., 2024) to calculate credible
intervals around our repeatability estimate. We used permutation tests that randomized data
among individuals to test the significance of the repeatability value.

Relationship with flexibility

If performance was repeatable across two time points in the behavioral trait assays, we used
the average value per bird per assay in Bayesian multivariate models to investigate whether
performance was related to the Flexibility Comprehensive variables (¢ and ). As such, the
performance variables from each behavioral trait assay were the dependent variables and ¢ and
A were the independent variables. We assessed the relationship between flexibility and the
behavioral trait by interpreting the parameter estimates from these models. Similarly, we used
Bayesian bivariate models to analyze whether there was a difference in performance on the
behavioral trait assays between grackles that underwent serial reversal learning flexibility training
relative to grackles in the control group.

Changes after the study began

After data collection began and before data analysis

1) We added an unregistered analysis to assess interobserver reliability for the response
variables to determine how repeatable our data collection was by having the videos coded by
multiple coders. This unregistered analysis is described, and results reported, in the
Supplementary Material 1.

After data collection and during data analysis

1) We conducted an unregistered analysis to compare the grackles’ responses to the familiar
item with responses to the novel/threatening items in the exploration and boldness assays. The
definition for boldness relates to the behavioral response to threat, so we would expect a decrease
in interactions with the novel/threatening items relative to the control item. To test that this
occurred, and the grackles perceived the items as threatening, we used MCMCglmm to model the
effect of condition (novel or familiar item trial) on the latency to approach and the duration spent in
proximity to the items in the exploration assays. We used a gaussian distribution for latency to
approach and Poisson distribution for the duration spent in proximity. We included a covariate that
identified whether the bird was in the flexibility trained (or control group) and a random effect for
bird ID. The boldness data were overdispersed and zero-inflated so we used a zero-inflated
negative binomial mixed model with the R package NBZIMM (Zhang & Yi, 2020). In this model, we
also included a covariate for the flexibility trained group and a random effect for bird ID.

2) For the repeatability analyses, we preregistered that we would calculate repeatability from
the ratio of variance components extracted from MCMCglmm models. We also obtained credible
intervals from the posterior distribution of these models. However, repeatability is a ratio so values
can never be less than zero. As such, we are not able to ascertain the significance of our
repeatability values by determining whether the credible interval overlaps with zero. We conducted
an unregistered analysis to obtain p-values indicating whether performance was significantly more
repeatable than random by utilizing the built in permutation tests in the rptR package (Stoffel et al.,
2017). This also ensured that repeatability values and credible intervals were consistent with the
preregistered MCMCglmm methods to validate that our non-informative priors were appropriate.

3) The boldness data were zero-inflated (69% of the data were zeros) and overdispersed, such
that the appropriate model for this kind of count data is a zero-inflated negative binomial model.
As stated above, we used this model type in the unregistered analysis to compare the responses
between the threatening and non-threatening contexts. To assess repeatability of performance on
the boldness assays, we preregistered that we would use a MCMCglmm model with a Poisson
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distribution. The boldness data were not appropriate for Poisson and we do not know of a method
for obtaining the variance components for the repeatability calculation from a zero-inflated negative
binomial model. Consequently, for the repeatability analysis we used a logistic regression, where
the response was 0 (the grackle never approached the object during boldness trials) or 1 (the
grackle approached the object during boldness trials).

4) For repeatability analyses of the exploration and persistence data, we originally planned to
conduct a model with a Poisson distribution. However, the data checking process detected
significant zero-inflation and heteroscedasticity in the Poisson models. We log-transformed the
latency to approach (for exploration) and number of touches (for persistence) for the gaussian
model, which was normally distributed and not heteroscedastic, therefore we used a gaussian
distribution instead.

5) When we originally submitted this preregistration, we anticipated measuring motor diversity
on only one multiaccess box (MAB). However, as part of a different experiment within our overall
project, we added a second, but distinct MAB. Consequently, we did not preregister a repeatability
analysis for motor diversity because there would have been only one measure per bird. We added
an unregistered analysis to assess motor diversity repeatability. We used a Poisson regression
and included a covariate for whether the grackle was flexibility trained or not. We also included an
offset for the total trial time with the MABs to control for variation in the opportunity to express
motor behaviors.

6) During the exploration environment assays, very few grackles stepped inside the tent (n =
4), so we did not have enough data to use the following preregistered variables in the analysis
relating exploration and behavioral flexibility: Latency to enter a novel environment inside a familiar
environment, Time spent in each of the different sections inside a novel environment or the
corresponding areas on the floor when the novel environment is not present (familiar environment)
as an interaction with the Environment Condition: activity in novel environment vs. activity in
familiar environment, Time spent per section of a novel environment or in the corresponding areas
on the floor when the novel environment is not present (familiar environment) as an interaction
with the Environment Condition: time spent in novel environment vs. time spent in familiar
environment.

7) We also realized that, because we experimentally increased reversal learning speed through
serial reversal learning (Logan et al., 2023), behavioral flexibility should be the independent rather
than dependent variable.

8) We found (Blaisdell et al., 2021; Lukas et al., 2024) that the “Flexibility Comprehensive”
variables were much more effective at representing flexibility than the other variables we
preregistered (e.g., Trials to reverse in the last reversal). Additionally, we found that solution
switching on the MAB is correlated with reversal performance and including this as an additional
variable describing flexibility will not significantly add to the variance explained. Because the
individual’s serial reversal learning training condition (control or trained) is accounted for in the
Flexibility Comprehensive variable, we did not include condition as an additional independent
variable in these models. Note that we still conducted the preregistered analyses testing the
relationship between performance on the behavioral trait assays and whether the individual was
in the control or flexibility trained group.

9) We preregistered that we would include “Age” as a covariate in our models relating
performance on the behavioral trait assays to flexibility if we tested juveniles as well as adults,
though our plan was to only test adults. Our sample ultimately included two juveniles because the
grackles were more difficult to catch than expected and we struggled to meet our minimum sample
size. Similarly, it is possible that Sex could influence performance, but we only tested 4 females
because they were more difficult to trap than males. We did not find that including a covariate for
Age and Sex changed any of our results (repeatability or relationship with flexibility). Therefore, to
maintain greater statistical power, we decided not to include Age or Sex as covariates in the final
models.

10) We added an additional persistence repeatability analysis to test whether nonfunctional
touches were consistent across the two different MABs. We preregistered that we would separately
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evaluate the relationship between flexibility and functional or nonfunctional touches, but, because
flexibility was originally the dependent variable, we did not preregister this repeatability analysis.

11) We made two modifications to the analysis testing the relationship between persistence
and flexibility. We preregistered that we would use all of the data, including the repeated measures,
with a random effect for individual ID in a Poisson model. However, the full data set was zero-
inflated. Because persistence was repeatable across assays, we took the average for each
individual to use as the dependent variables in our models. Consequently, there was no potential
for within-individual clustering in the data and we did not include the random effect for individual
ID. Secondly, we were interested in the number of touches to novel objects per time. As such, we
used a Poisson model as preregistered, but with an added offset term for trial time.

12) We preregistered that we would compare performance on the boldness and exploration
assays between grackles in the aviaries and those tested in the wild. However, we were unable to
collect a large enough sample size to quantitatively test this hypothesis, therefore we present what
we have in Supplementary Material 2.

Results

Repeatability

Ouir first goal was to assess the repeatability of grackle boldness, exploration, persistence and
motor diversity behaviors across time and different contexts. We collected boldness and
exploration data on 19 individuals, but 2 of these individuals did not participate in the MAB tasks
and so our sample size was 17 for the repeatability of persistence and motor diversity.

Boldness

We first conducted an unregistered analysis to evaluate whether grackles perceived the objects
presented to them during boldness trials as threatening. Relative to the pigeon control condition
(the known non-threat), we found that grackles spent 55% less time on the ground within 100 cm
of the cat (p = 0.00) and 61% less time on the ground in the presence of the hawk (p = 0.00). There
was a nonsignificant 9.5% decrease in duration on the ground in the hawk condition relative to the
cat condition (p = 0.71). Consequently, there is evidence that the grackles perceived the cat and
hawk as more threatening than the pigeon, and we only use data from the cat and hawk assays in
all subsequent analyses including boldness. Despite the perceived threat, 12 out of 19 grackles
spent time on the ground in the presence of the hawk and 7 out of 19 grackles spent time on the
ground with the cat at some point during the 15-minute boldness trials.

Next, we assessed whether grackles reacted consistently towards each threatening object
across two time periods (temporal repeatability). Because the repeatability analysis was not
possible with a zero-inflated negative binomial model, we instead used a binomial model where
our dependent variable represented whether the duration grackles spent within 100 cm of the
threatening object was greater than 0 seconds (1) or not (0). We found no evidence for repeatability
of performance in either the cat (Repeatability = 0.18, Cl = 0.00-0.96, p = 0.22) or hawk (R = 0.00,
Cl = 0.00-0.44, p = 0.48) assays (Figure 2). Similarly, when we considered grackle performance
across the two different threatening contexts (contextual repeatability) there was also no
consistency in behavioral response (R = 0.04, Cl = 0.00-0.28, p = 0.22).
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Figure 2 - The grackles did not respond consistently to the threatening objects
across the two time points. Each line color represents an individual and the points
show the number of seconds individuals spent on the ground within 100 cm of the
threatening object during each of the two 15-minute trials (Time 1 and Time 2). The
shape of the point is based on whether the grackle was part of the control (circle) or
trained (triangle) group in the serial reversal learning experiment. The two time
periods were separated by an average of 33 days (range: 11-49 days). If
performance is repeatable we would expect the line connecting the two points to be
at or close to horizontal, and the lines of different individuals to be approximately
parallel.

It is possible that the lack of repeatability is because habituation to the potentially threatening
object occurs after the first exposure (Greggor et al., 2015; Takola et al., 2021). We conducted an
unregistered analysis and found that grackles did spend significantly longer on the ground during
the second cat, hawk and novel object (which the grackles considered threatening, see below)
trials, relative to the first trials (Poisson model: 8 = 0.85, p < 0.01). To check whether this explains
the lack of contextual repeatability in this behavioral trait, we conducted a second unregistered
analysis evaluating repeatability of performance in only the first trial in response to the potentially
threatening contexts. We still found no evidence that response to the potentially threatening
objects was repeatable across these contexts (R = 0.00, Cl = 0.00-0.17, p = 1; Figure S3).

Exploration

Similar to boldness, we assessed the repeatability of exploratory behavior across two time
points and across two different contexts: a novel object and a novel environment. Because novel
items might elicit a response based on the boldness personality trait rather than an exploratory
response (our P1 alternative 4 described above; Carter et al., 2013), we also compared the novel
environment and novel object responses to control conditions with a familiar environment and a
familiar object to determine whether grackles perceived the novelty as threatening (note that this
is an unregistered analysis). We found no difference in the latency of individuals to approach the
novel compared to the familiar environment (8 = 0.29, Cl = -0.24-0.81, p = 0.27), or the duration
they spent near the novel and familiar environments (8 = -0.61, Cl = -1.47-0.20, p = 0.14). In
contrast, grackles took significantly longer to approach the novel object relative to the familiar
object (8 = 2.11, Cl = 1.22-2.89, p < 0.01), indicating the novel object may have been perceived
as threatening.

Peer Community Journal, Vol. 5 (2025), article e83 https://doi.org/10.24072/pcjournal.593


https://doi.org/10.24072/pcjournal.593

Kelsey B. McCune et al. 13

We found that the latency to approach the novel environment across time points 1 and 2 was
highly repeatable (R = 0.72, Cl = 0.42-0.88, p < 0.01). Similarly, the duration spent near the novel
environment was also highly repeatable (R = 0.85, Cl = 0.67-0.98, p < 0.01). However, the latency
to approach the novel object was not repeatable (R = 0.05, Cl = 0-0.5, p = 1; Figure 3). When we
assessed performance across the novel environment and novel object tasks, we found that latency
to approach was repeatable across the two different contexts, but this result was driven by the very
high between-individual variance in the environment assay (R = 0.49, Cl = 0.21-0.69, p = 0; Figure

S1).
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Figure 3 - The latency to approach and the duration spent near the novel
environment test were significantly repeatable across time, whereas performance
was not repeatable for novel object exploration. Each line color represents an
individual and the points show the amount of time before individuals approached to
within 100 cm (Latency to approach) or amount of time individuals spent within 20cm
(Duration near) of the novel item during each of the two 45-minute trials. The shape
of the point is based on whether the grackle was part of the control (circle) or trained
(triangle) group in the serial reversal learning experiment. The two time periods were
separated by 34 days on average (range: 11-49). If performance is repeatable within
a test we would expect the line connecting the two points to be at or close to
horizontal, and the lines of different individuals to be approximately parallel.
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Persistence

We tested whether individuals (n = 17) were repeatable in the number of touches per trial time
that they made across multiple novel test apparatuses (Figure 1b-f): boldness objects, exploration
environment and object, as well as the two different MABs. We found that total number of touches
per trial time across these diverse objects was repeatable (R = 0.28, Cl = 0.07-0.46, p < 0.01;
Figure 4). However, this was driven by functional touches because touches to the MABs that were
nonfunctional (i.e., applied to the parts of the apparatus that could never result in obtaining the
food) were not repeatable (R =0.08, CI=0.00-0.58, p =1).

Persistence

Test

B Boldness objects

@ Exploration environment
A Exploration object
0.024 + MAB wooden

X MAB plastic

Y

Number of touches per time

0.001 B a 2> o
é_ T S
Bird
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Figure 4 - Persistence (the number of touches per time) was repeatable across
multiple diverse test apparatuses. The x-axis shows each individual bird, also
identified by unique colors and labeled with a “C” or a “T” to distinguish whether they
were part of the control or trained group, respectively, in the serial reversal learning
experiment. Birds are sorted on the x-axis according to the maximum number of
touches per time. Test apparatuses are distinguished by shape and we abbreviated
multiaccess box as “MAB” in the figure legend.

Motor Diversity

We quantified the number of different motor behaviors used while interacting with two distinct
MABs in 17 grackles. Grackles were not consistent in the number of motor behaviors used across
the two MABs and so repeatability was very low and not statistically significant (R = 0.06, Cl =
0.00-0.45, p = 0.50).

Relationships among measures

The repeatability analyses informed which of our methods measured consistent individual
differences in behavior. Our next goal was to investigate the relationships among only the
repeatable measures (exploration of a novel environment and persistence) and the Flexibility
Comprehensive variables and whether the grackle was in the flexibility trained or control group.

Relationship between flexibility and exploration

We first analyzed the relationship between the Flexibility Comprehensive measures that
quantify the rate of learning to be attracted to a color option in the serial reversal learning task, ¢,
and the rate of deviating from learned associations, A (Blaisdell et al., 2021; Lukas et al., 2024),
and two variables describing novel environment exploration: Duration near (within 20cm) the
outside of the tent, and the latency to first come to the ground from the aviary perches to approach
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the tent. We found no relationship between either measure of novel environment exploration and
¢ or A (Table 2).

We next investigated if performance varied as a function of whether individuals went through
serial reversal learning to increase flexibility (trained group, n=8) or not (control group, n=11).
Grackles that underwent the flexibility training were more exploratory in that they spent more time
within 20cm of the outside of the novel environment relative to control individuals (Table 3; 8 =
3.92, p = 0.04). However, there was no difference between trained and control individuals in
latency to come to the ground within 100 cm of the novel environment (8 = -0.43, p = 0.54).

Table 2 - Behavioral flexibility, measured with two variables comprising our Flexibility Comprehensive
measure (¢ - the learning rate of attraction to either option, and A - the rate of deviating from learned
attractions), was not related to exploratory tendency as measured by duration spent within 20cm of
the outside of the novel environment (Duration near) or the latency to approach to within 100 cm of
the novel object (Latency to land). Moreover, persistence (Number of functional touches per time) was
not related to ¢ or A.

Duration near Latency to land Number of functional touches
Est. (Cl) S.E. p Est. (Cl) S.E. p Est. (Cl) SE. p

Intercept 2.68 (1.09, 0.81 <0.01 6.07 (5.38, 0.34 <0.01 -6.10 (-6.51, 0.21 <0.01
4.26) 6.77) -5.68)

c.phi’ 1.50 (-0.18, 0.86 0.08 -0.56 (-1.31, 0.37 0.14 0.27 (-0.19, 0.23 0.25
3.17) 0.19) 0.73)

c.lambda’ -0.22 (-1.86, 0.84 0.79 0.02 (-0.73, 0.37 0.96 -0.09 (-0.54, 0.23 0.71
1.42) 0.77) 0.36

"c.phi’ and ‘c.lambda’ represent the centered and scaled version of these variables because
the phi and lambda values were on fairly different scales.

Table 3 - We assessed whether exploration and persistence were related to behavioral flexibility
training. Grackles in the trained group that were more behaviorally flexible in the serial reversal
learning task were more exploratory in that they spent more time within 20cm of the outside of the tent
compared to control individuals. Whereas, latency to land within 100 cm of the novel environment and
persistence were not related to behavioral flexibility training.

Duration near Latency to land Number of functional touches
Est. (Cl) S.E. p Est. (Cl) S.E. p Est. (Cl) SE. p
Intercept 1.16 (-0.87, 1.04 0.26 6.26 (5.31, 0.47 <0.01 -6.37 (-6.93, 0.29 <0.01
3.19) 7.21) -5.81)
Flexibility 3.61 (0.56, 1.56 0.02 -0.44 (-1.90, 0.72 0.55 0.62 (-0.20, 042 0.14
trained 6.67) 1.03) 1.44)

Relationship between flexibility and persistence

We found no support for a relationship between persistence, measured as functional touches
to all test apparatuses, and either ¢ (Table 2; n=19, 8 =0.42, p = 0.11) or A (8 = 0.08, p =0.77).
We then looked at whether the number of incorrect choices in the reversal learning task (i.e., how
much the grackle is perseverating on a previously rewarded color option before exploring the other
option, which is considered a measure of persistence) was related to the average number of
functional or nonfunctional touches per time to the novel apparatuses (see P3 alternative 2, above).
We found no evidence of a relationship between these two potential measures of persistence
because the intercept-only model was supported over the model containing the number of touches
variable (Table S2). This is evidence that the number of touches is not related to perseverating on
an option in a way that inhibits flexible learning.

Lastly, in contrast to the exploration results, we found no evidence of a relationship between
persistence and whether or not the grackle underwent the flexibility training. The number of
functional touches to the novel apparatuses did not differ between control and trained grackles
(Table 3; 8=0.81, p=0.09).
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Discussion

Rapid human-induced environmental change leads to novel challenges for wildlife, where
individual and species ability to survive is most often possible through behavioral change (Wright
et al., 2010). Although several behavioral traits are implicated in successful adaptation to human
modified environments (Chapple et al., 2012), it is uncommon to directly test for multiple traits in
the same individuals. Here, we used multiple novel and threatening stimuli to assess the validity
of methods measuring various behavioral traits, and the relationships among traits, in great-tailed
grackles, a species that has adapted to many human-induced changes to its environment during
a rapid range expansion. We found that only some of our methods for measuring behavioral traits
in captivity produced repeatable performance and in support of our main hypothesis, we did find a
relationship between behavioral flexibility and exploration.

Personality traits like boldness, exploration, and persistence are not directly observable. To
validate that the experimental method used likely elicited performance reflective of the inherent
personality trait, performance must be repeatable across time and contexts (Carter et al., 2013).
We found that the number of total touches (functional and nonfunctional) that grackles made to
multiple different novel apparatuses was repeatable, indicating that this is likely a valid method for
measuring the trait persistence. Despite using multiple assays and stimuli to quantify exploration,
boldness, and motor diversity, we found that only one method produced repeatable performance:
the novel environment exploration assay. The other methods, exploration of a novel object,
boldness towards two different novel threats, and the number of distinct motor behaviors used to
interact with the two different MABs (Figure 1) did not produce repeatable performance across
sampling periods. However, we provide in Supplementary Material 2 a plot of the raw boldness
and exploration data so readers can visually compare performance among tests (Figure S2).

A key aspect distinguishing boldness from exploration is that boldness reflects a response to
potentially threatening objects, novel or familiar (Carter et al., 2013; Greggor et al., 2015).
Consequently, we compared performance between the novel or threatening objects and the
familiar objects in the exploration and boldness assays. The novel environment was the only object
the grackles did not perceive as a threat. Although the novel object for the exploration assay was
not meant to be threatening (e.g., it was smaller than the threatening objects, it did not have eyes),
grackles still spent significantly less time near it than their familiar object. Consequently, grackles
did not perform consistently on these assays where the object was perceived as threatening. This
highlights the relevance of the jingle-jangle fallacy, which describes the mismatch between a trait
label and what the method actually measures (Carter et al., 2013). Although we expected the novel
object to measure the trait exploration, by incorporating control conditions and multiple other novel
and threatening objects, it was clear that the novel object was eliciting performance that was likely
more reflective of boldness.

It is possible that grackles, in general, do not produce repeatable responses when faced with
a threat in captivity. In the wild, grackles are a gregarious species that probably rarely encounters
threats while alone (Johnson & Peer, 2022). For several reasons, we did not house more than one
grackle in each aviary. Therefore, the lack of repeatability in performance could stem from the
relatively contrived situation of experiencing a threat when visually isolated from conspecifics. This
preliminary evidence is congruent with other research on social species encountering novelty. For
example, zebra finches were more likely to approach a novel object for food (Coleman & Mellgren,
1994) and investigate a novel environment (Schuett & Dall, 2009) when in a social group compared
to when alone. However, Carib grackles were slower to approach novel foraging opportunities
when in a social group compared to when alone (Overington et al., 2009). Because the maijority of
research on animal personality traits is conducted on individuals in captivity regardless of their
sociality, more research is needed to understand when social behavior may affect the consistency
of performance on personality assays.

We assessed the relationship between our repeatable behavioral traits (exploration and
persistence) and the two measures of behavioral flexibility (Flexibility Comprehensive and flexibility
trained versus control groups). Our Flexibility Comprehensive measure reflects two aspects of
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performance during serial reversal learning, the rate of learning to be attracted to a color option,
¢, and the rate of deviating from learned associations, A (Blaisdell et al., 2021; Lukas et al., 2024).
We predicted that exploration would be positively related to flexibility, and in particular we assumed
A would best reflect exploratory behavior during the reversal learning task (Lukas et al., 2024). We
found no relationship between the Flexibility Comprehensive variables and novel environment
exploration. This is contrary to previous literature that found that flexibility is theoretically (Griffin et
al., 2016) and experimentally (Rojas-Ferrer et al., 2020) linked with this behavioral trait. However,
in support of previous literature, we found that grackles that underwent the serial reversal learning
training to experimentally increase flexibility were more exploratory towards the novel environment
compared to grackles that were in the control group. This potentially explains how great-tailed
grackles are successful at adapting to rapid anthropogenic change. The individuals in the
population that are willing to seek out novel foraging or nesting opportunities are also able to
change their behavior to switch to using these novel resources when they are encountered.

The inconsistent results for the relationship of exploration with either of the two different
measures of flexibility likely reflects that individuals trained to be more flexible through serial
reversal learning ended up with different strategies for how to reverse quickly (Lukas et al., 2024).
Trained individuals had a higher ¢ and lower A relative to grackles in the control group. As such,
trained individuals were good at reacting to changes in the environment either because they kept
on exploring alternative options (high 1) or because they placed high importance on new
information (high ¢). With either strategy, we could expect trained individuals to also be better at
exploration. In addition, we found that, even though all grackles improved during the training,
individual differences persisted (McCune et al., 2023). These individual differences might be linked
to their persistence, which would explain why the training did not influence the relationship between
flexibility and persistence.

In addition, with a sample size of 19, we potentially lacked the power to detect a subtle
relationship between flexibility and exploration or persistence. We conducted a power analysis a
priori that indicated that a sample size of 32 would permit detections of large effect sizes. We did
not meet this sample size goal, due to the difficulty in catching grackles and the large time
commitment for serial reversal learning, and so it is possible we failed to detect some relationships.
However, the power analysis included many more predictor variables than we ended up using (see
Changes after the study began) and was conducted before we determined that the serial reversal
learning trained grackles to be significantly more flexible than control grackles (Logan et al., 2023).
Thus, the increased difference in flexibility between control and trained grackles, also reflected in
the ¢ and A values, should increase our power to detect a relationship between these behavioral
traits and flexibility, if it exists. Nevertheless, future research should evaluate these relationships
with larger sample sizes.

By assessing multiple behavioral traits in the same individuals of a highly adaptable species,
we were able to identify correlations among certain repeatable traits that can inform our
understanding of the ability to adapt to environmental change. Overall, we found that the time
spent exploring near a novel environment is related to flexibility. Our results support previous
hypotheses about traits that are related to flexible behavior, and therefore might be important for
increasing survival and fitness in the face of human-induced environmental change. However,
additional research is needed to further validate methods for measuring individual differences in
boldness and motor diversity in this species, and to disentangle the mechanisms driving the mixed
results for the relationship between persistence, exploration, and the two ways of measuring
behavioral flexibility.
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