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[bookmark: _Toc168507120][bookmark: _Toc169571750]
Mixed-species groups are known to provide foraging and anti-predator benefits to group members. These benefits may be due to an increase in behavioral diversity unique to mixed-species groups. This dissertation examines boldness behavioral differences among individuals in mixed-species flocks of Carolina chickadees (Poecile carolinensis) and tufted titmice (Baeolophus bicolor). The studies in this dissertation applied the Behavioral Syndromes framework (personality-like components of correlated behaviors), principal component analysis, cluster analysis, and multiple-response permutation procedures to examine group differences in behavioral variability between species and flock composition conditions (mixed- vs single-species flocks). These identified behavioral types became predictors for individual behavior involving a novel foraging task, an approach that differs with more typical single-test predictive models common in the literature. Finally, to test for differences in social-context versus isolated-context behavioral testing, a Novel Environment Test was given to two different sets of individual tufted titmice, one set surrounded by a familiar flock and one set removed from theirs. Results indicated that mixed-species groups do show greater variability in their boldness principal component scores, with chickadees in mixed-species groups showing substantially more variation in their boldness behaviors than either titmice or single-species chickadee flocks. These same principal component scores out-performed all single-test predictors of novel foraging behaviors, finding that the two species differed slightly in the types of neophilia that correlated positively with novel foraging success. Between-group comparisons confirmed that the Novel Environment test depended on social/asocial context, possibly due to effects of sudden isolation and social inhibition. These findings confirm the expected condition of increased behavioral diversity in mixed-species flocks and effects of isolated testing, helping to explain the apparent diversity effect in novel foraging efficiency found in previous studies.
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[bookmark: _Toc173937543][bookmark: _Hlk168484145]Chapter 1: Introduction

While sociality in the animal kingdom has been the focus of many decades of research, interest in mixed-species groups has only accelerated recently. A landmark review of over forty years of mixed-species groups research culminated in “Mixed company: a framework for understanding the composition and organization of mixed-species animal groups” by fifteen preeminent researchers in that field (Goodale et al., 2020). The framework includes classifications for different interspecific relationships in groups, theorizes on the evolutionary catalysts for mixed-species living, and dedicates significant effort to classifying the types of benefits that can accrue in mixed-species groups. However, recent discoveries about potential benefits of MSGs to solving novel problems in a foraging context (Freeberg et al., 2024; Freeberg et al., 2017) are considered outside the scope of the framework posed by Goodale et al. (2020). Questions of behavioral syndromes, consistent individual differences in correlated behaviors akin to personality traits, are also explicitly excluded from consideration in the final framework:
“Individuals of different sexes, ages, body conditions, or personality types (e.g. axes of boldness, exploration and aggressiveness) may accrue or provide different benefits or costs within any group, and particularly in mixed-species groups... However, understanding all interactions within groups is beyond our scope… In the future, empirical tests of the relative extent of intraspecific versus interspecific variation in behaviour or benefit provisioning are needed under different conditions to test their relative importance in structuring MSGs.”
(Goodale et al., 2020, p. 5)
The purpose of this dissertation is to explore the cognitive and behavioral dynamics of mixed-species groups. Two primary aims are to better understand 1) how behavioral syndromes are defined and distributed across closely related species, and 2) how these behavioral syndromes correlate with variation in response to novel foraging contexts. Two secondary aims of this dissertation are 1) to test the efficacy of behavioral tests given to individuals of highly social species in social contexts rather than in isolation, and 2) to test a novel approach for assessing the consistency of behavioral syndromes, such that multiple tests within an identified behavioral set replace repeated testing of individual behaviors.
[bookmark: _Toc173937544]Behavioral syndromes and individual differences
Behavioral syndromes are suites of correlated behaviors within a species, similar to personality traits (Sih, Bell, Johnson, et al., 2004). Just as human personality research works to identify the dimensions of behavior across which individuals tend to differ, behavioral syndromes research focuses on patterns of behavior observed as a phenotype that may or may not have a direct opposite in other phenotypes within a species. For example, a “bold” behavioral syndrome in a songbird may include high scores and positive correlations between tests of exploration, anti-predator, and dominance behaviors. A “shy” behavioral syndrome, rather than simply scoring low on the same correlated tests, might display a unique pattern of correlated behaviors such as negative response to novelty, scrounging more than producing, and/or slower exploration (Bergmuller, 2010). Through the use of behavioral syndromes approach, we can understand and categorize individuals according to the types of correlated behaviors they exhibit, predict which behaviors may be correlated in closely related species, and understand the true diversity of behaviors that can be reasonably expected in a species with one or more common behavioral syndromes (Carter et al., 2013; Sih, Bell, & Johnson, 2004).
The ontogeny of behavioral syndromes is explained by several theories, but the evidence available is mixed. One explanation is state-dependent feedback loops, where an initial difference in states produces a behavioral difference between two individuals, which in turn changes the state for each individual, which informs subsequent behaviors, and so on (Mathot et al., 2021; Sih et al., 2015). For example, if two birds in a flock have two different levels of hunger but equal risk of predation, the hungrier bird will likely decide to take that risk first. The presence of the hungry bird diffuses predation risk for the second bird, so that bird forages, too. But since the second bird was not as hungry, it is satiated first and leaves the area, increasing predation risk for the remaining bird. The hungrier bird may have foraged enough to make the predation risk too high to tolerate, but again finds itself less satiated than the second bird as it leaves the area. This hungrier bird will consistently perform as the risk-taker in the dyad, driven by a difference in initial state rather than any genuine difference in phenotype (Sih et al., 2015).
Recent research has struggled to find clear and consistent support for the state-dependent feedback hypothesis (Macgregor et al., 2021; Naslund, 2021; Sakai, 2020). Some of the only support for the hypothesis came from studies of competition for territory and resources (Fokkema et al., 2021). However, a critical aspect of the idea, as proposed in Sih et al. (2015), is the social context for this feedback. A trend in the literature seems to be that state-behavior feedbacks were not detected when the methodology involved tests in isolation, but state-behavior feedbacks were present when individuals were tested in a more natural social context (Sih et al., 2015). This may be because interaction from individuals of different states contributed to the maintenance or exacerbation of the differences in behavior between those individuals.
An alternative view is the “pace-of-life” syndromes, also called growth-mortality tradeoffs. This idea focuses on phenotypic trade-offs between increased chances of survival against increased chances of reproduction (Stamps, 2007). Rather than an initial state difference influencing behavior alone, this state difference produces a direct change in phenotype that is often irreversible, such as earlier sexual development or a change in overall body size (Brommer & Class, 2017). This is conceptually similar to r/K selection theory (Pianka, 1970).
The straightforward view put forward by Sih et al. (2015) captures an intuitive relationship between state and motivation, while the strength of the pace-of-life view is in explaining apparently contradictory behaviors across their respective contexts. For example, a “bold” individual could be assumed to be hungrier or more desperate for a mating opportunity in the state-dependent feedback view, taking big risks in these contexts; alternatively, proneness or aversion to risk could be viewed as a calculation of reproducing at all costs today or surviving for better opportunities tomorrow, which better captures situations where an individual is bold only in some contexts and not others. However, a recent study testing both the pace-of-life and state-feedback hypotheses failed to find support for either (Petelle et al., 2019). The authors tested yellow-bellied marmots (Marmota flaviventris) on a variety of behaviors over the course of their active season and found that behavior did not seem to correlate strongly with changes in age and body weight in any pattern predicted by either theory. While it remains likely that both theories offer some explanatory power, a prudent approach may be to continue to focus on establishing the structure of each study species’ behavioral syndromes, as the ontogeny of those behavioral syndromes may differ across taxa and only be apparent with taxonomic comparisons at a later date.
Regardless of the ontogenetic cause of behavioral syndromes, their existence does allow for questions of adaptability and evolution. Dochtermann and Dingemanse (2013) conducted an analysis on available data of known genetic variance across several species and concluded that behavioral syndromes create massive constraints on evolutionary responses, more so even than life-histories or morphologies of those species. This finding underscores the importance of not only learning what we can about species-typical behaviors, but how those behaviors are distributed (as syndromes) across the population.
[bookmark: _Toc173937545]Methodological considerations
There are several methodological considerations relevant to behavioral syndromes, and to each topic associated with the mixed-species group context. This section will enumerate these considerations as they relate to the current dissertation and discuss the merit of the approaches used in this dissertation in the context of the current literature.
[bookmark: _Toc173937546]Isolation vs social context
Nearly all behavioral assays in the current literature are given to a single individual at a time in an asocial context, unless the test is specifically one that involves interaction with other individuals (Bell et al., 2009). Of all the controls thought of as beneficial and necessary in laboratory settings, this asocial context test may serve only to reduce ecological validity of the tests for many social species.
Among the few examples of testing whole groups at once, important revelations for animal personality have come to light. Olafsdottir and Magellan (2016) compared scores on behavioral assays across isolated and social contexts for a sample of three-spined sticklebacks (Gasterosteus aculeatus), finding that individuals that were identified as shy in the isolated tests became much bolder when tested in social contexts. If the study of stickleback populations relied only on data from these tests in asocial contexts, then the expected distribution of personality traits in the wild would appear to be wildly inaccurate, with the true range in ecologically valid contexts being much more restricted and bolder overall. It is possible that isolation itself is a confound, a stressor that differentially affects individuals of different species or personality types.
Aside from potentially changing or misjudging the behavior of a given sample through isolated testing, social context testing can reveal aspects of the natural behavioral repertoire that tests in isolation miss. By testing small groups, Zandberg et al. (2017) were able to show that personality traits can predict problem-solving behaviors in great tits. Personality traits can predict which members of the group may act first in response to novelty, but an important effect of this social testing was to change what the second individual to act was reacting to. The situation was no longer entirely novel, but was mostly novel plus the information produced by the first to act, and so on for the third to act, etc. An asocial context test would focus only on latency to respond to a novel stimulus, which is only arguably ecologically relevant for the individual who habitually approaches novelty before all others.
If tests of behavior in captivity are to depict behavior in the wild with accuracy, then our methods ought to reflect this for those research questions that are concerned with high ecological validity. In the realm of animal personality, where the extreme ends of each personality trait are determined through comparison to other individuals, where the second to act necessitates a first, I will explore behavioral syndromes in social contexts using presentations of behavioral assays to groups.
[bookmark: _Toc173937547]Repeatability
The study of animal personality involves consistent individual differences in behavior. Repeatability across contexts is the simplest way to distinguish trait differences from state differences in behavior between individuals and has been the generally accepted approach for many years (Carter et al., 2013; Griffin et al., 2015; Huang et al., 2018). However, with behavioral syndromes growing as an area of study under the animal personality umbrella, extensive repetition of tests may not be the only, or optimal, methodological option for identifying behavioral syndromes within species.
Establishing the repeatability of behavior through repeated testing is straight-forward, but how many repetitions are enough? A meta-analysis by Bell et al. (2009) compiled over 700 repeatability scores across 114 studies and nearly as many species. While repeatability tended to differ across sex and context, a major finding of the meta-analysis was that testing an individual more than twice offers little added benefit for finding how repeatable behaviors tend to be within a species. This is a surprising finding, especially as the typical approach in the research analyzed included an average of 4.41 repeated measures per individual. Unintuitively, repeating the measure just once is not in aggregate of a single repetition testing the repeatability of behavior; repetitions across the entire sample contribute to the same estimate of repeatability such that average rate of consistency across individuals within a species make the repeatability detectable even where individuals might show only moderately repeatable behaviors. Contrary to the assumptions of common practice, unreliable behaviors can be detected with just two iterations of testing (Bell et al., 2009; Cauchoix et al., 2018).
Besides needing fewer repetitions to establish repeatability than we may have thought, a recent study by Huang et al. (2018) employed two other techniques that may streamline behavioral syndrome research. First, instead of collecting repeated behavioral measures from every individual, these researchers only gave repeated measures to 20 of the 100 Northern cardinals (Cardinalis cardinalis) they tested. The reasoning was that if a behavior on a particular assay is repeatable for a species, we need not test every individual of that species for repeatability. For the 14 measures of boldness behaviors, repeatability ranged from .35 to .99. The second technique, more specific to behavioral syndromes research than to animal personality as a whole, involved relying on the pattern of correlations between behaviors in order to find consistent individual differences in behavioral syndromes. Due to the nature of behavioral syndromes, where one behavior may predict several others and vice versa, testing multiple dimensions of a given behavioral syndrome is tantamount to repeated tests of that behavioral syndrome. In other words, because within-individual differences on a suite of behavioral assays are partially constrained by non-independence of behaviors, repeatability of the behavioral syndrome as a whole can be tested with different assays of behavior in much the same way that repeatability of individual traits can be tested with repeated assays. The studies in the current dissertation follow from these findings. Only a subset of each study species were subjected to repeated measures, and the greater emphasis in the analysis was on behavior syndromes reinforcing themselves through correlated behaviors rather than repeated behaviors.
[bookmark: _Toc173937548]Matching measurements to constructs
The history of animal behavior and personality research has produced an array of behavioral assays and trait labels, each having different interpretations at different periods, in different contexts, or for different species. This variance in interpretations is called a “jingle-jangle” problem (Carter et al., 2013; Gosling, 2001). “Jingle” problems are those where a single trait label or test might actually be exploring any number of component behaviors; behavioral tests of “boldness” and “exploration” could be inadvertently measuring motivations or activity levels (Cussen, 2017), or even confusing exploration and boldness behaviors if the two are interpreted differently. A “jangle” problem is the reverse, where multiple tests and labels exist for a single underlying component of behavior; testing and labeling reactions to novel objects, novel environments, and novel foods separately may all be tests of a single trait of neophobia/neophilia.
Jingle-jangle problems pose a particular threat to correlations in behavioral syndromes. Many behavioral assays have been alternately used in personality and cognition studies, with different interpretations for the measures (Audet & Lefebvre, 2017; Dingemanse et al., 2010; Krasheninnikova et al., 2020; Olafsdottir & Magellan, 2016; Stamps & Biro, 2016; Tello-Ramos et al., 2019). Even with the knowledge that cognition and personality can often interact to produce consistent individual differences, it is still rare to attempt to control for one when testing the other. For example, Cauchoix et al. (2018) cautioned that the repeatability of cognitive performance in their meta-analysis did not control for differences in repeatability due to personality or dexterity. This could look like an obvious oversight in the field, since several studies focus specifically on the correlation between performance on cognitive tests and personality traits (Guillette et al., 2015; Sih & Del Giudice, 2012). For example, even a subtle difference in intital behavior can change the likelihood or frequency of encountering certain types of information, which may create apparent correlations between personality and cognition (Guillette et al., 2017). Even if it becomes clear that consistent differences in cognition can be operationalized as differences in apparent strategy, differences in aptitude or general intelligence (or experience, or preference) should also be taken into account (Rowe & Healy, 2014).
The problem may sometimes be even broader, in that perhaps any measure of “boldness” as a construct does not, in itself, prove that boldness exists as a concrete function in the tested species. This issue, reification, is a many-decades-old caveat in social psychology research (Berger & Pullberg, 1965). Reification is a logical fallacy that can allow behavioral measures and the language applied to those measures by researchers to be understood as existing in a concrete sense. In reality, our constructs (like “boldness”) are shorthand descriptions of behavioral patterns we detect through those behavioral measures (Adams & Markus, 2001; Machery, 2014). 
[bookmark: _Toc173937549]Study system
My study system is a population of naturally occurring mixed-species flocks located in the UT Forest Resources, agResearch, and Education Center (UTFRREC) in Oak Ridge, TN. The focal species are tufted titmice (Baeolophus bicolor) and Carolina chickadees (Poecile carolinensis), which are the most abundant – and the nuclear species – in these flocks. This is an ideal local study system given the wealth of related research done on these and closely related species (Cantwell et al., 2016; Cimprich & Grubb Jr, 1994; Freeberg et al., 2014; Kyle & Freeberg, 2016; Nolen & Lucas, 2009). They are easy to capture and house and participate readily in behavioral measures. The mixed-species flocks form in the overwintering period and remain largely consistent within each season, and these two species regularly forage together during this time. Tufted titmice are considerably larger than Carolina chickadees (17-26 g vs 8-12 g) and can easily supplant chickadees during foraging, although differences in actual aggression aren’t well studied. Some larger species serve as satellites and occasionally appear alongside titmice and chickadees during foraging; white-breasted nuthatches (Sitta carolinensis) most frequently, hairy woodpeckers (Leuconotopicus villosus), downy woodpeckers (Picoides pubescens), and red-bellied woodpeckers (Melanerpes carolinus) less frequently. Satellite species are usually far outnumbered by the focal nuclear species and their relative influence should be minimal (Goodale et al., 2020).
[bookmark: _Toc173937550]Hypotheses
Through a series of behavioral tests within large outdoor aviaries I tested the influence of behavioral syndromes in the social context of a mixed-species flock. Where previous research examined effects of either species composition or personality in wild bird flocks, I explored how personality composition interacted with species composition to predict how natural flocks react to threat, novelty, and foraging puzzles. Behavioral tests included a novel feeder test (exposure to food in a treadle trap), a novel object test (food near a red plastic cup), two predator tests (food near rubber snake and plastic hawk), and a novel environment test (movement tracked in an unfamiliar cage).
My dissertation research program tested three hypotheses. First, behavioral type differences between individuals can predict which individuals succeed with a novel foraging task. Second, behavior in mixed-species groups varies both within and between species. Finally, behavioral testing in isolation confounds the test measure with the additional stressor of isolation. I predicted that tufted titmice and Carolina chickadees, despite being closely related species with similar ecologies, would each contribute unique patterns of behavior to mixed-species flocks, that these patterns of behavior would predict interactions with a novel foraging task for each individual, and that tufted titmice tested in social contexts would be generally bolder on a novel environment test than titmice tested in isolation.
[bookmark: _Toc173937551]H1: Behavioral syndromes correlate with individual novel foraging success
Which individuals in a group are the quickest to attempt to forage in a novel situation? Previous studies have found associations between novel foraging behaviors and neophilia, fast-exploring behavioral types, and foraging under predation threat (Jenkins et al., 2023; Stöwe et al., 2006; Takola et al., 2021). Dimensions of individual differences identified by behavioral syndromes analysis provide a way to partition out the potential multivariate correlations between all aspects of boldness and novel foraging. H0: Finding no correlation between behavioral syndrome components and the novel foraging tasks would suggest that novel foraging behaviors are themselves a distinct dimension of behavior from all other components, and that future behavioral syndrome analysis on these species ought to include novel foraging test measures as an additional component. See Chapter 2 for more information on these ideas.
[bookmark: _Toc173937552][bookmark: _Hlk124102310]H2: Behavioral syndromes differ between species in a mixed-species flock
As outlined in Goodale et al. (2020), mixed-species groups often offer additional benefits to group members above what is common for single-species group living. Mixed-species groups of closely related species often share similar ecologies and enjoy “supplementary” benefits (Goodale et al., 2020), where the normal foraging efficiency and anti-predator benefits of group living are present but with reduced competition for mates and specific food types. To better understand why mixed-species flocks of closely related species solve novel foraging problems best in the most diverse flocks (Freeberg et al., 2017), I propose that species differences in behavior play a role. To address this possibility, I first attempt to show frequencies of different behavioral syndromes differing between species (i.e., titmice constrained to positively correlated exploration and anti-predator behavior whereas chickadees are constrained to positively correlated neophilia and time spent foraging), whereby a species-diverse flock is also a more behaviorally-diverse flock. H0: Finding no difference in behavior between these two closely related species would suggest that some aspect of MSGs may demand or reinforce similarity in behavioral syndromes. Chapter 3 describes the tests of these ideas.
[bookmark: _Toc173937553]H3: Performance on a novel environment test differs between social and asocial contexts
To address whether testing highly gregarious species in isolation poses ecological validity concerns, two different versions of the Novel Environment Test were given to separate subgroups of tufted titmice. I predicted that the test given in isolation would reflect more anxious behaviors than the test given in the presence of familiar flockmates. H0: If no difference is found between groups, then isolated testing may not be problematic for measuring individual differences in titmice. Chapter 4 describes the test of this hypothesis.
[bookmark: _Toc173937554]Methods
[bookmark: _Toc173937555]Subjects, capture, and housing
All tests focused on wild mixed-species flocks of Carolina chickadees and tufted titmice at UTFRREC. Over 30 feeder platforms were situated throughout the 2,200 acre area of UTFRREC, separated by > 400 m so that we can be reasonably sure that activity at each feeder represented a single overwintering flock (Bartmess-Levasseur et al., 2010). All individuals recorded for this study were caught at these feeder sites with mist nets and banded with colored plastic bands with RFID pit tags inside. Some individuals caught at these sites were housed in one of six outdoor aviaries on-site at UTFRREC for these captive experiments (see Figure 1). Housed birds were always kept in the same aviary as two other birds caught the same day at the same site, creating an experimental flock size of three individuals familiar with one another.
[bookmark: _Toc173937611]
Figure 1: UTFRREC map of feeder locations. [image: A map of a forest

Description automatically generated][image: A chicken coop in a yard

Description automatically generated]Total park area approximately 2,200 acres. Inset: Photo of two of the six aviaries used to house flocks temporarily (second aviary in the top-left background of photo). All aviaries are located in the area between sites “A” and “I”.


Each outdoor aviary measures approximately 6m x 9m x 3.5m in outdoor space and a small indoor area accessible to housed birds as shelter from inclement weather. Each aviary was provided with fresh seed and water ad libitum in designated dishes every day. Seed dishes were small clear glass candle holders (~65 mm in diameter) with RFID antennas taped to the rim, such that birds needed to perch on the antenna to reach seed in the dish. Birds housed in aviaries were allowed approximately five days to acclimate to the aviary before any testing began. Except for the time spent setting up tests and restocking food and water, birds in aviaries were not purposefully acclimated to human presence. At the end of data collection in the aviaries, birds were recaptured using treadle traps and were released back at their original site of capture. Including the 5-day acclimation period and all testing, most flocks were housed in the aviaries for no more than 2 weeks, though inclement weather sometimes led to longer delays to release the birds.
Sample size varied between studies and hypotheses based on the test data reliably collected from each individual. In total, 51 flocks (153 individuals) were housed in aviaries during the course of the research. Not all individuals participated in all tests; for example, a subset of flocks participated in the social-context Novel Environment Test instead of the typical asocial-context version of that test. Additionally, one data logger unit was stolen from an aviary resulting in incomplete data for several flocks. Also, all data loggers were eventually found to keep poor time when the battery power was below 50%, leading to timestamp discrepancies in collected data for many of the RFID-based behavioral tests. Any scheduled test whose start and end times could not be realigned with the recorded data were dropped.
Artificial flock compositions consisted of all species combinations (i.e., 3 titmice, 2 titmice and 1 chickadee, and 1 titmice and 2 chickadees, or 3 chickadees). The artificial flock size was smaller than the wild flock size, but the limited size of the aviaries kept population density high (Hetrick & Sieving, 2011).
[bookmark: _Toc173937556]Aviary testing procedure
Effort was made to ensure artificial flocks housed in the aviaries were caught on the same day and time to limit total acclimation time for the flock and to increase the confidence that individuals housed together in artificial flocks are familiar with each other (Coppinger et al., 2018). Some artificial flocks formed during winter 2021-22 were reformed with other artificial flocks caught at the same site to make up for lost and deceased individuals in those flocks. Though loss and death were rare, if they did occur they always occurred during acclimation periods and did not otherwise interfere with tests.
Behavioral tests (see Table 1) followed the acclimation period. The presented tests were given in sequence of least to most threatening stimuli (with the exception of the novel environment test given immediately before release from the aviary), so the order of tests was not counterbalanced. Tests typically began between 10am and 2pm each day, following from pilot data collected in winter 2020-21; activity drops sharply after 4pm for this population. Except for the Novel Environment Tests, all tests involved presentations of stimuli on the same platform as the seed dishes within the aviary. Only two seed dishes were available on the platform and both were equipped with RFID antennas. These antennas collected timed presence/absence data of the unique ID of each individual’s RFID band. All of the following tests were designed to capture visits to seed dishes in the presence of various stimuli, or in the case of the puzzle feeders, to 
[bookmark: _Toc173937673]Table 1: Summary of behavioral tests and measures
	Test
	Individual Variables

	Novel feeder
	Order of first approach

	(48hrs)
	Order latencya

	
	Visit rate

	
	

	Mealworms
	Order of first approach

	(24hrs/15 worms)
	Order latencya

	
	# Visits before empty

	
	

	Novel Object
	Order of first approach

	(1hr)
	Order latencya

	
	Visit rate

	
	

	Predator models
	Order of first approach

	(2hrs snake)
	Order latencya

	(2hrs hawk)
	Visit rate

	
	

	Novel Environment
	Number of movements
Maximum time in one place
Seeds taken

	
	

	a For 1st to approach, time to first approach. For nth to approach, first approach timed starting from (n – 1)th’s first approach. Remaining test time given for no approach.



record exploration and solutions of the puzzle. A subset of trials (approx. 15% of the final data) were video recorded to verify the accuracy of the RFID antennas.
Statistical analyses
Behavioral Syndromes: Each behavioral test includes several measures (see Table 1, Figure 2, and Figure 3). Using principal component analysis (PCA) with these measures, the number of points of comparison between individuals can be reduced to a small number of principal components (depending on the number of eigenvalues >1). This reduction allowed smaller samples to retain statistical power by reducing the number of terms necessary in later models. This process applied to the mealworms test, novel object test, both predator tests (pooling the scores of both together), and the novel environment test using the measures listed in Table 1 for each test. This analysis pooled the scores of both species together. A subsequent cluster analysis determined whether species differences in behavior were detectable in the data by assessing the species composition of those calculated clusters.
Conclusion
This dissertation explores the unique aspects of diversity found in mixed-species flocks of birds. Through the below studies, I demonstrate the utility of the behavioral syndromes framework for answering mixed-species group questions and report unexpected dynamics of behavioral diffusion and isolation.
Dissertation outline
· Chapter 1: Introduction – Here I reviewed the current literature on behavioral syndromes and defined/discussed relevant features of behavioral flexibility. I analyzed testing methods for behavior and problem-solving and discussed their appropriateness for interpreting behavioral syndromes as they relate to personality, particularly in the context of social groups. How these concepts apply to mixed-species groups were presented as an open question. 
· Chapter 2: Behavioral syndromes as predictors of flexible foraging strategy – Hypothesis 1 (Behavioral syndromes correlate with individual novel foraging success) was tested. Research question: Which individuals in a flock are most likely to exploit a novel foraging task? Analysis used behavioral syndromes data from Chapter 2 and two Novel Feeder tests to determine if exploitation of a novel foraging task is more common for some personalities than others. Individual test variables were also considered as predictors, and strengths of the two forms of predictive model were compared. A null result could warrant incorporating the Novel Feeder behavior into a more comprehensive PCA/HCA behavioral syndromes analysis.
· Chapter 3: Behavioral syndromes in artificial mixed-species flocks – Hypothesis 2 (Behavioral syndromes differ between species in a mixed-species flock) was tested in pursuit of the research question: Does species diversity add to the behavioral diversity of an mixed-species group? Analyses included PCA and Cluster Analysis to identify behavioral syndromes in pooled species; Clusters (behavioral syndromes) primarily ascribed to one species support the hypothesis.
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[bookmark: _Toc173937612]Figure 2: Test stimuli for RFID measures. (A) Treadle trap with one RFID food dish inside for Novel Feeder test. (B) Red plastic cup for Novel Object test. (C) Mealworm stock image, representing Mealworm test where mealworms were placed inside one of the two RFID food dishes. (D) Plastic hawk model approximating a Cooper’s hawk or sharp-shinned hawk for the Predator tests. (E) Rubber snake model approximating a gray rat snake for the Predator tests. (D) and (E) represent the typical presentation distance from RFID food dishes for Predator and Novel Object tests.
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[bookmark: _Toc173937613]Figure 3: Photo of the novel environment test cage.


· [bookmark: _Hlk166096101][bookmark: _Hlk166096122]Chapter 4: Asocial testing of social species – Hypothesis 3 was tested using a between-groups design separate from the previous analyses. Comparing scores on novel environment tests between isolated and social context groups, this study addressed whether isolation significantly impact foraging behavior, activity levels, or freezing behaviors. Tested only with tufted titmice, three different aspects of novel environment behavior were compared across groups.
· Chapter 5: Conclusion – Do mixed-species flocks of closely related species benefit from more behavioral diversity? Findings from the previous chapters were summarized in answering these questions and in encouraging future research on a broader question: How important is diversity in social groups when challenged by changing environments?
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[bookmark: _Toc173937561]Chapter 2: Do behavioral syndromes predict behavior better than individual tests? 

[bookmark: _Toc173937562]Introduction
Research on novel feeding behaviors, particularly in birds, has long been a key aspect of studying animal intelligence, social learning, and adaptability (Lefebvre & Giraldeau, 1996; Lefebvre et al., 1997). The term “behavioral flexibility” is ascribed to such famous examples of foraging innovation as removing the caps from milk bottles by birds in the UK many decades ago (Aplin, Sheldon, et al., 2013; Fisher & Hinde, 1949). Somewhere in the cross-section of intelligence, social learning, and behavioral flexibility we might have the tools to predict which individuals, which populations, and which species are best poised to adapt behaviorally to environmental changes, particularly those with anthropogenic causes.
However, Audet and Lefebvre (2017) worry that the concept of behavioral flexibility is often being misused in ecology and animal behavior research, due in particular to what they call a “jingle-jangle” problem. Jingle-jangle problems are those where a single trait is measured by several different tests, but in the hands of other researchers those same tests are used to measure different traits. For example, presenting novel objects to a given individual and recording the reaction has been used as a measure of neophilia/neophobia under the umbrella animal personality term “boldness” (Takola et al., 2021), but neophilia is also sometimes measured with open-field or novel environment tests, which in turn are used to measure exploratory behavior (Perals et al., 2017). In fact, Audet and Lefebvre (2017) argue reversal-learning tasks are more conceptually accurate tests of behavioral flexibility than tests of innovation.
Even if I were to avoid the term “behavioral flexibility” altogether in this current work on predicting novel foraging behavior, the authors’ point on jingle-jangle problems remains relevant. What would I mean if I were to say the boldest individuals were the most likely to forage in a given context? Belgrad and Griffen (2017) examined how boldness and social context interacted to predict foraging in the presence of predator cues in mud crabs (Scylla serrata); Jenkins et al. (2023) referred to responses to predator cues as “risk-taking behavior” and correlated them to other “boldness” behaviors like exploration, and activity level in black-capped chickadees (Poecile atricapillus); Herborn et al. (2014) predicted the behavioral flexibility of blue tits (Cyanistes caeruleus) with age and broad personality variables like “neophobia” and “exploration”; Kurvers et al. (2012) measured “boldness” in barnacle geese (Branta leucopsis) using only novel object presentations; and Olafsdottir and Magellan (2016) used latency to leave a refuge as their “boldness” score when trying to predict foraging speed and accuracy in threespine sticklebacks (Gasterosteus aculeatus). Of course, this is no criticism of any one lab or paper, but instead meant to explain the varying levels of success each line of research had while attempting to explain foraging behaviors as a predictable aspect of boldness.
Clearly, from the above examples, we do have the ability to predict several aspects of foraging behaviors from personality research on our study species. The problem, from my perspective, is an eagerness to discuss test measures as familiar personality constructs. The results of the same Jenkins et al. (2023) paper defied a traditional understanding of “boldness” behaviors; the chickadees with the highest scores on activity level and exploratory behavior were the least “bold” in the presence of a predator. In the Herborn et al. (2014) paper, neophobic behaviors had a negative correlation with exploratory behaviors, and both correlated positively with behavioral flexibility. Ultimately, there was no coherent way to say “bolder birds innovate more” or “neophobia predicts novel foraging strategies,” particularly when the constituent behaviors are sparsely measured or not understood in the context of larger behavior patterns.
There are tools in animal personality research that can help us to describe behavior patterns quantitatively and solely in terms of the correlations between raw test variables rather than our interpretation of them. The behavioral syndromes framework (Sih, Bell, Johnson, et al., 2004) recommends compiling multiple variables from each of several behavioral tests and allowing principal component analysis to tell us what the key dimensions of individual differences are in a study species. Mertes et al. (2022) reduced the behavioral test variables of scimitar-horned oryx (Oryx dammah) into two principal components before describing these components as “vigilance or caution” and “changing social context” respectively, based not on a single test or a single variable, but from correlated variables across tests that themselves suggested the pattern of differences between individuals. Predictions of which personalities or behavioral types in a population are most likely to exploit novel resources in a changing environment can be understood from the natural patterns of measured behavior rather than our preconceived definitions of whether it is the “bold” or “fast-exploring” or “neophilic” individuals that do the work of adapting to those changes.
The current study aimed to demonstrate the utility of a behavioral syndromes framework to understanding this novel foraging question, but also to compare it quantitatively to single-test methods for correlating behaviors under the umbrella of “boldness” to novel foraging behaviors. Tufted titmice (Baeolophus bicolor) and Carolina chickadees (Poecile carolinensis) serve as nuclear members (Jones & Sieving, 2019) of mixed-species flocks during the overwintering period (approx. mid-October to early March each year in Eastern Tennessee). Titmice are larger and generally dominant over chickadees in foraging contexts (Cimprich & Grubb Jr, 1994). Using flocks of varying species composition of tufted titmice and Carolina chickadees I examined two different kinds of predictors: raw scores and scores on 5 principal components of behavior in these mixed-species flocks. First, using 12 variables from 4 behavioral tests, I tested if performance on any single test was a good predictor of Novel Feeder Test performance for both chickadees and titmice. Second, using the Principal Components derived from the same 12 variables, I tested if any components were a good predictor of Novel Feeder performance. Finally, I examined the relative strengths, parsimony, and utility of each technique. Finding no correlation between behavioral syndrome components and the novel foraging tasks would suggest that novel foraging behaviors are themselves a distinct dimension of behavior from all other components, and that future behavioral syndrome analysis on these species ought to include novel foraging test measures as an additional component.
[bookmark: _Toc173937563]Methods
[bookmark: _Toc173937564]Subjects and housing
Wild tufted titmice and Carolina chickadees were captured at feeder platforms at the University of Tennessee Forestry Resources AgResearch and Education Center (UTFRREC) in Oak Ridge, TN. Each platform was > 400 m away from its neighbor to ensure that each platform represented distinct overwintering flocks (Bartmess-Levasseur et al., 2010). Capture protocol involved the use of mist nets to gather flocks of 3 individuals (species composition varied, but always limited to tufted titmice and Carolina chickadees) that were housed in large outdoor aviaries (6 m × 9 m and 3.5 m high) as experimental but familiar flocks. While in the aviary, flocks had access to ad libitum food and water and were held for a period of 12-18 days depending on weather and protocol of their initial study prior to participation in the current study This time period included a 4-5 day acclimation period.
[bookmark: _Toc173937565]Materials and procedures
RFID dataloggers and receivers were created by Eccel Technology Ltd (Groby, UK). RFID antennas were attached to food dishes with electrical tape to capture visits to each dish. Each bird caught for the study was banded with a plastic PIT tag with a unique ID. To extend battery life, each receiver was configured to collect data only between the hours of 7am and 6pm Eastern Standard Time. Pilot data indicated this daytime timeframe captured greater than 95% of the visits to the seed dishes during aviary housing. 
[bookmark: _Toc173937566]Novel feeder test
The Novel Feeder Test was a choice test between an open, unobstructed seed dish filled with ad libitum seed or an identical dish placed with a locked-open treadle trap just a few centimeters away. Testing generally began between 10 am and 1 pm on the 5th day of aviary housing – as weather permitted – and ran for 48 hrs. Seed dishes were large enough to accommodate the 3-bird flocks for the full 48 hrs but fresh water and additional food was added the day after testing started regardless, in part to prevent one dish from becoming noticeably more depleted than the other during the test. There was no other researcher disturbance to the flock during the test.
RFID visits during the test were timestamped including the date and uniquely attributable to each bird and the antenna activated. While two birds could activate each of the two antennas at the same time, only one bird (typically the first to arrive) could activate a single antenna at a time. The small diameters of the round antennas (60mm) made this kind of co-occurrence difficult and unlikely.
Variables deduced from the RFID data were:
· Order of approach – The rank order of the birds in each flock to approach during the test period, with respect to each individual’s first approach only. If one or more birds in a given flock did not approach during the test period, they were scored as a 4 rather than a 1, 2, or 3 so that late approachers were not considered equal to non-approachers in the data.
· Order latency – The time in seconds since the start of the test (for the first to approach) or the time in seconds since the previously ranked bird’s first approach. For example, if the first bird visited 3 minutes after the start of the test and the second bird first visited 5 minutes after the start of the test, the birds were scored 180 s and 120 s respectively. This serves two purposes: 1) avoid redundancy with Order of Approach and 2) to account for the qualitative difference in the test between a stimulus no familiar flock mate had approached to one that one (or two) flockmates had safely approached. The interpretation of this variable is then different for the first to approach (a measure of boldness) than for subsequent birds (a measure of boldness interacting with some local enhancement or other social learning). Any bird that did not approach during the test period was scored for the maximum length of the test (i.e., 172,800 seconds).
· Visit rate – A ratio between the number of visits during the test period and the length of the test itself. Between-species differences in metabolism should mean that virtually every titmouse has a higher visit rate than every chickadee, but within-species differences in activity level has been linked to both personality (Jenkins et al., 2023) and social context (Bibi et al., 2022).	
[bookmark: _Toc173937567]Mealworm test
Two food dishes were placed within 20cm of each other, one contained the same seed mix birds had been given since entering the aviaries, and the other held 15 medium sized live mealworms. While this test was initially included as a novel food test, since mealworms were not thought common in the range of the tested population, pilot tests suggested that both titmice and chickadees immediately recognized mealworms as a highly desirable food source, although individuals varied widely in how quickly or aggressively they sought out the limited resource. This behavioral test was included in the data analysis with attention paid toward the behaviors expected between dominant and subordinate individuals competing for the limited numbers of mealworms. While pilot testing showed that one or two individuals tended to eat a disproportionate amount of mealworms in each flock, supplanting was not common. When they did occur, supplanting behaviors were recorded as a change in the detected RFID at the mealworm dish in less than 2 seconds. As only 15 mealworms were added to the dish, only the first 15 unique visits to the dish were analyzed. Order of approach, order latency, and visit rate were otherwise calculated in the same way as the Novel Feeder test.
The test ran for a maximum of 24hrs and typically started immediately after the end of the Novel Feeder test, as weather conditions permitted. Any remaining mealworms at the end of the test were discarded outside of the aviary.
[bookmark: _Toc173937568]Novel object test
The novel object test was the presentation of an upside-down disposable red plastic cup placed within 20 cm of one of the seed dishes (which were in turn no more than 20cm from each other). The presentation lasted 1hr for all flocks. Picnicking is not allowed in any area of the UTFRREC, and so there is virtually no chance any of the birds in the study had encountered anything like this object before. No bright red plastic objects were used anywhere in the UTFRREC prior to the start of data collection, and so I am confident that the object represented a novel and easily replicable presentation. Brightly colored objects have been used before to induce neophobia in closely related species (Vrublevska et al., 2015). To account for the light weight of the cup in potentially windy conditions, a small rock was placed on the top of the cup and, when possible, a wooden clothespin was attached at the bottom of the cup across the metal grating the seed dishes were placed on.
[bookmark: _Toc173937569]Predator tests
Two different predator tests were conducted to account for differences between threats posed by airborne and terrestrial predators, such as a differences in calling and vigilance behavior between the two types of predation risks (Sieving et al., 2010; Suzuki, 2012). The first was a plastic model of a Cooper’s hawk (Accipiter cooperii), the second was a rubber coiled snake that looked superficially similar to gray rat snakes (Pantherophis spiloides) and eastern black kingsnakes (Lampropeltis nigra) (Cantwell et al., 2016). The order of presentation was randomized between flocks. Predator models were placed within 20 cm of one of the food dishes, similarly to the Novel Object presentation. Presentations lasted for 2 hrs, and in consideration of the extra stress of being in an enclosed space with a supposed predator, no other tests were conducted on days when there was a predator presentation. Each predator presentation typically occurred with one day of the other.
Scoring of both predator tests followed the same focal variables as the Novel Object test, including preference for the nearer or farther food dish during the test.
[bookmark: _Toc173937570]Novel environment test
The novel environment was a small white bird cage (approx. 0.8 m x 0.8 m x 1.2 m) with two cross-length perches and two seed dishes stocked with black oil sunflower seed (see Figure 3). This size is similar to small “flight cage” novel environment tests (Katsis et al., 2024) rather than whole-aviary novel environment tests (Kerman et al., 2018; Tuliozi et al., 2018). All trials were video recorded using a Canon VIXIA HF R800 camera set on a nearby tripod such that the perspective angle allowed easy viewing of all 6 inside faces of the cage. The cage itself was set on a folding table approximately 0.5 m off the ground, depending on the terrain.
The same video camera was also used to film a subset of all of the above tests (16 or 15.1% of the total data set, including pilot data) of the RFID-based tests to ensure the reliability of the RFID receiver data. The calculated F1 score was .813, indicating good precision and recall of the RFID data (Taha & Hanbury, 2015).
All Novel Environment Test videos were coded in BORIS (Friard & Gamba, 2016). Trials were marked continuously for 10 min, regardless of the length of the actual video. The beginning of the 10 min trial was no earlier than 30 s after the bird entered the cage on video to allow the researcher to leave the area, and the end of the trial was no later than 30 s from the end of the video, to account for the re-approach of the researcher. Eleven different behaviors were marked according to where the bird moved within the cage and whether it foraged (i.e., top, bottom, left, right, front, back, upper perch, bottom perch, left bowl, right bowl, seed taken). Activity level was calculated alternately as the total number of moves during the test and the longest continuous perch during the test. Whether or not any seeds were taken was calculated as a simple binary, as many birds did not stop to forage during the 10 min trial.
I coded all video trials, and reliability was assessed on a subset of trials (12 trials or 18.2%) by a trained research assistant. Interrater reliability measured by Cohen’s Kappa was 0.782, indicating substantial agreement on Novel Environment Test trials.
[bookmark: _Toc173937571]Statistical analysis
The behavior of interest in this study was the Order of Approach to the Novel Feeder Test, since this should have best demonstrated whether initiating novel foraging behavior was predictable. Because this response variable was ordinal, each model specified below was an ordinal logistic regression model using the “ordinal” package in R (Christensen, 2023; R Core Development Team, 2016). There were two different levels of analysis: Principal Component, and individual tests.
Scores for titmice and chickadees were pooled for principal component analysis (PCA) without regard to species as a variable so as not to bias the model toward amplifying species differences. A total of 12 variables went into the PCA (order of approach, order latency and visit rate for “Novel Object,” “Mealworm,” and “Predator” tests, number of moves, longest freeze, and number of seeds taken for “Novel Environment” tests). Parallel analysis with the “paran” package in R (Dinno, 2018) allowed predictions for the optimal number of components to keep adjusting for any bias introduced by the imputation of missing values. 
In lieu of repeated tests, I calculated consistency in individual differences along the identified principal component dimensions (Huang et al., 2018). Each variable either loaded positively or negatively on each principal component, such that the relationship between any two variables in a principal component could be considered to either negatively or positively correlate with one another. By scaling test measures to zero and comparing each pair of variables to their expected relationship according to contributor loadings, I calculated how consistently each bird conformed to the expected relationship of variables in each principal component relative to the number of variables contributing to that component. For example, if the number of visits to the mealworm test loaded positively and the longest freeze on the novel environment test loaded negatively on the same component, a consistent set of scores for a given individual could be above-average mealworm visits and below average longest freeze. For each principal component, only those test variables with above-average contribution to that component were considered for consistency analysis, since these are the variables that present the strongest signal of the underlying correlational structure of the behavioral data. Permuting 1000 random samples of the data allowed for comparison of the mean of these consistency calculations to determine whether the mean consistency was significantly different from random. Significant consistency on a given principal component acted here as a substitute to repeated testing on each test.
The test-specific models were not run with species data pooled together, although it should be noted that the tests were given in semi-naturalistic flocks of varying species diversity – though these are raw individual scores, they may not be fully independent of heterospecific influence (see Chapter 3, Chapter 4). For each species, a model for each of four different tests included that test’s three measured variables as predictors for Order of Approach to the Novel Feeder. 
For any models that found significant predictors of Novel Feeder behavior, the McFadden’s adjusted pseudo-R2 statistics for those models were compared (Mcfadden, 1974). This metric works as a measure of model fit specific to logistic regression models; this adjusted pseudo-R2 cannot be interpreted directly as a percent of variance explained but it can still allow for comparisons between models and for an estimate of the goodness of fit for each model. Adjusted pseudo-R2 is generally lower than comparable values in linear regression models, and good fit is generally between 0.2 and 0.4 (Mcfadden, 1974). Note that this metric is intended only to compare models regressed on the same response variable data, so comparing models across different subsets of the data (i.e., different n’s) is not advisable.
Significance was determined without adjustment for multiple comparisons; the primary purpose of these models was broad comparisons of fit between categories of predictors rather than the predictors themselves.
[bookmark: _Toc173937572]Results
Sample sizes depended on the model and species specification. A total of 66 birds across 22 artificial flocks were included in the principal component analysis: 35 were tufted titmice and 31 were Carolina chickadees. A subset of 45 individuals was included in the subsequent model comparison analysis (19 Carolina chickadees and 26 tufted titmice), representing those flocks with complete data for the novel feeder test. See Table 2 for summary statistics of each test measure. 
[bookmark: _Toc173937573]Principal component analysis
Principal component analysis produced 5 components with eigenvalues greater than 1, explaining a combined 76.38% of the variance in behavioral differences. The appropriate number of retained components was confirmed with Horn’s parallel analysis for component retention (Dinno 2018; Horn 1965), which adjusted eigenvalues to account for potential bias introduced by imputed datasets. The labels for each of the components below are brief interpretations of the contributions and loadings as they relate to the test behaviors. Other interpretations may be possible as these are written with the highest or lowest scorers for the given component in mind. See Table 3 for a summary of the top contributing variables to each principal component.
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Four of the measured variables had above-average contributions for the first principal component: Novel Object Visit Rate (22.93%, loading -.479), Mealworm Order of Approach (17.73%, loading .421) and Visit Rate (24.95%, loading -.499), and Novel Environment Seeds 
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Table 2: Summary statistics of test measures by species
	
	
	CACH
	ETTI

	
	
	Mean(SD)
	Range
	Mean(SD)
	Range

	Novel Object
	Order of Approach
	1.71(.85)
	1 - 3
	1.90(.81)
	1 - 3

	
	Order Latency (s)
	630.6(741.35)
	27 - 2,978
	561.8(504.90)
	77 - 2,304

	
	Visit Rate (per hr)
	7.28(4.91)
	1 - 15
	3.84(1.61)
	1 - 7

	Mealworm
	Order of Approach
	1.78(.88)
	1 - 3
	2.05(.79)
	1 - 3

	
	Order Latency (s)
	3,707.5(14,560.89)
	21 - 62,039
	718.2(758.40)
	4 - 2,523

	
	Visit Rate (per hr)
	6.01(3.83)
	.25 - 13
	4.49(2.38)
	.75 - 9

	Predator tests
	Order of Approach
	1.70(.68)
	1 - 3
	2.04(.80)
	1 - 3

	
	Order Latency (s)
	748.9(865.67)
	25 - 3,122
	1,365.5(1,606.64)
	9 - 5,264

	
	Visit Rate (per hr)
	4.49(4.04)
	.50 - 13
	3.35(2.13)
	.50 - 7.5

	Novel Environment
	Longest Freeze (s)
	49.90(50.06)
	9 - 170
	52.23(54.72)
	8 - 190

	
	Seeds Taken
	7.11(7.43)
	0 - 23
	2.42(3.17)
	0 - 11

	
	Moves
	257.4(108.47)
	34 - 449
	168.2(70.45)
	21 - 267




[bookmark: _Toc173937675]Table 3: Top-contributing variables to selected components
	Component
	Variable
	Contribution (%)
	Loading

	PC1: “Neophobia”
22.21%
	Novel Object Visit Rate
	22.93
	-0.479

	
	Mealworm Order of Approach
	17.73
	0.421

	
	Mealworm Visit Rate
	24.95
	-0.499

	
	Novel Environment Seeds Taken
	9.91
	-0.315

	PC2: “Non-exploration”
18.91%
	Novel Environment Moves
	33.43
	-0.578

	
	Novel Environment Freeze Time
	29.64
	0.544

	
	Predator Visit Rate
	19.2
	0.438

	PC3: “Neophilic Threat Discrimination”
13.90%
	Predator Order Latency
	33.3
	0.577

	
	Predator Visit Rate
	19.2
	-0.372

	
	Novel Object Order Latency
	21.16
	-0.46

	PC4: “Social Information Preference”
11.71%
	Predator Order of Approach
	26.34
	0.513

	
	Novel Object Order of Approach
	16.22
	0.403

	
	Novel Object Order Latency
	22.22
	0.471

	
	Mealworm Order Latency
	18.58
	-0.431

	PC5: “Neophobic Exploration”
9.65%
	Novel Environment Seeds Taken
	32.53
	0.57

	
	Mealworm Order Latency
	29.47
	0.543

	
	Novel Object Order of Approach
	14.2
	0.377




Taken (9.91%, loading -.315). This pattern of scores was consistent with neophobia; high scoring individuals on this component foraged less in the presence of a novel object (Guido et al., 2017) or in a novel environment (Tuliozi et al., 2021), and were slower and less likely adopt mealworms into their aviary diet (Tebbich et al., 2016). Up to 22.21% of the differences between individuals can be attributed to differences along this component.
The results of the permutation test indicated that the observed mean consistency score of 60.94% (mean = 3.656 out of 6 comparisons) for Principal Component 1 was significantly higher than what would be expected by chance alone (p < .001). This strong signal suggests that Principal Component 1 captures meaningful patterns of individual differences in behavior that are more consistent than a random dataset.
[bookmark: _Toc173937575]Component 2 – Non-exploration
Three of the measured variables had above-average contributions for the second principal component: Novel Environment Moves (33.43%, loading -.578) and Freeze Time (29.64%, loading .544), and Predator Test Visit Rate (19.20%, loading .438). Individuals who scored highest on this component were those who moved the least and spent the most longest period staying still during the Novel Environment Test, and foraged frequently in the presence of predator models. The strongest signal in this component was a lack of activity in a novel environment, but the high foraging rate in the presence of predators contradicts earlier positive correlations found between predator avoidance and non-exploration in house sparrows (Tuliozi et al., 2021) suggesting this component may not be primarily attributable to fear or boldness. Up to 18.91% of the differences between individuals can be attributed to differences along this component.
The results of the permutation test indicated that the observed mean consistency score of 69.79% (mean = 2.094 out of 3 comparisons) for Principal Component 2 was significantly higher than what would be expected by chance alone (p < .001).
[bookmark: _Toc173937576]Component 3 – Neophilic threat discrimination
Three of the measured variables had above-average contributions for the third principal component: Predator Order Latency (33.30%, loading .577) and Visit Rate (19.20%, loading -.372), and Novel Object Order Latency (21.16%, loading -.460). This combination of early approaches to the novel object with late and rare approaches to predator models suggested a strong discrimination between threatening and neutral stimuli in the highest scoring individuals (Blumstein et al., 2006; Liu et al., 2024). Low-scoring individuals were not rare in the dataset, suggesting that some individuals were so neophobic that they were more likely to approach predator models than novel objects. Up to 13.90% of the differences between individuals can be attributed to differences along this component.
The results of the permutation test indicated that the observed mean consistency score of 57.29% (mean = 1.719 out of 3 comparisons) for Principal Component 3 was significantly higher than what would be expected by chance alone (p = .037). 
[bookmark: _Toc173937577]Component 4 – Social information preference
Four of the measured variables had above-average contributions for the fourth principal component: Predator Test Order of Approach (26.34%, loading .513), Novel Object Order of Approach (16.22%, loading .403) and Order Latency (22.22%, loading .471), and Mealworm Order Latency (18.58%, loading -.431). The highest scoring individuals were those who were last to in their flocks to approach predator models and the novel object, but were quick to eat mealworms after a flockmate had eaten one first. This pattern could be consistent with an indiscriminate shyness toward predators and novel objects but not novel foods, however the orthogonal nature of principal components means that non-discrimination of threatening stimuli is more likely represented by a score near 0 on Component 3. This pattern would also be consistent with a preference for socially gathered rather than individually gathered information (Arvidsson & Matthysen, 2016; Mamuneas et al., 2015). Up to 11.71% of the differences between individuals can be attributed to differences along this component.
The results of the permutation test indicated that the observed mean consistency score of 56.25% (mean = 3.375 out of 6 comparisons) for Principal Component 4 was significantly higher than what would be expected by chance alone (p = .015).
[bookmark: _Toc173937578]Component 5 – Neophobic exploration
Three of the measured variables had above-average contributions for the fifth principal component: Novel Environment Seeds Taken (32.53%, loading .570), Mealworm Order Latency (29.47%, loading .543), and Novel Object Order of Approach (14.20%, loading .377). Higher scoring individuals on this component were those that were quick to forage in a novel environment but not in the presence of novel objects or food. Up to 9.65% of the differences between individuals can be attributed to differences along this component.
The results of the permutation test indicated that the observed mean consistency score of 48.96% (mean = 1.469 out of 3 comparisons) for Principal Component 5 was not significantly higher than what would be expected by chance alone (p = .693). This low consistency may be due to Order of Approach appearing twice in the three top contributing measures for Component 5, which was the measure most sensitive to flockmate activity and thus not itself expected to be a highly repeatable measure for individuals.
[bookmark: _Toc173937579]Model comparisons
Out of 11 different ordinal logistic regression models to predict the Order of Approach to a Novel Feeder (NF-Order), only 6 models identified a total of 7 significant predictors out of 17 unique candidate predictors (see Table 4). McFadden’s Adjusted Pseudo-R2 for each model is given in Table 5 for comparison of model fit. Figures 4 and 5 use locally estimated scatterplot smoothing (Cleveland et al., 1990) to visualize local trends along rank-ordered test variables.
All three models based on Principal Components identified significant predictors (see Table 4 & Figure 5), and of all comparable species-specific models the Principal Components models (CACH: McFadden’s Radj2​ = 0.487; ETTI: McFadden’s Radj2​ = 0.172) fit better than any of the single-test models (CACH: McFadden’s Radj2​ ≤ 0.223; ETTI: McFadden’s Radj2​ = 0.082), see Table 5.
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Table 4: Summary of predictors from ordinal logistic regression models
	Predictors
	Models
	Significance (N)

	
	
	Pooled
(n = 45)
	ETTI
(n = 26)
	CACH
(n = 19)

	PCA

	Comp.1
	NF ~ Comp.1 + … Comp.5
	.785** 
	.995* 
	1.135* 

	Comp.2
	
	-.138
	.454
	-.232

	Comp.3
	
	.658**
	.303
	1.761*

	Comp.4
	
	.358
	.744
	.508

	Comp.5
	
	-.610
	-1.380*
	-.288

	
Novel Object Test

	Approach Order
Order Latency
Visit Rate
	NF ~ AppOrder + OrderLat + VisitR
	
	.958
	1.900* 

	
	
	
	-1.105*
	-.873.

	
	
	
	-.494*
	-.162

	
Mealworm Test

	Approach Order
Order Latency
Visit Rate
	NF ~ AppOrder + OrderLat + VisitR
	.616
	.977

	
	
	-.575*
	-.228

	
	
	-.210
	-.349

	
Predator Test

	Approach Order
Order Latency
Visit Rate
	NF ~ AppOrder + OrderLat + VisitR
	
	.410
	.286

	
	
	
	.029
	-.993

	
	
	
	-.025
	-.390.

	
Novel Environment Test

	Total Moves
Longest Freeze
Seeds Taken
	NF ~ Moves + Freeze + Seeds
	
	-3.389. 
	.805

	
	
	
	-.032.
	.018

	
	
	
	.060
	-.182


Note: Significance based on unadjusted p-values. * = p < .05, ** = p < .01, . = p < .10. NF = Novel Feeder Order of Approach. “Comp” refers to scores on the corresponding principal component.


[bookmark: _Toc173937677]Table 5: McFadden’s Adjusted Pseudo-R2 per predictive model
	Model
	R2

	
	Pooled
	CACH
	ETTI

	PCA
	
	
	

	Pooled†
	0.1004*
	
	

	CACH
	
	0.4871*
	

	ETTI
	
	
	0.1718*

	Novel Object Test
	
	
	

	CACH
	
	0.2235*
	

	ETTI
	
	
	0.0234*

	Mealworm Test
	
	
	

	CACH
	
	0.1119
	

	ETTI
	
	
	-0.0366*

	Predator Test
	
	
	

	CACH
	
	0.1138
	

	ETTI
	
	
	0.0188

	Novel Environment Test
	
	
	

	CACH
	
	0.0050
	

	ETTI
	
	
	-0.0459

	Note: * = one or more significant predictors, † = not comparable to other models
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Rank-ordered scores on Order Latency, Order of Approach, and Visit Rate each for the Mealworm test, Novel Object test, and combined Predator test scores presented with individual’s Order of Approach to the Novel Feeder test. 
Each point represents one individual’s rank on one test measure and their corresponding Novel Feeder Order of Approach. 
LOESS regression lines illustrate estimated non-parametric relationships between predictor measures and Novel Feeder Order of Approach. Species are presented separately.
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Rank-ordered scores on the five selected principal components presented with individual’s Order of Approach to the Novel Feeder test.
 Each point represents one individual’s rank on one test measure and their corresponding Novel Feeder Order of Approach. 
 LOESS regression lines illustrate estimated non-parametric relationships between each principal components and Novel Feeder Order of Approach. 
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[bookmark: _Toc173937580]Identified predictors
In both the pooled and CACH-only Principal Component models, the “Neophobia” (PC1; Pooled: Est = .785, p < .01; CACH-only: Est = 1.135, p < .05) and “Neophilic Threat Discrimination” (PC3; Pooled: Est = .658, p < .01; CACH-only: Est = 1.761 , p = .02) components were positively associated with NF-Order. In the ETTI-only Principal Component models, “Neophobia” (PC1, Est = .995, p = .03) was also positively correlated with NF-Order and “Neophobic Exploration” was negatively correlated with NF-Order (PC5, Est = -1.380, p = .03).
Each of the three Novel Object Test variables were significant in different species models. Order Latency (Est = -1.105, p = .04) and Visit Rate (Est = -.494, p = .02) were significant predictors in the ETTI-only model, and Order of Approach (Est = 1.900, p = .02) was significant in the CACH-only model. Order Latency was also marginally significant in the CACH-only model (Est = -.873, p = .08).
For the Mealworm Test models, only Order Latency (Est = -.575, p = .04) was significant for the ETTI-only model. None of the test variables were significant in the CACH-only model. None of the variables were significant in either the Predator Test models or the Novel Environment Test models, although Visit Rate (CACH-only, Est = -.390, p = .06), Longest Freeze (ETTI-only, Est = -.032, p = .08), and Total Moves (ETTI-only, Est = -3.389, p = .06) were marginally significant, depending on the species-specific model.
[bookmark: _Toc173937581]Discussion
Using the Adjusted R2 for a series of generalized linear models, I showed that my proposed method for predicting novel foraging behavior with behavioral syndromes classifications is not necessarily more effective at predicting novel foraging than with scores from competing single-test models. While the PCA-based models had better fit statistics, none of the models presented here were significant after adjusting for multiple comparisons. This result supports the current trend in the literature to use a single behavioral variable or several variables from a single behavioral test to predict behavior on one other test (in this case, novel foraging). 
The best-fitting models for each species were those that used Principal Components as predictors. This result is not too surprising; the principal components capture the orthogonal variance of all 12 individual test measures, and so simultaneously contain the most behavioral data for each individual of any model and avoid any risk of multicollinearity between terms. McFadden’s adjusted pseudo-R2 does penalize models for the addition of predictor terms that do not meaningfully contribute to the predictive power of the model. That the principal component model was still the best-fitting model, even including insignificant components, suggests that the strength of the model actually comes from the relationship between Novel Feeder behavior and the personality dimensions described by each of the significant principal components.
In my mixed-species study system, it is interesting to see the minor differences in predictors between species. Both species, perhaps unsurprisingly, were slower to approach the Novel Feeder when they scored high on the “Neophobia” principal component term. However, titmice were also predicted to approach later when they scored especially low on the “Neophobic Exploration” component; this suggests that the appraisal of a novel feeder as more like a novel object or a novel environment might differ between titmice. 
Note that while the order of stimuli presentations was designed to steadily increase threat throughout the experiment, some individuals habituated to predator models in under 1 minute, or within 1 minute from seeing a flockmate approach the predator stimuli. This may be the result of habituation toward the aviary environment and testing procedures; all stimuli were placed in, over, or very near the seed dishes in every RFID-measured test. This kind of environment-procedure habituation may have been first tested in angel fish (Pterophyllum eimecki) in an experiment by Schleidt et al. (1983). However, most individuals did not habituate so quickly and some birds took well over an hour to approach the predator stimuli even after flockmates had done so safely. While future aviary studies should attempt to disrupt the stereotyped presentation procedures, the wide range of scores in the current study suggests stark individual differences in this habituation.
The unfortunate drawback of using principal components derived from a variety of different test scores (beside the additional testing effort) is that it may not meaningfully address the “jingle-jangle” problem as described by Carter et al. (2013). Often the loadings of the contributing variables conflict with our typical expectations for a pattern of behavior. For example, Component 3 was primarily weighted by a mix of slow approaches to a predator model and fast approaches to a novel object – both behaviors considered “bold” depending on the study (Belgrad & Griffen, 2017; Kerman et al., 2018; Takola et al., 2021) – which is made only more complicated by the positive association with late approaches to the Novel Feeder in Carolina chickadees. The labeling of principal components as behavioral syndromes constructs may also cause reification problems, where the pattern of measured behaviors is thought to exist in a functional and concrete sense instead of simply serving as a label to observed correlations in the data (Berger & Pullberg, 1965; Machery, 2014). It is important to remember that part of the appeal of the behavioral syndromes framework is the mechanism-agnostic approach to analyzing these behavioral correlations when exploring individual differences (Sih, Bell, & Johnson, 2004); labels here serve only as a shorthand reminder of the shape of the PCA data and do not presuppose or require the existence of those principal components as concrete functions in either species.
Attempting to label each principal component requires careful consideration of the direction of the correlation between the top contributing variables, although some variables may be categorized under several different labels depending on the researcher’s area of interest (Audet & Lefebvre, 2017). Principal component 4, dubbed “Social Information Preference,” is a good example of a difficult-to-classify dimension of individual differences due to seemingly contradictory relationships between the top contributing variables. Late approach orders to predators and novel objects combined with low order latency during the mealworm presentation could indicate a tendency for some birds to only attend to social foraging cues about food patch quality, rather than for information about safety. This would be consistent with the kinds of information-gathering preferences described by Stamps and Biro (2016) and Arvidsson and Matthysen (2016) but should not be taken as sufficient evidence that social learning occurred in the data. Low scoring individuals are more easily thought of as “opposite” the high scoring individuals in this case, however; low scorers were most likely to be first to approach novel objects and predator models, not waiting for social cues regarding their safety, and also to follow others to the limited number of mealworms more slowly as a (potential) result of a low preference for social information.
Predicting novel feeder behavior was secondary to comparing the strength of the methods of prediction, but it should be reiterated that the predictors found significant were only significant according to p-values that were not adjusted for multiple comparisons. While some trends in the data presented themselves, the behavior of both species was difficult to predict even with the best-fitting model, the Principal Component model. Whereas titmice had more significant predictors across their single-test models, the fit for these models was generally poor (McFadden’s Radj2​ < .05). Conversely, chickadees had several single-test models with moderate to good fit (McFadden’s Radj2​ > .10), but only Novel Object Order of Approach was significantly correlated with Novel Feeder Order of Approach. Several of the models included one or more predictors in the range of “marginally significant” and had fewer than 30 observations, so these interpretations may be hindered by small species-specific sample sizes. 
Future studies with larger sample sizes, besides having greater statistical power, would be able to test an even higher-order level of analysis as a predictor: behavioral syndrome clusters. The current dataset was found to be divisible into two clusters representing distinct patterns of high and low scores across the five principal component behavioral dimensions, although the sizes of each cluster were so unbalanced as to make meaningful analysis in the context of the current study impossible. Using clusters instead of principal components could expand further on the advantages gained by replacing single-measure predictors with principal components; replacing single components with correlated relationships between components observed in the population would essentially be predicting behavior using a category more akin to a personality type.


[bookmark: _Toc173937582]Chapter 3: Behavioral syndromes in experimental mixed-species flocks

[bookmark: _Toc173937583]Introduction
In well-studied species, patterns of individual differences in behavior are often associated with survivorship, dominance hierarchies, or personality structures (Dall et al., 2004; De Azevedo & Young, 2021; Dingemanse & Reale, 2005). Social contexts can also significantly impact the observed behaviors of individuals relative to conspecifics (Nelson et al., 2008; Von Merten et al., 2017). Because personality dimensions are typically thought of as repeatable differences in particular behaviors, and some of the variation in these behaviors is most often restricted by a natural social context and the presence of conspecifics, it can be difficult to determine the structure of personalities in the natural setting for highly social species. Are we classifying “personalities” based on underlying individual differences or are we mistaking socially-influenced restrictions on these behaviors for the true pattern of variation in a population? The question has been raised in both the “person-situation debate” and “interactionism” starting with human personality research several decades ago (Furnham & Jaspars, 1983; Houts et al., 1986). Neither is the question new among animal behavior studies, or even flocks of birds specifically (Van Oers et al., 2005).
Allowing for context-specific repeatability in those individual behavior differences isn’t impossible, but it does imply that the ecological validity of personality or behavioral type labels are somewhat limited to the most common contexts encountered by a population (Beekman & Jordan, 2017; Sih, 2017). We might then be tempted to run completely in the other direction away from whole-organism behavioral classifications like “personality” and instead study each behavior across contexts, as with the reaction norms model popularized by Dingemanse et al. (2010). Subsequent research has reinforced that context is key  to understanding inter- and intra-individual differences in behavior in a way that accounts for differences in behavioral plasticity. For example, some studies have shown that “bold” individuals don’t change their behaviors much between social and asocial contexts (e.g., Parus major, (Van Oers et al., 2005); Parus cinerus (Bibi et al., 2022), while others have shown the effect of social context depends on the behavioral phenotypes of nearby group members (e.g., Danio rerio, (Guayasamin et al., 2017); Taeniopygia guttata (Kerman et al., 2018; Mainwaring et al., 2011).
It is also possible to examine suites of correlated behaviors in a given species, including the differences in plasticity between these contexts, in a way that gives some parallel to personality dimensions. The Behavioral Syndromes approach (Sih, Bell, Johnson, et al., 2004) allows us to find differences in the patterns of correlated behaviors between groups in a population. Typically employing principal component analysis or factor analysis approaches, identified principal components or factors represent the most prominent dimensions of individual differences in a studied population, such that higher or lower scores on these dimensions are the result of patterns of correlated behavioral variables. This framework has been applied to such wide-ranging topics as regional variation in behavior in the delicate skink, Lampropholis delicata (Michelangeli et al., 2018), differences in social behavior among the presumed asocial cane toad, Rhinella marina (Gonzalez-Bernal et al., 2014), decision-making speed and accuracy of three-spined sticklebacks, Gasterosteus aculeatus (Mamuneas et al., 2015), and even variation in “boldness” of across different colonies of ants, Aphaenogaster senilis (Blight et al., 2016).
Behavioral syndromes also allow us to make comparisons across species, especially where we might expect some behavioral overlap between two or more species (Sih, Bell, & Johnson, 2004). While this was always an intended use of the framework, it is only rarely and more recently that it has been applied in this way. Two different labs studying several fish species have separately used Behavioral Syndromes to compare two species of mosquito fish, Gambusia affinis & Gambusia holbrooki (Michelangeli et al., 2020) and two species of fugu, Takifugu rubripes & Takifugu niphobles (Hosoya et al., 2015). The ability to compare across species also makes it an ideal method for studying the behavioral diversity of mixed-species groups. 
Mixed-species groups (MSGs) provide many of the same important benefits of living in a single-species social group (e.g., increased foraging efficiency, lower predation risk) but with reduced intra-specific competition (e.g., no mate competition, foraging niche differences) (Goodale et al., 2020). Some MSGs formed by taxonomically diverse species may provide asymmetric benefits to each other, such as wrasses, Halichores hortulanus, who receive a disproportionate benefit when hunting alongside goatfish, Parupeneus barberinus (Lukoschek & Mccormick, 2002). MSGs made up of closely related species more commonly provide “supplementary” benefits, meaning they function very similarly to a single-species group – providing basic and fairly equal benefits toward finding and evaluating the quality of food patches and remaining vigilant for many of the same predators (Goodale et al., 2020; Morse, 1970).
The formation and maintenance of MSGs can depend on behavior differences in the component species. For example, if the members of one species are more likely to alarm call when a predator is detected, all other members of their group (conspecifics and heterospecifics alike) stand to benefit, encouraging the formation of such a group through their behavior (Gil et al., 2017; Goodale & Kotagama, 2005). Such “sentinel species” have been identified in MSGs, including fork-tailed drongos (Dicrurus adsimilis) in groups of other African bird and mammal species (Flower et al., 2014), chemically signaling fish (Chivers & Smith, 1998), and tufted titmice (Baeolophus bicolor) in groups of other passerines in the eastern United States (Hetrick & Sieving, 2011).
While single-species social groups have received a wealth of attention from animal personality researchers, the diversity of behavioral types beyond species differences in behavior is rarely considered in mixed-species groups. However, intraspecific variation in behavior should not be ignored in mixed-species contexts, especially in groups primarily composed of closely related species with similar ecologies. For example, across Europe, the great tit (Parus major) is the nuclear species in large and diverse mixed-species flocks of songbirds, and their individual personalities correlate strongly to their dominance during foraging and exploratory behaviors (Bibi et al., 2019, 2023). This is the same social environment a mixed-species group might form, and the behavior of that group is at least in part influenced by these personality differences among the great tits in the flock. Even within non-cooperative interspecific interactions personality can play an important role: the overlapping ranges and cohabitation of various stickleback species seems to be constrained by the relative boldness of individuals within and between species (Webster et al., 2009).
Behaviorally diverse groups may also be better suited to solving novel problems in changing environments, as the additive plasticity between members makes producing a favorable solution more likely. Freeberg et al. (2017) found evidence to suggest that individuals in more diverse mixed-species flocks of songbirds were more likely to take seed from a novel feeder in a natural environment. It is possible that individuals were responding to the presence of the species they attend to rather than the novel feeder problem itself, as when Martinez et al. (2018) found that ant-following species of birds in the Amazon relied on the abundance and species diversity of other bird species present to determine the value of a foraging patch. It is frequently assumed to be beneficial to gather redundant information from multiple species, a unique advantage of mixed-species living (Goodale & Magrath, 2024). However, within-species differences in the preference for socially or individually gathered information could dictate whether a given individual enjoys such a benefit (Arvidsson & Matthysen, 2016; Stamps, 2007; Stamps & Biro, 2016).
The current study examines behavioral differences in tufted titmice and Carolina chickadees (Poecile carolinensis), two nuclear species in mixed-species flocks that form over the winter season in the eastern United States. Both species are in the family Paridae, share functionally and acoustically similar alarm calls (Krams et al., 2012), have similar diets, and are prey to the same predators. Tufted titmice are larger, heavier, and are generally dominant over Carolina chickadees in foraging contexts (Cimprich & Grubb Jr, 1994). Individual differences in boldness behaviors are not as well studied in these two species as they are in their relatives such as black-capped chickadees (Poecile atricapillus) (Jenkins et al., 2023) and great tits (Aplin, Farine, et al., 2013; Bibi et al., 2019; Vrublevska et al., 2015). Using a suite of behavioral assays related to boldness behaviors, principal components analysis (PCA), and hierarchical cluster analysis (HCA), I determined the most common bold/shy behavioral syndromes for this study system in semi-natural captive environments. To test whether behavioral diversity was significantly increased by species diversity, I measured the species composition of each identified cluster; if one or more clusters were primarily composed of just one of the two species, it would indicate that this cluster of behaviors was based upon unique contributions by that species. Finding no difference in behavior between these two closely related species could point towards evolutionary constraints of the behavioral syndromes shared between these species (Dochtermann & Dingemanse, 2013); finding species differences only between singles-species flocks might suggest that some aspect of mixed-species group living demands or reinforces similarity in behavior.
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A total of 66 birds used for the current study came from simultaneous studies requiring temporary aviary housing (see Chapter 2). Wild tufted titmice and Carolina chickadees were captured at feeder platforms at the University of Tennessee Forestry Resources AgResearch and Education Center (UTFRREC) in Oak Ridge, TN. Each platform was > 400 m away from its neighbor to ensure that each platform represented distinct overwintering flocks (Bartmess-Levasseur et al., 2010). Capture protocol involved the use of both mist nets and treadle traps to gather flocks of 3 individuals (species composition varied, but was always limited to tufted titmice and Carolina chickadees) that were housed in large outdoor aviaries (6 m × 9 m and 3.5 m high) as experimental but familiar flocks. While in the aviary, flocks had access to ad libitum food and water and were held for a period of 12-18 days depending on weather and protocol of their initial study prior to participation in the current study This time period included a 5 day acclimation period.
[bookmark: _Toc173937586]Materials and procedures
RFID dataloggers and receivers were obtained from Eccel Technology Ltd (Groby, UK). RFID antennas were attached to food dishes with electrical tape to capture visits to each dish. Each bird caught for the study was banded with a plastic PIT tag with a unique ID. To extend battery life, each receiver was configured to collect data only between the hours of 7am and 6pm Eastern Standard Time, as pilot data indicated this time frame captured greater than 95% of the visits to the seed dishes during aviary housing. 
The tests below were given in their listed order for all flocks until birds were released from the aviary back at their capture sites at the conclusion of the Novel Environment Test.
Variables deduced from the RFID data were:
· Order of approach – The rank order of the birds in each flock to approach during the test period, with respect to each individual’s first approach only. If one or more birds in a given flock did not approach during the test period, they were scored as a 4 rather than a 1, 2, or 3 so that late approachers were not considered equal to non-approachers in the data.
· Order latency – The time in seconds since the start of the test (for the first to approach) or the time in seconds since the previously ranked bird’s first approach. For example, if the first bird visited 3 minutes after the start of the test and the second bird first visited 5 minutes since the start of the test, the birds were scored 180 s and 120 s respectively. This was to account for the qualitative difference in the test between a presentation no familiar flock mate had approached to one that one (or two) flockmates had safely approached. The interpretation of this variable is then different for the first to approach (a measure of boldness) than for subsequent birds (a measure of boldness interacting with some local enhancement or other social learning). Any bird that did not approach during the test period was scored for the maximum length of the test.
· Visit rate – A ratio between the number of visits during the test period and the length of the test itself. Between-species differences in metabolism should mean that virtually every titmouse has a higher visit rate than every chickadee, but within-species differences in activity level have been linked to both personality (Jenkins et al., 2023) and social context (Bibi et al., 2022).	
[bookmark: _Toc173937587]Behavioral syndromes testing
The individuals included in this study were previously tested in Chapter 2. These assays used a combination of RFID automation similar to the Novel Feeder Test above and video-recordings. Twelve variables were derived from these tests (4 tests with 3 measures each). Detailed descriptions of each test, measure, principal component eigenvalues and loadings are available in Chapter 2. Brief descriptions of each test are below.
Novel object presentation: A red disposable plastic cup was placed several centimeters away from one of the two seed dishes for 1 hour. The same three variables were recorded as in the Novel Feeder Test.
Mealworm presentation: Fifteen medium-sized mealworms were placed in one of the two seed dishes with ad libitum seed in the other. The presentation lasted 24 hours and only the first 15 unique visits to the mealworm dish were counted for each flock. The same three variables were recorded as in the Novel Feeder Test.
Predator presentations: A plastic hawk model and a rubber snake model were presented at least 1 day apart within a few centimeters of one of the seed dishes for 2 hours each. The scores for both tests were pooled together to account for missing data for some tests for some flocks (see Chapter 2). The same three variables were recorded as in the Novel Feeder Test.
Novel environment test: Individual birds were placed alone in a small white bird cage (approximately 0.8 m x 0.8 m x 1.2 m) with two cross-length perches and two seed dishes stocked with black oil sunflower seed. Birds video recorded for 10 min to measure “Number of Movements,” “Longest Freeze,” and “Number of Seeds Taken.” This test was the only one that occurred outside the aviary and without using RFID to automatically record data.
[bookmark: _Toc173937588]Statistical analysis
Data from the RFID dataloggers were cleaned and analyzed primarily in R (R Core Development Team, 2016). Code for cleaning and parsing the raw data according to test schedules is available from Scott Benson on request (sbenson9@vols.utk.edu). Any data for tests whose start and end times could not be confirmed to be accurate or accounted for were removed. Flocks with fewer than 4 complete tests were dropped from the analyses (16 of 35 flocks). For the remaining flocks, missing and removed data were imputed using Multivariate Imputation by Chained Equations (MICE; Azur et al. (2011)) prior to principal component analysis. This method allowed for the underlying correlation structures of the data to be preserved and for individual variables to have specified constraints on their maximum values (i.e., no “Order of Approach” scores below 1 or above 4 or latencies longer than the test length) while limiting the risk of overfitting found in other methods. Due to a substantial and roughly equal loss of data during the Hawk and Snake presentations in one season (~50% of the data for each test, distributed randomly across flocks for that season) from equipment theft and other equipment failures, the scores of the two tests were pooled together for all individuals, creating 3 “Predator” variables where snake and hawk variables had been planned.
Scores for titmice and chickadees were pooled for both MICE and PCA without regard to species as a variable so as not to bias the model toward amplifying species differences. Twelve variables went into the PCA (order of approach, order latency and visit rate for “Novel Object,” “Mealworm,” and “Predator” tests; number of moves, longest freeze, and number of seeds taken for “Novel Environment” tests). Parallel analysis with the “paran” package in R (Dinno, 2018) allowed predictions for the optimal number of components to keep adjusting for any bias introduced by the imputation of missing values. 
Hierarchical cluster analysis conducted on the PCA results helped to distinguish distinct patterns of scores across the principal components by comparing the Euclidean distances between individuals in the principal component space. This method iteratively merges the closest clusters based on these distances, eventually forming distinct clusters that minimize within-cluster distances and maximize between-cluster distances. The purpose of the cluster analysis used here was to determine the number of common behavioral syndromes in the data as well as to identify whether any species-specific clusters of behaviors existed in the term-reduced PCA data. If, for example, a cluster primarily composed of one species existed, then we can be confident that our mixed-species PCA was able to identify where one species contributed additional behavioral variance to the flock. The goal of this approach is similar to some discriminant function analysis approaches in the behavioral literature where agnostic models are evaluated for their ability to correctly classify a priori groups from a set of behavioral data. An especially successful example was such an approach by Almli and Burghardt (2006), in which their model was able to correctly classify 100% of ratsnakes (Elaphe obsoleta) raised in either an enriched or non-enriched environment based on their scores on a suite of behavioral tests.
A multiple-response permutation procedure (MRPP)(Zimmerman et al., 1985) was applied to the PCA scores to determine whether PCA scores differed between species, flock compositions, or as a result of an interaction between the two. MRPP uses the average multidimensional distances between individuals in the PCA space to construct random permutations and an “expected delta” representing the random closeness between individuals without a group assignment. The expected delta is then compared to the observed delta of the a priori group designations (i.e., species, flock composition, or a species x flock composition designation) to determine whether group differences are greater than expected by random chance (Carter & Feeney, 2012). MRPP also gives a value “A” (1 – observed delta/expected delta) to represent the fit of each grouping; values very near zero indicate random behavior, a value of 1 indicates identical behaviors for every group member, and realistic observed values for A in the ecological literature are considered quite strong when > 0.3 (Carter & Feeney, 2012; Mccune et al., 2002).
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Data for 66 birds across 22 artificial flocks were included in the final analysis; 35 were tufted titmice and 31 were Carolina chickadees. See Figure 6 for species and flock composition comparisons of Order Latency scores per test. Completeness of the data for each individual varied considerably, even after pooling the two predator tests; up to 35 included individuals did not have reliable data for the Novel Object test, due primarily to unrecoverable time and date drift of the timestamped RFID data. The data loss, while at times substantial, was 
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[bookmark: _Toc173937616]Figure 6: Order latency by flock composition and species. Latency is presented transformed with natural logarithm for the Mealworm test, Novel Object test, and the combined Predator test scores. Flock composition is represented as the number of ETTI in the three-bird flock, such that 0 and 3 are single-species flocks.


not systematic, and any individuals with fewer than 6 measured variables (i.e., 2 of the 4 complete tests) were discarded from analysis (39 of the original sample size of 105). For a detailed explanation of the PCA results, see Chapter 3 and Table 5.
[bookmark: _Toc173937590]Cluster analysis
The NbClust analysis (Charrad et al., 2014) found a slight plurality in favor of examining just two clusters after polling 30 different indices of optimal numbers of clusters. Clusters were derived and cluster labels assigned to individuals using hierarchical cluster analysis. See Figure 7 for the resulting dendrogram. Below are interpretations of these clusters based on their mean scores on each of the five principal components described above.
Cluster 1 included most birds (59 out of 66; 24 chickadees and all 35 titmice). Cluster 1, as a group, did not have any principal component scores that differed significantly from zero, likely due to representing most of the dataset.
Cluster 2 only included only 7 individuals, but all 7 of those individuals were chickadees, confirming that cluster analysis could separate out unique contributions to behavioral diversity of one or more species in the mixed-species data. Cluster 2, as a group, scored lower than average on “Neophobia” (z = -3.74, sd = .429), and significantly higher on “Neophobic Exploration” (z = 1.87, sd = .669).
[bookmark: _Toc173937591]MRPP
The multiple-response permutation procedure found significant group differences for flock species composition, with group mean Euclidean distances of 3.392, 4.753, 4.202, and 3.308 for flocks with 0, 1, 2, and 3 titmice respectively (A = .023, observed delta = 4.043, expected delta = 4.14, p = 0.019), meaning both of the mixed-species flock compositions produced more variable behaviors than either single-species compositon. MRPP also found significant group differences between species, with CACH producing more variable behavior than ETTI overall (CACH mean distance = 4.758, ETTI mean distance = 3.503, A = 0.012, observed delta = 4.093, expected delta = 4.14, p = .039). See Figure 8 for comparison of species differences in PCA scores across components.
To examine interaction effects, groups were designated for MRPP using the focal individuals’ own species and whether they were tested in single- or mixed-species flocks. MRPP found significant group differences for this designation, with mean distances of 4.966 for “CACH-mixed,” 3.392 for “CACH-single,” 3.694 for “ETTI-mixed,” and 3.308 for “ETTI-single” (A = .042, observed delta = 3.965, expected delta = 4.14, p < 0.001), meaning the chickadees in mixed-species flocks were much more variable in their observed behaviors than any other species/composition combination.
[bookmark: _Toc173937592][bookmark: _Hlk168443537]Discussion
Consistent with my predictions, Carolina chickadees and tufted titmice showed significantly different distributions of behavior. The largest variation in behavior was found 
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Figure 
7: 
Dendrogram from hierarchical cluster analysis
.
All birds are organized by their relative distances from each other in principal component space. Cluster 2 highlighted in red, containing only chickadees (“CACH”). Number after “:” is the number of ETTI in the flock (“0” and “3” represent single-species flocks).
) 
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[bookmark: _Toc173937618]Figure 8: Histogram and density of principal component scores by species. Species differences in scores on the five retained principal components are represented by non-overlapping density curves on each graph. PCs represent “Neophobia,” “Non-exploration,” “Neophilic Threat Discrimination,” “Social Information Preference,” and “Neophobic Exploration” respectively, per the descriptions in Chapter 2.


among chickadees in mixed-species flocks. Of the two clusters identified (or more accurately, the one cluster that was separated from the bulk of the sample), one of them was made up entirely of chickadees. This cluster of chickadees differed from the rest of the sample in having lower scores in the Neophobia principal component and higher scores in the Neophobic-Exploration component. Interestingly, it was observed that chickadees assigned to the smaller cluster were always in mixed-species flocks rather than chickadee-only flocks, although with only seven individuals in the cluster and less than half the flocks being single-species flocks more data are needed to confirm this result. This finding was corroborated by the results of the three MRPPs. Chickadees (in the species comparison) and mixed-species groups (in the flock composition comparison) produced more variable behaviors than titmice and single-species groups, respectively. When comparing combinations of species and flock composition, the mean Euclidean distance (e.g., behavioral diversity) was the highest between chickadees in mixed-species groups and lowest for titmice in single-species groups, suggesting that it was largely chickadees’ responses to flock composition that produced the observed effects on behavioral variability of these groups.
Presumably, a large sample size and more test variables would allow for more clusters to be reliably identified in the data. With more granularity in the clusters, we might be able to describe under which conditions of flock composition some behavioral syndromes emerge. Future research in this area should assess whether shifts in behavioral syndromes are more or less adaptive to the social niche (Montiglio et al., 2013) over the ecological niche (Fokkema et al., 2021; Sih et al., 2015), and whether any difference in tendency of reactivity between individuals could be associated with their preference for social versus individual information gathering (Arvidsson & Matthysen, 2016; Mccune et al., 2018; Stamps & Biro, 2016). It may also be that typical chickadee foraging behaviors are disrupted in the presence of dominant and competing titmice; an earlier study in which chickadees in flocks with all titmice removed foraged in niches more typically occupied by titmice (Cimprich & Grubb Jr, 1994).
Identifying behavioral syndromes with the three-step technique of PCA → HCA → MRPP helped to conceptually cover some of the limitations of whole-group testing. Several of the test measures used for the PCA were not independent measures (i.e., ranking approach order in a flock). Looking at individual scores on the principal component alone may reduce the number of terms needed to describe an individual, but the interdependent nature of the data limits the number of “top” spots in each category, even where true boldness between two individuals might not actually be categorically different. This interdependence issue was made apparent when trying to apply a consistency measure to Principal Component 5, for which the majority of the component score was made up of this ranked Order of Approach data (see Table 5). Through the clustering of individuals across the 5-dimensional PCA space, there were several avenues to membership in each behavioral syndromes category. Without clustering, two individuals with very similar behaviors necessarily have different orders of approach on each test if they belong to the same flock, which would result in substantial differences on any principal component with heavy loading for order of approach, despite the individuals scoring similarly in every measure. Instead, clustering considers similarity in scores across all five components, allowing for slight deviations – like what a slip in rank against an equal might cause – without changing the classification of an individual’s behavioral syndrome.



[bookmark: _Toc173937593]Chapter 4: Asocial testing of social species
“Exposure to novelty and the sudden interruption or denial of social contact are both regarded as frightening and/or stressful procedures.” 
-Jones and Merry (1988)
[bookmark: _Toc173937594]Introduction
Behavior assays in many areas of animal behavior research are most often given in tightly controlled conditions and in isolation, limiting outside factors to best understand any individual differences in behavior. In many social species, however, the condition of isolation is alien and can serve as a stressor and confound during these behavioral tests (Bibi et al., 2022; Jones & Merry, 1988). Too little attention is paid to the possibility that any significant individual differences found may be (at least in part) attributable to differences in response to sudden and/or prolonged isolation.
Isolation is a known stressor among well-studied groups. Mice and rats housed in isolation are found to have increased metabolic rates, experience weight loss, show signs of depression, and even suffer reduced neuroplasticity and permanent impairments in memory function (Liu et al., 2020; Muta et al., 2023; Potrebić et al., 2022). Similarly, European starlings (Sturnus vulgaris) lost weight, raised their activity levels, and showed increased testosterone and corticosterone levels after a period of isolation (Apfelbeck & Raess, 2008). Chronically isolated zebrafish (Danio rerio) showed similar signs of depression and reduced whole-brain serotonin levels (Shams et al., 2015). Corticosterone levels in zebra finches (Taeniopygia guttata) were significantly higher after just 10 minutes in isolation (Banerjee & Adkins-Regan, 2011), and after being isolated overnight calling rates were lower and the frequencies (Hz) of those calls were higher, a sign of increased stress (Perez et al., 2012). Isolated chicks (Gallus gallus) recovering from a painful injection produced more frequent distress calls when isolated compared to when isolated with a mirror nearby, suggesting even the simulated presence of conspecifics is less stressful than complete isolation (Feltenstein et al., 2002).
Even where we might be comfortable with data from an individual being tested in stressful situations to examine individual differences in reactivity and compensatory behaviors, we are limited in the external validity of these tests if what we are interested in is the natural behavior of individuals that vary in personality. Testing individuals in isolation may yield an entirely different pattern of behavior than testing in a natural social context. The current research on the subject underscores a lack of predictability in which species or individuals will change, and how much, and in what direction between isolated and social contexts. Zebra finches given novel object tests in isolation as well as when tested in familiar and unfamiliar flocks were significantly bolder in isolation; interestingly, when ranked for boldness prior to the test, all zebra finches remained in their relative ranks for boldness across all contexts, with no significant effect of sex or the familiarity of flockmates (Kerman et al., 2018).
In this case we see a flat, main effect of isolation increasing boldness in a species, but such a clean effect may be rare in the animal kingdom. For example, mud crabs (Panopeus herbstii) complicates this picture and illustrates the layered problems isolated personality testing can produce. This species organizes itself in denser social groups in more favorable habitats and is less social in less favorable ones. Mud crabs in larger social groups were generally bolder in the presence of chemical predator cues than those in smaller groups while shyer mud crabs were the most plastic in their behavior between contexts, becoming significantly bolder when moving from smaller to larger congregations (Belgrad & Griffen, 2017). This leaves us with a species that will test shyer in isolation than in the wild, and whose actual ecological boldness depends on an interaction between habitat quality, group size, and behavioral phenotype. Of all the species tested in isolation under the banner of animal personality research, how many are zebra finches and how many are mud crabs?
The scope of the current study is not to answer that question comprehensively, but to exercise the same due diligence recommended for all study species whose personality is of ecological interest to their lab. Using a novel environment test on tufted titmice (Baeolophus bicolor) in eastern Tennessee, I compared the mean scores of activity level, foraging rate, and freezing behaviors between isolated and socially tested groups. Based on trends in the literature, I expected that the isolation plus novel environment condition would produce more anxious behaviors than the novel environment condition alone; I predicted higher rates of movement, lower foraging rates, and longer freezes in the Asocial context group compared to the Social context group.
[bookmark: _Toc173937595]Methods
[bookmark: _Toc173937596]Subjects and housing
A total of 53 (26 in Asocial group, 27 in Social group) tufted titmice used for the current study were a subset from the total data collected for Chapters 2-3. Wild birds were captured at feeder platforms at the University of Tennessee Forestry Resources, AgResearch, and Education Center (UTFRREC) in Oak Ridge, TN. Each platform was > 400 m away from its neighbor to ensure that each platform represented a distinct overwintering flocks (Bartmess-Levasseur et al., 2010). The capture protocol involved the use of both mist nets and treadle traps to gather flocks of 3 individuals (species composition varied but was always limited to tufted titmice and Carolina chickadees) to house in large outdoor aviaries (6 m × 9 m and 3.5 m high) as experimental but familiar flocks. While in the aviary, flocks had access to ad libitum food and water and were held for a period of 12-18 days depending on weather and protocol of their initial study prior to participation in the current study. 
[bookmark: _Toc173937597]Materials
The novel environment was a small white bird cage (approximately 0.8 m x 0.8 m x 1.2 m) with two cross-length perches and two seed dishes stocked with black oil sunflower seed (see Figure 3). All trials were video recorded using a Canon VIXIA HF R800 camera set on a nearby tripod such that the perspective angle allowed easy viewing of all 6 inside faces of the cage. The cage itself was set on a folding table approximately 0.5 m off the ground, depending on the terrain. 
[bookmark: _Toc173937598]Procedure
At the conclusion of each flock’s previous study participation, an open treadle trap was introduced to the aviary to allow each bird to become acclimated to taking seed from only within the trap. The next day the trap was set and the first bird captured was promptly removed and placed in a small cotton bag in preparation for the Social Context version of the novel environment test (sNET). The table, cage, and video camera were brought in to the aviary in the presence of the remaining two flockmates and set up to record the trial. The bagged bird was removed from the bag, the bird’s flock ID and band ID were spoken aloud to the camera before being placed in the white cage. I immediately left the area and set a timer for 11 minutes, after which time I returned, ended the recording, and removed the bird from the cage to be released back at its respective home field site. The treadle trap was then reset to capture the remaining birds in the aviary for release.
Subsequent birds caught received the Isolated Context version of the test (iNET) prior to release at their site of capture. After being bagged from the treadle trap, each bird was taken approximately 50 meters from their aviary and remaining flockmate (if any) to enter the novel environment cage in an open area away from other birds, and > 400 m away from their own wild flockmates. The procedure for the iNET was otherwise identical.
All behavior was coded in BORIS (Friard & Gamba, 2016). Trials were marked continuously for 10 min, regardless of the length of the actual video. The beginning of the 10-min trial was no earlier than 30 s after the bird entered the cage on video to allow the researcher to leave the area, and the end of the trial was no later than 30 sec from the end of the video to account for the re-approach of the researcher. Ten different locations were marked according to where the bird perched within the cage (i.e., top, bottom, left, right, front, back, upper perch, bottom perch, left bowl, right bowl). The total moves during the test were counted as changes between perch locations (either by flying, hopping, or climbing). The total number of seeds taken from either bowl was also coded during the trial. The longest freeze was determined at the end of the trial, measuring the longest period in seconds that the bird was not moving from its current perch.
I coded all video trials, and reliability was assessed on a subset of trials (12 trials or 18.2%) by a trained research assistant naïve to the study’s predictions. Interrater reliability measured by Cohen’s Kappa was 0.782, indicating substantial agreement on Novel Environment Test trials.
Statistical Analysis – Hypothesis testing originally used MANOVA with the 3 measured test variables as the dependent term against test context as the predictor. However, the test variables violated assumptions of normality and homogeneity of covariance. Instead, each variable was tested in Generalized Linear Models with Test Context as the predictor variable. Overdispersion checks rejected a Poisson distribution for all three variables, so a negative binomial distribution was used instead.
[bookmark: _Toc173937599]Results
The negative binomial generalized linear models showed that Test Context significantly predicted Maximum Freeze Duration (z = -2.04, p = 0.0413) and Seeds Taken (z = -2.229, p = 0.0258), but did not predict Total Moves (z = 1.291, p = 0.197). The Social context group on average froze for approximately 62.6% as much time as the Asocial group (39.5s vs 63.2s). The Social context group also took 44.4% as many seeds on average as the Asocial group (1.56 vs 3.50; see Figure 9). 
[bookmark: _Toc173937600]Discussion
Results from the GLMs for each of the test variables contradicted my expectations. Tufted titmice tested in asocial contexts in a novel environment were more likely to forage than titmice tested within the context of their aviary flock. Isolated titmice also had longer maximum freeze durations than titmice tested in their social group (consistent with expectations), but the higher maximum freeze duration did not seem to significantly change the measured number of movements during the test period. In the case of tufted titmice, sudden and short-term isolation did not have the presumed effect but did produce significantly different behaviors in comparison to socially-tested titmice.
These results are somewhat consistent with results discussed in zebra finches (Kerman et al., 2018), where isolated individuals appeared to have higher levels of “boldness.” While those authors credit “Social Inhibition” or an expected reduction in boldness behaviors that may be attributable to the social signal of who in a group has and has not engaged with a task yet (Dugatkin & Alfieri, 2003; Mainwaring et al., 2011; Webster & Ward, 2011), much of the supporting evidence focuses on measures of neophobia through novel objects and novel feeding opportunities (Kerman et al., 2018; Van Oers et al., 2005) and more rarely on exploratory behavior (Mainwaring et al., 2011). Where individuals in a group context might wait to take advantage of social cues and socially generated information to inform their behavior around novel objects, foods, and environments (Arvidsson & Matthysen, 2016; Stamps & Biro, 2016), it is still generally expected that a benefit of group contexts is a reduced need for individual investment in vigilance (Lima, 1987). The combination of increased foraging and reduced time spent freezing in the above study instead seems to suggest a reduced investment overall in vigilance in favor of increased foraging.
The similar amount of movement between groups may be easier to explain, if we assume that the sudden isolation did not lead to an anxious reaction. If each movement within the cage provides a new vantage point and opportunity to explore the limits and contents of the cage, then the total movements around the cage might be about gathering information about the new surroundings. Information gathering strategies can vary widely across contexts and individuals, but the evidence that context did not change the average number of movements may suggest that isolation does not significantly affect each individual’s preference for information gathering (Arvidsson & Matthysen, 2016). While many boldness-related behaviors in this and other study systems have been shown to vary according to flock species and behavioral composition (Guayasamin et al., 2017), this lack of difference between groups in movement may predict that information gathering preference is a distinct and parallel dimension of individual difference in titmice. More research in this area is needed, but uncoupling isolation behaviors from the “boldness” umbrella may help understand the contradictory effects of isolation on boldness behaviors in the literature.
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[bookmark: _Toc173937619]Figure 9: NET scores in asocial vs social contexts. ln(Counts) of each measured variable between Asocial and Social contexts. Asterisks (*) mark the statistically significant between-context differences in scores on Maximum Freeze in seconds and the Number of Seeds taken during the test. Total Moves during the test was not significantly different between contexts.



The results of this study speak to the broader implications of isolation and asocial testing of social species as a potential confound in animal behavior research. Kimball and Lattin (2023) suggest 7 “sins” for tests of neophobia but do not include considerations for asocial versus social contexts, even among highly social species. Even where individuals may strongly prefer their own information or strategies (Arvidsson & Matthysen, 2016), the presence of variability on this dimension within a species can reduce the ecological validity of tests that remove the option to rely on group members.


[bookmark: _Toc173937601]Chapter 5: Conclusion
[bookmark: _Toc173937602]Summary
Mixed-species groups appear to provide unique benefits above and beyond what single-species groups tend to offer (Goodale & Magrath, 2024; Goodale et al., 2020; Morse, 1977). The goal of this dissertation was to explore how mixed-species groups might be better equipped for the shifting opportunities and threats in changing environments by examining how behavioral diversity within species-diverse flocks contributed to solving novel foraging problems. The body of work presented here first established that such an expected increase in behavioral diversity was present in a mixed-species flock of birds, then examined how that behavioral variability might predict individual responses to a novel foraging task. Several methodological questions about how best to test for these effects were answered throughout each chapter. 
Chapter 2 provided evidence that models using principal component scores were better fitting than models using than any individual test when predicting novel feeder behavior. Even where examples in the literature applied principal component analysis to their predictive tests, there was a tendency to do so to reduce a single test to a single score, rather than allowing variables from disparate tests to correlate freely. However, the success of this approach likely depended on the true relationship between the identified components and the novel feeder test, and two alternatives were possible: 1) no components were good predictors but one individual test was, meaning that the relationship between that test and the novel feeder behavior was suppressed in the principal component space, or 2) no components and no tests were good predictors of novel feeder behavior, meaning that it is likely foraging in contexts involving novel stimuli is its own dimension of behavioral variation uncorrelated to the others and a good candidate for a sixth component in future principal component analysis that includes those novel feeder measures.
Chapter 2 also attempted a new kind of repeatability measure unique to behavioral syndromes, adapted from recommendations from Huang et al. (2018). Repeatability is considered an essential measure for animal behavior studies (Bell et al., 2009). By looking at the relationships between the top-contributing variables of each behavioral syndromes dimension (principal component), a consistency score was assigned to individuals based on whether the relationship between their individual test scores conformed to the expected relationship given by that behavioral dimension. In effect, the consistency score tested how “repeatable” a behavioral syndrome was across multiple tests of that behavioral type. By averaging the consistency scores across the sample, I showed that 4 of the 5 identified behavioral dimensions were significantly consistent, analogous to an individual test being highly repeatable.
Chapter 3 described the unique contribution by Carolina chickadees to small mixed-species flocks with tufted titmice, supporting the hypothesis that species diversity should lead to greater behavioral diversity, even among as ecologically similar and closely related species as tufted titmice and Carolina chickadees. Five dimensions of behavioral variability were described for this study system, and a small cluster of chickadees unique to mixed-species flocks scored especially low in “Neophobia” and “Neophobic Exploration.”
Cluster analysis was shown to be a useful support tool for hypothesis testing around behavioral differences. The Behavioral Syndromes framework (Sih, Bell, Johnson, et al., 2004) favors principal component analysis approaches, but the resulting dimensions of inter-individual variability are themselves only descriptive; some model or prediction or correlation must be made after individual scores are known, and “individuals differ from one another” is hardly a scientifically interesting statement. By applying cluster analysis to the principal component space (calculated without species information), finding a cluster made up entirely of one species served as corroboration of a unique behavioral contribution of one species to an otherwise largely similar group.
Chapter 4 addressed a methodological concern that ran through the studies from the previous chapters: when assessing the personalities of group-living individuals, should they be measured in their groups or by themselves? While not a direct comparison of reaction norms within individuals, the between-subjects results offer some support to the claim that testing highly gregarious species in asocial contexts confounds the intended behavioral measure – and, importantly, in unpredictable directions. Ultimately, however, there remains disagreement among animal behavior researchers about whether testing behavioral syndromes or personalities in social contexts allows for a valid and independent measurement (Beekman & Jordan, 2017; Carter et al., 2013). While the data and references presented in Chapter 4 suggest that being removed from the group has an effect on behavior, Chapters 2, 3, and 4 all also provide evidence that individual behaviors are heavily influenced by other members of the group. This makes Chapter 4 less of an argument for social-context testing for the sake of accuracy and more of a rebuke of studies that don’t discuss the effect of sudden and/or prolonged isolation.
[bookmark: _Toc173937603]Broader considerations and future directions
[bookmark: _Toc173937604]Producer-scrounger dynamics
One limitation of the current design was decreased ability to assess producer-scrounger dynamics. Most of the data collection relied on readings of RFID tags on designated seed dishes or puzzle perches. While this offered the advantage of delivering low-cost, round-the-clock automated testing without the need for human coding of visual data (beyond the initial validation of the RFID method), any activity that occurred outside the range of the RFID antennas was not available for analysis. This would include a recorded individual spilling seeds out of the dish that an unrecorded scrounger could reach, although validation videos recorded no instances of this occurring.
This does not mean nothing can be learned about producers and scroungers in mixed-species flocks from this design. Information about the safety and value of artificial foraging patches (i.e., the feeder platforms) is both produced and scrounged, so the order of approach offered information on who produces and who scrounges this information. The caveat of course is to reiterate the Jingle-Jangle problem; is it fair to count an early approach as both a bold behavior and a producing behavior? Suggesting that bolder individuals produce information while shyer individuals scrounge it is not a correlation between boldness and producing, it is a tautology. Several studies have been done that found connections between producer-scrounger strategies and behavioral syndromes (Aplin et al., 2012; Aplin & Morand-Ferron, 2017; Kurvers et al., 2010), though these studies did not depend on first-to-approach data as one of their behavioral measures. 
[bookmark: _Toc173937605]Behavior diffusion
A follow-up to the Goodale et al. (2020) framework – which focuses on the types of benefits accrued and contributed by each member species in a mixed-species group – addresses the possibility of “interspecific information flow” (Goodale & Magrath, 2024). Interspecific information flow is not necessarily a form of social learning, but diversity as a cue may provide benefits similar to local or stimulus enhancement (Zentall & Galef, 1988). For example, playback experiments in a tropical system where several bird species follow army ants (Eciton burchellii) to feed on disturbed arthropods found that those bird species responded the strongest to playbacks with the higher species richness and apparent aggregation size (Martinez et al., 2018). More direct tests of information flow across species have also been carried out, such as the spread of information about the location of novel feeder sites among blue tits (Cyanistes caeruleus), great tits (Parus major), and marsh tits (Poecile palustris); while information seemed to flow more readily between conspecifics, heterospecific information flow was significant and species differed in the amount of information produced (i.e., foraging patches discovered) in their mixed-species flocks (Farine et al., 2015).
Even where the spread of a behavior throughout a mixed-species flock might explain how an advantage of diversity could affect all flock members, it would not fully explain a diversity effect on the initial latency to solve a novel foraging problem. Freeberg et al. (2024) found that for Carolina chickadees in mixed-species flocks, both the rate of success between flocks and the latency appeared to be related to the species diversity of each individual’s flock. One possibility is that mixed-species flocks show a greater range or diversity of behavioral types. Some studies have shown that, within single-species groups, behavioral variability does change depending on social contexts and the behavioral type of other group members – sometimes referred to as “relative personality” (Guayasamin et al., 2017). In Chapter 3, Carolina chickadees were shown to add to the behavioral type variability in their shared flocks with tufted titmice; cluster analysis on behavioral data sorted by principal component analysis identified a group of chickadees that tested significantly lower than the rest of the tested birds on Neophobia and a type of exploratory behavior. If certain patterns of behavior within a species (or individual) are typically only present in mixed-species contexts, it could be the additive variety in behavior that makes individuals in a mixed-species group more likely to “solve” novel foraging tasks just as accumulated perceptual differences are implicated in the increased foraging efficiency and predator detection outlined in the Goodale et al. (2020) mixed-species benefits framework.
A current study in progress will attempt to track the diffusion of behaviors through each flock according to social connection strength and species. 
[bookmark: _Toc173937606]Cognitive aptitude
Behavioral differences between individuals can lead to differences in information gathered through experience (Carazo et al., 2014; Louison et al., 2019; Muth & Healy, 2014). Cognitive differences between those same individuals moderate how this information is used and retained. Recent research may already show how such a pathway can lead to predictable differences in some cognitive aptitudes such as learning and problem-solving.
Mazza et al. (2018) showed a speed-accuracy tradeoff in bank voles (Myodes glareolus) where bolder individuals were inflexible and more likely to make errors on an associative learning task. Correct answers correlated with increased decision time, and only shy individuals took their time when making decisions. While this would suggest favorability for shyer/slower styles, a later study on ravens (Corvus corax) (Gallego-Abenza et al., 2020) showed that slower decision makers got their food stolen by flockmates who decided faster. Taken together, these studies reinforce that speed-accuracy IS a tradeoff and that the optimum strategy changes based on context.
However, consider an individual familiar with many different kinds of food and experienced with associative learning tasks. Compared to naïve individuals, we should predict fewer errors and shorter decision-times, especially when compared to those with similar personalities or cognitive styles. Past experience or a developed aptitude for dealing with novel problems is not easily controlled for in a wild setting. Future research in this area should consider tests of individual differences in cognitive aptitude, which is an important consideration for individual differences that receives relatively little attention outside of human research.
[bookmark: _Toc173937607]Conclusion
Taken together, the major finding of this dissertation is that effects of behavioral and/or species diversity and social context can be found where we would expect to find them, but the relationships themselves are unpredictable, even among closely related species. Future research should continue to explore the potential of behavioral system clustering techniques described in this dissertation to identify patterns of behavior unique to the mixed-species group context.
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