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ABSTRACT

This dissertation describes a series of four studies on cognitive aging, working
memory, and cognitive flexibility in dogs (Canis lupus familiaris) and their wild
relatives. In Chapters 2 and 3, | designed assessments for age-related cognitive deficits in
pet dogs which can be deployed rapidly using inexpensive and accessible materials.
These novel tests can be easily implemented by owners, veterinarians, and clinicians and
therefore, may improve care for elderly dogs by aiding in the diagnosis of dementia. In
addition, these widely deployable tests may facilitate the use of dementia in pet dogs as a
naturally occurring model of Alzheimer’s Disease in humans.

In Chapters 4 and 5, | modified one of these tests to demonstrate for the first time
that coyotes (Canis latrans) and wolves (Canis lupus lupus) develop age-related deficits
in cognitive flexibility. This was an important first step towards differentiating between
the genetic and environmental components of dementia in dogs and in turn, humans.
Unexpectedly, I also detected cognitive deficits in young, adult dogs and wolves but not
coyotes. These finding add to a recent shift in understanding cognitive development in
dogs which may improve cognitive aging tests as well as training, care, and use of
working and pet dogs. These findings also suggest that the ecology of coyotes may select
for flexibility earlier in development.

In Chapter 5, | piloted the use of the same cognitive flexibility test for red and
gray foxes so that future studies may test for lifespan changes in the cognition of small-
bodied captive canids. More broadly, this paradigm may accommodate physical and

behavioral differences between diverse pet and captive animals. In Chapters 4 and 5, |



examined which ecological traits drive the evolution of behavioral flexibility and in turn,
species resilience. | found that wolves displayed less flexibility than dogs and coyotes
suggesting that species which do not rely heavily on unstable resources may be ill-
equipped to cope with human habitat modification. Ultimately, this comparative work
may help conservation practitioners to identify and protect species that cannot cope with

rapid and unnatural environmental change.
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CHAPTER 1
GENERAL INTRODUCTION

This dissertation includes a series of four studies on cognitive aging, working
memory, and cognitive flexibility in dogs and wild canids. The first two studies focused
on designing assessments for cognitive aging in pet dogs that can be easily deployed by
owners, veterinarians, and clinicians. The first study focused on short-term memory and
the second study focused on cognitive flexibility.

In the third and fourth studies of this dissertation, I modified the cognitive
flexibility assessment for pet dogs to test whether elderly coyotes and wolves also
develop cognitive deficits. Because these canines are closely related to dogs, these studies
may help to understand the genetic basis of dementia in dogs.

Another primary focus of this dissertation was to examine which ecological traits
drive the evolution of behavioral flexibility. Because behavioral flexibility allows species
to cope with anthropogenic habitat modification, these studies also aimed to better
understand how species ecology and cognition can be used to predict species resilience.
The first section of the chapter overviews our current knowledge about lifespan cognitive
changes in dogs and how these changes mirror those that occur in humans. This section
then explains how this understanding can be improved by designing more efficient
cognitive tests for pet dogs and by studying lifespan cognitive changes in wild canids.
The second section of this chapter overviews evolutionary theory on the ecological
drivers of behavioral flexibility and its relationship to species resilience. This section then

describes relevant ecological differences between the canid species studied in this



dissertation and illustrates how these differences can be used to test hypotheses about the
relationships between ecology, behavioral flexibility, and species resilience.
Lifespan Cognitive Changes

Cognitive Aging in Dogs and Humans

Millions of dogs (Canis lupus familiaris) develop age-related cognitive deficits
(ARCDs), a form of dementia that mirrors Alzheimer’s disease (AD) in humans (Head,
2001; Salvin et al., 2010). Like AD in humans, these ARCDs are correlated with
naturally occurring deposits of neuritic plaques composed of beta-amyloid proteins,
particularly in the prefrontal cortex (Head, 2001; Vite and Head, 2014). Although a
variety of cognitive functions may be affected, these plaques and the neurotrophy they
cause are most strongly associated with deficits in working memory, reversal learning
and other executive functions, both in dogs (Adams et al., 2000a, Head, 2013) and in
humans (Kensinger et al., 2003; Simone and Baylis, 1997). Cognitive senescence in dogs
is also characterized by a suite of behavioral changes commonly referred to in veterinary
settings as cognitive dysfunction syndrome (CDS; Landsberg et al., 2012; Szabé et al.,
2016). These behavioral symptoms also align with the behavioral symptoms of AD in
humans (Rofina et al., 2006). For example, both ARCDs in dogs and AD in humans are
associated with anxiety, agitation, and sleep disruption (Landsberg et al., 2011, Reisberg
et al., 1987). Thus, in terms of cognition, physiology, and behavior, ARCDs in dogs
provide a strong, naturally occurring model of AD in humans.

The close associations formed between dogs and humans also provides a unique
opportunity to study the environmental components of AD and ARCDs (Kaeberlein et al.,
2016). Dogs and humans overlap heavily in their exposure to pollutants and pathogens, as
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well as their activity levels and patterns (Cotman and Head, 2008; MoMozawa, 2019).
Thus, research on elderly dogs living with elderly owners may help to identify
environmental predictors of AD and ARCDs.

Estimates of the incidence of CDS vary considerably (e.g., Osella et al., 2007;
Azkona et al., 2009), likely due to a lack of uniform diagnostic criteria (Szabo et al.,
2016). Nonetheless, given that there are approximately 80 million pet dogs in the US
(American Veterinary Medical Association, 2018), by the most conservative estimates,
one million dogs in the US will develop CDS each year. Like AD, these numbers are
expected to grow as average life expectancies and adoption rates of older dogs increase
(Inoue et al., 2018; Rowan and Kartal, 2018). Thus, CDS in dogs is not only a strong
model for AD research, but also a major veterinary challenge which is personally relevant
to millions of pet owners.

Research on ARCDs in dogs has primarily utilized lab-housed colony beagles. As
a result, established tests for ARCDs were not designed with the challenges of
widespread deployment in mind. These tests generally require weeks or months of daily
testing, expensive custom-made machinery for automated testing, and highly controlled
settings free from the distractions that characterize homes and veterinary clinics (e.g.,
Adams et al., 2000b; Milgram et al., 1999). Although focusing on colony beagles
provides many benefits, beagles represent only a small subset of the dog population
which is diverse both genetically and in the environments in which they live. Thus,
designing new tests for cognitive aging in pet dogs which are practical and convenient for

clinicians and owners may facilitate research on CDS in dogs and AD in humans.



Towards this goal of creating a widely deployable test for ARCDs in pet dogs, |
conducted two studies (Chapters 2 and 3) in which I designed and deployed three rapid
cognitive assessments using inexpensive and readily available materials. These tests
measured cognitive functions which are particularly susceptible to decline in old age,
both in dogs and in human. For each of these assessments, | tested the ability of the dog
to remember and follow simple rules in order to determine which of two identical boxes
contained a hidden treat. In the first study, | used transformed staircase procedures to
efficiently measure the duration and accuracy of the dog’s short-term memory. In the
second study, I used a serial reversal learning procedure to rapidly assess behavioral
inhibition, perseveration, and cognitive flexibility. For each test, | then examined
relationships between age and cognitive performance.

Cognitive Aging in Other Canids

Although ARCDs in dogs are well documented, it is unknown whether other
canids develop AD-like cognitive deficits. Thus, testing for dementia in closely related
wild canines as well as more distantly related canids may help to differentiate between
the genetic and environmental components of dementia in dogs and in turn, of AD in
humans. Moreover, if other canid species are equally prone to the same cognitive,
behavioral, and neurodegenerative changes, the shared dog-human environment may not
be the driving force behind the co-occurrence of ARCDs in dogs and AD in humans.
Although pet dogs are an ideal population for studying environmental components of
AD, there is no control population of dogs which can survive without human-created
resources. In contrast, wild canids such as coyotes (Canis latrans) and red foxes (Vulpes
vulpes) are exposed to a range of anthropogenic pollutants and materials in urban,
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suburban, and rural habitats, but these species also thrive in undisturbed ecosystems.
Thus, comparing cognitive aging between populations of wild canids may help to identify
associations between synthetic materials, ARCDs, and AD.

To lay the foundation for such comparisons, | modified the serial reversal learning
assessment that I designed for pet dogs in order to test for age-related cognitive flexibility
deficits in captive coyotes (Chapter 4) and wolves (Chapter 5), the closest living relatives
to dogs (Vila and Jennifer, 2012). To the same end, | also piloted the use of these tests for
smaller wild canids (Chapter 5).

Cognitive Development

In addition to investigations into senescence, in each experiment | also examined
cognitive changes early in adulthood by testing for curvilinear relationships between age
and each measurement of performance. Although the development of social cognition in
canids has been well studied, little is known about other aspects of their cognitive
development (Bray et al., 2021). While it is documented that some cognitive abilities
continue to develop beyond adolescence in humans (Gathercole et al., 2004; Pickering,
2001), studies on dogs have only recently begun to identify improvements in executive
functions and sensorimotor abilities in young adults (Wallis et al., 2014; Watowich et al.,
2020). Understanding these developmental changes may help owners and handlers to
better care for and train both pet and working dogs. In addition, clarifying when dogs
reach peak cognitive performance should improve the sensitivity of cognitive tests for
ARCDs. Moreover, studies have historically used performance during early adulthood as
a baseline, which may underestimate the extent to which performance declines in old age
if cognitive abilities peak in midlife rather than early adulthood.
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Cognitive Flexibility
Evolution of Cognitive Flexibility

Behavioral plasticity, which can arise through a variety of processes including
ontogenetic expression, genetic diversity, and learning, allows individuals and
populations to adapt to environmental changes. Cognitive flexibility, which involves
basic learning processes and more complex cognitive functions like inhibition, insight,
and creativity, is one of the primary pathways to behavioral plasticity. Thus, cognitive
flexibility may enable species to invade human habitats and to cope with anthropogenic
habitat modification (Snell-Rood, 2013; Wright et al., 2010). In turn, identifying the
evolutionary drivers and ecological predictors of cognitive flexibility may help
practitioners and policy makers to identify and protect species at risk of population
decline.

Studies on the evolution of behavioral flexibility have primarily focused on
primates and thus the extent to which similar evolutionary processes occurred in other
taxa is unclear (MacLean et al., 2014). Some of these studies suggest that cognitive
complexity evolved to allow primates to effectively forage for different fruits in response
to frequent changes in quality and availability (Barton, 1996; Milton, 1981). More
broadly, species that rely on patchy resources, utilize diverse behaviors to acquire these
resources, and innovate new feeding strategies should evolve greater cognitive flexibility
than species that do not experience these selection pressures (Day et al., 1999; Reader et
al., 2011; Zuberbuhler and Janmaat, 2010). In addition, species with greater dietary
breadth may be able to meet the metabolic demands of growing and maintaining larger
brains, which allow for more complex cognition (Aiello and Wheeler, 1995; Fish and
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Lockwood, 2003). Furthermore, species that navigate complex habitats and respond
appropriately to dynamic environments should exhibit greater flexibility than should
species which live in stable environments with stable resources (Jones, 2005;
Shettleworth, 1998).

Behavioral flexibility is also thought to evolve in social species, particularly those
characterized by fission—fusion group dynamics (Amici et al., 2008), complex social
interactions (Easton, 2005), hierarchical group organization (Amici et al., 2009), and
large group sizes (Dunbar, 1998). Balancing individual and group needs through
negotiations between individual actors or groups of actors requires constant modification
to, shifts in, and inhibition of behavior (Byrne and Whiten, 1988; Easton, 2005).
Similarly, accounting for the actions of others during coordinated activities requires rapid
and reversible behavioral adjustments. Thus, flexibility may also evolve in species which
cooperate in pair-bonding, rearing young, hunting, vigilance, or defense (for discussion
and review, see Marshall-Pescini et al., 2015).

Cognitive Flexibility, Ecology, and Species Resilience in Canids

Canid species vary greatly in most of these variables. Importantly, some canids
have been highly successful in adapting to human-modified ecosystems while others have
experienced extensive population declines due to human activities. Thus, canids are well-
suited for studying the relationships between social ecology, diet, cognitive flexibility,
and species resilience.

Whereas coyotes, dogs, and red foxes thrive in virtually every type of human
habitat (Hill et al., 1987; Kuijper et al., 2019; Schipper et al., 2008), stable populations of
gray wolves (Canis lupus lupus) are generally restricted to areas with low human
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densities (Massolo and Meriggi, 1998). The association between gray foxes (Urocyon
cinereoargenteus) and human habitats is poorly understood (Allen et al., 2021) but they
have fared better than wolves and worse than coyotes, dogs, and red foxes.

Although most canids will scavenge and forage opportunistically, wolves (Mech, 1970)
and red foxes (Jedrzejewski and Jedrzejewski, 1992) rely more heavily on hunting than
do coyotes (Andelt et al., 1987), dogs (Coppinger and Coppinger, 2002), and gray foxes
(Hockman and Chapman, 1983). However, dogs have evolved to be entirely dependent
on scavenging and begging (Marshall-Pescini et al., 2017a) whereas coyotes and gray
foxes are also adept hunters.

Coyotes have invaded almost every type of habitat in the Americas but were
historically restricted to arid and semi-arid open habitats in North America (Hody and
Kays, 2018). Red foxes inhabit diverse temperate and subarctic habitats but require
cooler climates than do coyotes (Lloyd, 1980). Wolves can also inhabit a variety of
habitats (Mech and Boitani, 2007) but are generally more restricted by forest cover, prey
abundance, and human presence (Massolo and Meriggi, 1998) than are coyotes or red
foxes. Gray foxes primarily inhabit temperate and subtropical woodlands in North and
Central America (Allen et al., 2021). Finally, dogs can survive in a wide range of
climates but only in or around human habitats (Paul et al., 2016; Sen Majumder et al.,
2016).

Although social structure is variable in dogs, they can form relatively large,
complex, and fluid social groups (Bonanni and Cafazzo, 2014; Cafazzo et al., 2010;
Marshall-Pescini et al., 2017a). In contrast, wolf packs are usually composed of a single
breeding pair, their adult and sub-adult offspring, and the most recent litter (Packard,
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2003). In certain conditions coyotes can be relatively solitary (Bekoff and Wells, 1980),
but they generally form family groups consisting of a breeding pair, their most recent
litter, and in some cases yearlings from the previous litter (Bowen, 1981; Hennessy et al.,
2012). Red foxes form monogamous breeding pairs (lossa et al., 2008) which sometimes
associate with adult subordinates (Moehlman, 1989). Dominant males may also engage in
polygyny (Moehlman, 1989). Gray foxes seasonally form small family units of
monogamous breeding pairs and their young but are solitary for most of the year
(Nicholson et al., 1985, Tucker et al., 1993, Chamberlain and Leopold, 2002).
Cooperation is a central component of gray wolf social, reproductive, and feeding
ecology (MacNulty et al., 2014; Mech et al., 2021). To a lesser degree, coyotes also
cooperate in rearing young, defending territory and hunting (Bowen, 1981; Rathbun et
al., 1980; Lord et al., 2013; Thornton et al., 2018). In contrast, red foxes, gray foxes, and
free-ranging dogs hunt and forage alone (Moehlman, 1986; 1989; Sen Majumder et al.,
2014). Allomaternal care is rare in dogs (Pal, 2005) and red foxes (Moehlman, 1986), and
has not to our knowledge been observed in gray foxes. Free-ranging dogs cooperate in
territorial defense (Pal, 2015) and owned dogs (particularly working breeds) cooperate
with humans, but this may require training (Range and Viranyi, 2015).

These ecological differences lead to a number of predictions about which canids
should display more behavioral flexibility. For example, if cooperation is a strong
evolutionary driver of flexibility, wolves should outperform other canines in cognitive
flexibility tests. And if behavioral flexibility has helped dogs and coyotes to adapt to

human habitats, while a lack of flexibility has hindered the ability of wolves to cope with



anthropogenic habitat modification, these differences should be detectable with cognitive
flexibility assessments.

By using the same serial reversal learning assessment to test for age-related
cognitive deficits in dogs, coyotes, and wolves, | was able to measure and compare
species typical cognitive flexibility in these canids. Thus, these cognitive aging
assessments also allowed me to test hypotheses about the ecological traits driving the
evolution of cognitive flexibility and species resilience. In addition, by piloting the use of
this test for red and gray foxes | was able to assess whether future studies can add these

and other small-bodied canids to this comparative framework.
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CHAPTER 2
ADAPTIVE SPATIAL WORKING MEMORY ASSESSMENTS
FOR AGING PET DOGS
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Abstract

Assessments for spatial working memory (SWM) in pet dogs that can detect age-
related cognitive deficits in a single session may aid in diagnosing canine dementia and
may facilitate translational research on Alzheimer’s disease in humans. Adaptive testing
procedures are widely used in single-session assessments for humans with diverse
cognitive abilities. In this study, we designed and deployed two up-down staircase
assessments for SWM in which 26 pet dogs were required to recall the location of a treat
hidden behind one of two identical boxes following delays of variable length. In the first
experiment, performance tended to decline with age, but few dogs completed the test (n
=10). However, all of the dogs that participated in the second experiment (n = 24)
completed the assessment and provided reliable evidence of learning and retaining the
task. Delay length and age significantly predicted performance supporting the validity of
this assessment. The relationships between age and performance were described by
inverted U-shaped functions as both old and young dogs displayed deficits in weighted
cumulative-scores and trial-by-trial performance. Thus, SWM in pet dogs may develop
until mid-life and decline thereafter. Exploratory analyses of non-mnemonic fixation
strategies, sustained engagement, inhibitory control, and potential improvements for

future SWM assessments which adopt this paradigm are also discussed.
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As in humans, the cognitive abilities of dogs may decline with age. For some,
these impairments are minor and only present late in life (Chapagain et al., 2018; Head,
2001). For others, cognitive decline begins early in life and progresses more rapidly,
ultimately leading to severe impairments (Adams et al., 2000a; Head, 2001). As with
Alzheimer’s Disease (AD) in humans (Kensinger et al., 2003; Simone and Baylis, 1997),
age-related cognitive deficits (ARCD) in dogs are characterized by the deterioration of
recent memory and other executive functions including selective attention, behavioral
inhibition, and concept learning (Adams et al., 2000a; Head, 2013). Although the
pathogenesis of ARCD is unclear, both ARCD and AD are correlated with the
development of neuritic beta-amyloid plaques (Head, 1998; Vite and Head, 2014). In
clinical settings, the development of behavioral impairments in elderly pet dogs is often
referred to as Cognitive Dysfunction Syndrome (CDS) (Landsberg et al., 2012; Szabd et
al., 2016). As with AD, CDS is characterized by increased anxiety, nocturnal activity,
agitation, and disorientation (Madari et al., 2015; Landsberg et al., 2012; Fast et al.,
2013).

This cognitive, behavioral, and physiological overlap suggests that dogs may
provide a strong animal model for translational AD research as well as a naturally
occurring alternative to transgenic rodent and invertebrate models (Araujo et al., 2017).
In addition, dogs are highly tractable, widely accessible, and share a number of
anatomical similarities with humans but have shorter lifespans (Gilmore and Greer, 2015;
Head, 2013; Kaeberlein et al., 2016). Furthermore, research on ARCD in pet dogs living
with elderly owners may provide insight into the environmental correlates of AD
(Kaeberlein et al., 2016).
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ARCD in dogs are domain specific and are more readily detected with complex
tasks that require coordination of multiple cognitive functions (i.e., executive functions).
For example, older beagles are slower to acquire, and commit more errors in, tests for
egocentric spatial learning, oddity and size discrimination, and reversal learning but do
not display deficits in simple visual discrimination or procedural learning tasks (see Head
2013 for review). Different studies have produced different estimations for the onset age
of dementia in dogs, but most suggest that neurological, cognitive and behavioral changes
begin in midlife (for review, see Chapagain et al. ,2018; Szab¢ et al., 2016). Importantly,
sensorimotor abilities and some executive functions including attention and working
memory may continue to develop after adolescence in dogs (Wallis et al., 2014;
Watowich et al., 2020). Tests for spatial working memory (SWM), “the process of
maintaining a limited amount of spatial information in an active representation for a short
period of time so that it is available for use” (Adams et al., 2000b, p. 48), are perhaps the
most useful assessments for ARCD in dogs (Head et al., 2013). Moreover, SWM deficits
are correlated with cortical atrophy (Rofina et al., 2006), reduced neurogenesis (Siwak-
Tapp et al., 2007), and old age in colony beagles (Adams et al. ,2000b; Chan et al., 2002;
Tapp et al., 2003b; Studzinski et al., 2006).

Research on ARCD in pet dogs is currently limited by a lack of reliable cognitive
assessments which can be administered in a single session using cheap and accessible
materials and without requiring extensive behavioral shaping (Piotti et al., 2017). SWM
assessments for colony beagles implement stringent training criteria and yield reliable
performance estimates but require multiple shaping, training, and testing sessions.
Indeed, established tests for SWM require weeks or months of daily sessions (e.g.,
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Adams et al., 2000b; Milgram et al., 1999). In contrast, existing SWM assessments for
pet dogs (Gonzélez-Martinez et al., 2013; Piotti et al., 2017) can be completed in a single
session but do not implement training criteria or other important controls. Ultimately,
valid and reliable single-session assessments for SWM are needed to better understand
ARCD in pet dogs.

Such assessments may help to clarify the relationships between age-related
cognitive deficits, behavioral changes, and neurological changes in pet dogs. Used in
combination with physiological tests and questionnaires, cognitive assessments may also
aid in the diagnosis of CDS (Wallis et al., 2016), thereby facilitating veterinary care for
millions of pet dogs (for prevalence estimates, see Azkona et al., 2009; Salvin, 2010).
Moreover, physicians use a number of tools to diagnose AD including behavioral
questionnaires, psychometric assessments, physiological assays, and neurological
imaging. In contrast, veterinarians primarily diagnose CDS using only owner reports and
questionnaires, the validity and consistency of which remain controversial (Szabé et al.,
2016; 2018).

Adaptive testing procedures (ATPs) accommodate a wide range of abilities within
a single assessment by using a response-dependent testing strategy to tailor each test to
the individual test-taker (Wainer and Lewis, 1990). Relative to traditional tests which
present tasks spanning a broad range of difficulty to all test-takers, ATPs improve
efficiency by omitting tasks that are far from an individual’s performance threshold -
tasks that are too challenging or too simple (Marinissen et al., 2010; Watson and
Fitzhugh, 1990). ATPs are primarily used to estimate maximal ability, peak performance,
or cumulative performance. For example, the Graduate Management Admission Test®, a
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computerized adaptive test that determines the difficulty of future questions based on the
outcomes and difficulty of preceding questions, produces a weighted cumulative score
which awards more points for correct answers to difficult questions.

Up-down staircase methods, in which an individual may advance or regress
through a sequential experimental design, have been widely used to measure performance
thresholds in humans and non-human animals (Cornsweet, 1962; Ehrenstein and
Ehrenstein, 1999). For example, staircase procedures are commonly used in hearing tests
to rapidly determine the highest frequency that is audible to the test-taker. In each trial,
the proctor plays a recording of a short tone and the test-taker indicates whether she hears
this tone. When this occurs, the proctor plays a tone of a higher frequency in the
following trial. Otherwise, the proctor plays a tone of lower frequency in the following
trial.

In staircase assessments, test-takers oscillate between completing tasks which fall
within the range of their abilities and failing tasks which exceed their abilities. Thus,
staircase methods can reliably estimate performance thresholds without stringent
progression criteria (i.e., criteria for “stepping-up” in the staircase). Given that task
difficulty is additive, staircase procedures can also rapidly estimate ability by measuring
performance within ranges of task difficulty.

The purpose of this study was to design an adaptive test for SWM which can
reliably and rapidly detect ARCD in pet dogs. In two experiments, we designed and
deployed assessments in which 26 pet dogs were required to recall the location of a treat
hidden behind one of two boxes following a delay (retention period) of variable length.
The first assessment used a transformed staircase procedure (Kaernbach, 1991) which
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required the dog to make consecutive correct choices to progress into trials with longer
delays and implemented zero-delay correction trials following incorrect choices. To
address an apparent ceiling effect and to reduce the rate of fail-out, the second assessment
used a transformed and weighted staircase procedure (Kaernbach, 1991) in which the
magnitude of change in the delay was also performance-dependent (i.e., step sizes
varied).

To test the validity of the modified assessment in the second experiment, we
examined whether each dog learned and followed the rules of the task, age predicted
performance, and performance was delay-dependent. We then conducted supplementary
analyses of the dog’s head and body orientations to explore the processes through which
dogs stored and maintained information in SWM and to assess whether the dog’s ability
to remain engaged with the task could account for age effects observed in the primary
analyses. Finally, we conducted two exploratory analyses to inform the design of future
assessments which could adopt this paradigm. Specifically, we examined whether this
experimental design may be used to detect age-related deficits in inhibitory control, and
whether a shorter, fixed-delay procedure may be used to detect age-related SWM deficits.

Method
Subjects

Twenty-six pet dogs (13 of each sex) of various breeds and ages (17 - 181
months, mean = 89.82) were tested (see Appendix C-1). Given that the age estimation of
an adult dog may not be reliable, only dogs seen by a veterinarian before reaching one

year of age were included in this study. All owners volunteered their dogs to participate.

17



Materials and Layout

One-meter tall collapsible, plastic fencing was used to create a 5 by 5m testing
area and a 2 by 1m holding area in an adjacent room (Fig. 2-1). A 1 by 1m doorframe-
mounted dog gate was used to restrict the dog to the holding area without blocking
visibility into the testing area. To prevent visibility, a 1.5 x 1.0 x 0.04m foam board was
placed against the dog gate. Throughout each session, a demonstrator (E1) remained in
the testing area, an assistant (E2) and the owner remained in the holding area, and the dog
moved between the two areas. To minimize distraction while preventing separation
anxiety, the owner sat in a chair opposite the testing room facing away from the
experimental area, reading silently and ignoring the dog. To control access and visibility
into the testing room while minimizing interactions with the dog, E2 sat in a chair
directly adjacent to the doorway facing the testing room.

Treats were hidden in one of two identical boxes placed on the ground in the
testing area (Fig. 2-1). These boxes were spaced 2m apart and 2.5m from the starting
location of both the dog and E1. Each box consisted of a 0.2 x 0.2 x 0.1m base, upon
which the experimenter placed food treats, and a 0.1 x 0.2 x 0.2m shield, which could be
configured to control both visibility and access to treats (Fig. 2-1.d). The shield consisted
of a transparent plastic face housed in a wooden frame which contained a slot for an
opaque plastic sheet (an occluder). The base contained a hidden compartment for smell
controls: treats placed in the boxes before each session to prevent dogs from locating

treats by smell.
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Procedure

To prevent satiation, dogs were fasted for four hours preceding the test. Before
training, each dog was allowed to freely explore the testing and waiting areas. This
acclimation period concluded when the dog ceased all exploratory behaviors and at least
five minutes had elapsed.

In both training and testing, trials consisted of a demonstration by E1 and a choice
by the dog. During demonstrations, E1 baited one of the boxes while the dog observed
from the holding area. Starting from the far end of the testing area, E1 first attracted the
dog’s attention by taking one step forward while simultaneously holding up a treat and
calling the dog’s name. Keeping the treat raised, E1 walked towards, and then placed a
treat on, one of the boxes. If the dog looked away during this demonstration, E1 paused
and called to the dog until the dog redirected its attention towards E1 and the treat. After
returning to the starting location, E1 turned to face the holding area and gazed at the top
of the doorway. The choice portion of each trial began when E2 opened the gate while
simultaneously speaking the specific release word used by the dog’s owner. The dog was
then given up to one minute to retrieve the treat but was only allowed to visually inspect
a single box.

In between each trial, E1 returned the dog to the holding area and remained by the
gate until E2 placed a foam board in front of the gate to block the dog’s view of the
testing area. This allowed E1 to remove an un-retrieved treat from the previous trial while
maintaining the association that dogs were required to learn for this task (i.e., the box

approached and touched by E1 always indicated the location of hidden food). After E1
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collected a new treat and returned to the starting location, E2 indicated to E1 the next box
to be baited in the upcoming trial.

Before testing, each dog completed three stages of training in which the choice
portion of the trial immediately followed the demonstration. In Training Level 1 (T1)
only one box was present in each trial and the treat remained visible throughout the
demonstration and choice (i.e., the treat remained in view after being placed on the box
platform in the demonstration). In Training Level 2 (T2) only one box was present in
each trial but the occluder was added to the box shield so that the treat was not visible
once placed on the box. In Training Level 3 (T3) and throughout testing, both boxes were
present for each trial and treats were not visible once placed on a box.

With the box occluders in place, the dog was required to walk past the sides of the
box shields in order to see which of the boxes held the treat. Thus, in testing, the first box
visually inspected by the dog after entering this area of visibility was scored as the dog’s
choice for that trial. Choices were coded as a correct if the inspected box corresponded to
the baited box containing the treat. Choices were coded as incorrect if the inspected box
corresponded to the un-baited box or if the dog inspected neither box within one minute.
Choices were determined by E1 and later confirmed from videos recorded by two
synchronized cameras. The north camera was used to determine when treats became
visible (Fig. 2-1a) and the south camera was used to track the dog’s eyes (Fig. 2-1b)

Given that only one box was present in T1 and T2, the dog was not prevented
from exploring the testing area before retrieving the treat in these training levels.
However, a choice was only coded as correct if the dog walked directly to the correct
box.
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Experiment | protocol.

Training trials were presented in blocks of two and training blocks were repeated
following an incorrect choice on either trial (a failed block). Correct choices on both
trials in a block (a completed block) lead to a “step up” to the next level, but only if the
proportion of correct choices (PCC) across all trials at the current training level was also
greater than 50% (Table 2-1: after trials 2, 6, and 12, but not after trial 10). If the dog
failed three blocks at the same training level, the test was ended.

During testing, a delay varying from 15 to 180s was implemented between the
demonstration and choice, and the baited box followed a pseudorandomized order (see
Fig. 2-2 for example of test progression). Trials at each delay were repeated in blocks of
two and the length of the delay increased or decreased from block to block in increments
of 15s. A completed block resulted in a step up to a longer delay, but only if PCC at the
given delay was also greater than 50%. If PCC at the delay was equal to or less than 50%
following a completed block (e.g., Fig. 2-2: trials 41-42), the delay was repeated (e.g.,
Fig. 2-2: trials 43-44).

Following a failed delay block, the dog was given a block of two trials in which a
delay was not implemented between the demonstration and choice (i.e., “refreshers”).
When the dog failed a refresher block (e.g., Fig. 2-2: trials 17-18), a second refresher
block was implemented (e.g., Fig. 2-2: trials 19-20). If the dog failed the second refresher
block, the test ended. Following a successfully completed refresher block, the dog
returned to the delay staircase.

The first time the dog returned to the delay staircase (e.g., Fig. 2-2: trials 27-28),
the previously attempted delay (e.g., Fig. 2-2: trials 23-24) and box were repeated. If the
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dog failed this block of delay trials (e.g., Fig. 2-2: trials 27-28) and then completed
another block of refresher trials (e.g., Fig. 2-2: trials 29-30), the delay was decreased
following the second (e.g., Fig. 2-2: trials 31-32) and third (e.g., Fig. 2-2: trials 35-36)
consecutive returns to the delay staircase. If the dog failed the delay block after the third
consecutive return, the test ended (e.g., if the dog made an incorrect choice in Fig. 2-2:
trial 35 or 36). In addition, the test ended if the dog failed three consecutive blocks at the
same delay (e.g., Fig. 2-2: after trials 55-56). If none of the above criteria for ending the
test were met, the session continued for up to one hour. At the end of the test, two
refresher trials were implemented to confirm that the dog was not satiated and to assess
whether the dog continued to choose the box most recently visited by E1 throughout the
test (e.g., Fig. 2-2: trials 57-58).

This up-down staircase procedure did not require stringent progression criteria to
produce reliable evidence that the dog’s memory-span was at least as long as a completed
delay. Given that time is additive and that the spatial-matching rule was the same in T3,
refreshers, and all delays, correct choices in longer delays also functioned as correct
choices in shorter delays. For example, the dog in Figure 2-2 made correct choices in 13
of 14 trials with delays of 15-60s and therefore, provided highly reliable evidence of a
15s memory-span despite attempting only two trials at the 15s delay. The same reasoning
holds for delays of at least 30s and delays of at least 45s. Thus, additional trials at these
shorter delays would have been unnecessary and inefficient.

The up-down procedure and greater difficulty of remembering the correct location
at longer delays also mitigated potentially detrimental consequences of allowing the dog
to progress beyond its true SWM threshold. As demonstrated in trials 21-22 of Figure 2-
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2, a dog with a 60s memory-span was not unlikely to progress beyond the 75s delay by
randomly guessing the correct box in two consecutive trials (p = .25 if the delay was
novel and p < .19 if the dog had previously attempted the delay). However, the
probability of completing consecutive blocks by random chance was low (p = .06 if both
delays were novel and p < .03 if the dog had previously attempted blocks at these delays).
Additionally, the dog was unlikely to avoid repeating a delay that was previously
completed by chance. Indeed, the example dog in Fig. 2-2 was ultimately required to
complete six more blocks at the 75s delay after erroneously progressing to the 90s delay.
Most importantly, the test provided evidence that the dog’s memory-span was at least 60s
(7 of 8 correct) but less than 75s (8 of 16 correct).

Experiment Il protocol.

The protocol for Experiment 2 differed from Experiment 1 in the following
respects. Both in training and testing, trials were not necessarily implemented in blocks
of two. In training, the baited box alternated after a correct choice. An incorrect choice
immediately resulted in a correction trial in which the training level and baited box were
repeated. Following a correct choice on a correction trial, the training step was repeated
at the other box (Table 2-2: trials 4-6). If the dog chose incorrectly on a correction trial,
that trial was repeated. Two successive incorrect choices on correction trials resulted in a
step down to a correction trial on the previous training level (Table 2-2: trials 7-10). If at
any point a dog did not retrieve food in four successive trials, the session was ended.

During the test, a delay of 15-300s was implemented between the demonstration
and choice. From 0 to 59s, delays increased by 15s; from 60 to 179s, delays increased by

30s; and from 180s on, delays increased by 60s (Fig. 2-3: dog A, trials 1-20). An
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incorrect choice on any delay trial immediately resulted in a zero-delay refresher trial
(e.g., Fig. 2-3: dog B, trial 23). After one correct choice on a refresher trial, the dog was
given a second refresher trial on the other box. Following an incorrect choice on a
refresher trial, the dog was given a correction trial which consisted of another refresher
trial on the same box. Correction trials were repeated until a correct choice was made,
after which another refresher at the other box was implemented. The dog returned to the
delay staircase following consecutive correct choices if PCC in refresher trials was above
50%.

The first time a dog returned to the delay staircase, the previously attempted delay
and box were repeated. However, in successive returns, the previously attempted box was
repeated but the delay decreased. If the failed delay was between 0 and 180s, the delay
decreased by 15s (Fig. 2-3: dog B, trials 40-55). If the failed delay was more than 180s
or, the delay decreased by 30s (Fig. 2-3: dog A, trials 25-33).

After failing the first block of 15s delay trials, one dog (Greta) developed a strong
side bias and failed to return to the delay staircase despite 10 refresher and correction
trials. Therefore, she was given a counter-training procedure which required four
consecutive correct choices in both T2 and T3.

Analysis Overview

Due to a low rate of test completion in Experiment I, we used only descriptive
statistics and graphical analyses of test outcomes to inform the design of the second
assessment. Statistical analyses for Experiment Il are outlined in Table 2-3. Tests of

assumptions and case-wise diagnostics for these analyses are described in Appendix C-2.
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All data were analyzed in R version 3.4.1. Generalized linear mixed models (GLMMs)
were constructed and tested using the package “Ime4” (Bates et al., 2015b).
Body Size and Sex Effects

The prevalence of CDS may be similar in breeds which differ greatly in size
(Salvin et al., 2010; 2012). In addition, Watowich et al., (2020) recently found that
lifespan changes in cognitive performance did not depend on the average lifespan of a
dog’s breed. However, lifespan is inversely related to body size in dogs and physiological
deterioration may progress more rapidly in large breeds (Kraus et al., 2013). Thus, to
account for possible effects of body size, all statistical analyses were repeated with age
measured in months (AGE) and as a proportion of the dog’s size-predicted lifespan
(PSL). Size-predicted lifespan was calculated using the following equation from Greer et
al. (2007): predicted lifespan (years) = 13.62 + (0.0702 x height (inches)) - (0.0538 x
weight (pounds)). The relative strength and significance of predictors did not change in
any analysis when age was treated as PSL. Therefore, only analyses of AGE are reported.

Sex may affect spatial learning and memory in cognitive aging tests for dogs (e.g.,
Mongillo et al., 2017). Thus, all analyses were first conducted with sex included as a
covariate (see Appendix C-3). Sex did not predict performance in any analysis and lead
to issues of non-convergence in analyses which used GLMMs. In addition, accounting for
sex did not lead to any meaningful change in the outcome of an analysis.
Experiment Il Measurements

Proportion of correct choices.

The validity of this assessment was contingent on evidence that each dog
attempted to search for food at the box visited by E1 during the most recent
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demonstration (i.e., the correct box). Moreover, incorrect choices in delay trials could not
be attributed to SWM deficits if the dog failed to follow this spatial-matching rule. Thus,
for each dog, PCC in zero-delay trials (the third step of training and refreshers) and PCC
in delay trials were used to examine whether the dog learned the spatial-matching rule
and chose accordingly throughout the test.

Cumulative memory score.

To measure overall performance, the sum of the delays after which the dog chose
the correct box was used as a weighted Cumulative Memory Score (CMS). Only the first
18 delay trials (the fewest completed by any dog) were included in this score. Thus, CMS
measured the total amount of time in the first 18 delay trials that the dog remembered the
location of the treat.

Orientation behaviors.

To investigate whether the dog used non-mnemonic orientation strategies to
locate the treat, a coder recorded from video whether the dog’s head and body (coded
separately) remained oriented towards the correct box for the entirety of the delay.
Orientation was scored as correct when the long axis of the head or body pointed towards
the correct box, between the midpoint and upright of the doorway (Fig. 2-4). To measure
initial and sustained attention, the coder scored whether the dog’s head and body (coded
separately) remained oriented toward the testing area for the entirety of the demonstration
and the delay (coded separately). Orientation was scored as forward when the long axis
of the head or body pointed towards the testing area between the uprights of the doorway

(Fig. 2-4). To assess interrater reliability, 25% of the videos were scored by a second
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coder. For each orientation behavior, coders agreed on at least 98% of trials. Due to video
inadequacies, orientations could not be coded for 11 (2.5%) trials.

Box preference (side bias).

Perseveration rather than inadequate memory span may result in incorrect
choices. The dog may incorrectly choose its preferred box despite correctly recalling that
E1 visited the other box in the most recent demonstration. In the first experiment, the dog
completed the same number of trials at each box. Therefore, the number of errors the dog
made at each box was used to assess whether it was hindered by a perseverative tendency
to choose its preferred box. In the second experiment, correction trials were implemented
to combat the development of a side bias. Thus, dogs were not required to complete the
same number of trials at each box. As a result, the magnitude of the dog’s box preference
was used to measure his perseverative tendency. Specifically, side bias was calculated as
the absolute value of the difference between PCC on Box 1 and PCC on Box 2.

Results
Experiment |

The completion rate in the first experiment was too low to test whether age
significantly predicted performance. Thus, to determine which procedural modifications
were needed to allow dogs of all ages to complete the test, the longest delay attempted
(i.e., the highest step reached by the dog) and the reason for ending the test were plotted
as a function of age (Fig. 2-5). To assess whether such modifications were likely to
produce a viable test for ARCD, a regression line was fitted to the data of dogs that

completed the test.
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Ten of the twenty-six dogs did not pass training. Three of these dogs stopped
participating, three never participated, and four made incorrect choices in three
consecutive blocks at T3. Two dogs stopped participating after the first incorrect choice
in a delay trial and three made incorrect choices in consecutive blocks of refresher trials.
One test was ended prematurely due to an experimenter error. Of the seven dogs that
participated fully but failed to complete the test, five provided evidence of a strong side
bias; each of these dogs made at least four times as many errors when the preferred box
was not baited. Collectively, these dogs made 28 errors when the non-preferred box was
baited and three errors when the preferred box was baited.

Among the ten dogs that completed the test (AGE: x +s = 97.7 = 33.0 months),
the longest delay attempted decreased rapidly with age (delay = 138.3 - 1.13 * centered
AGE). However, no dogs younger than four years and older than twelve years completed
the test.

Experiment 11 — Assessment Validity

Test completion.

Of the 25 dogs that returned, 23 completed the test. The two dogs that did not
complete the test never participated in either experiment. These dogs were among the
oldest tested (AGE = 163 and 134 months). The other dog that did not participate in
Experiment | acquired and retained the spatial-matching rule in Experiment Il and
completed this modified assessment but still did not make a choice in 25% of all trials
(AGE = 40 months). This dog was only included in analyses of PCC and side bias, which
did not include no-choice trials. Of the remaining 22 dogs, 18 participated in all trials and

four participated in at least 90% of trials.
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Proportion of correct choices.

For each dog that participated, two binomial tests were conducted to assess
whether PCC in zero-delay and delay trials differed from chance (E(PCC) = 0.5). PCC
was significantly above chance in zero-delay trials for 20 of the 23 dogs (Fig. 2-6). The
other three dogs were each far above chance in delay trials (p <.0001; Appendix C-4).
PCC was significantly above chance in delay trials for 19 of the 23 dogs (Fig. 2-6). The
other four dogs were each far above chance in zero-delay trials (p < .0005; Appendix C-
4).

Cumulative memory score.

A regression analysis of CMS by centered AGE (AGE.CENT) was conducted to
assess whether age predicted cumulative performance. However, an inverted U-shaped
relationship was observed between AGE.CENT and CMS. Thus, a coefficient for the
predictor AGE.CENT? was also included in the regression equation. An F-test was used
to test the overall prediction of the model and two-tailed t tests were used to test the
significance of the predictors. AGE.CENT and AGE.CENT? yielded significant overall
prediction of CMS, F(2,19) = 7.24, p = .005; r?> = 0.43. The linear effect of AGE.CENT
was not significant, b1 = -0.40, SEb1 = 1.65; t(19) = -0.24, p = .81, but AGE.CENT?
significantly predicted CMS, b2 = -0.12, SEb2 = 0.03; t(19) = -3.73, p = .001. Memory
scores (y = 967.5, SEy = 92.41) were higher in middle-aged dogs than in young and old
dogs (Fig. 2-7).

Test-trial outcome.

To assess whether performance during the test (i.e., in delay and refresher trials)
was age- and delay-dependent, a binomial regression analysis of test-trial outcome
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(correct or incorrect choice) was conducted using a GLMM with a logit-link function
(Table 2-4). A hypothesis-driven (full) model was first constructed with random subject
slopes for delay and trial, random intercepts for subjects, and fixed effects for delay, trial
number, AGE, AGE?, delay*AGE, delay*AGE?, trial*AGE, and trial*AGE?. The overall
fit of this model was then compared to that of the maximal converging (final) model
(tolerance = 0.001) using Akaike and Bayesian Information Criteria (AIC and BIC). To
aid in convergence, continuous predictors were rescaled to Z scores. Profiled confidence
intervals of fixed-effect estimates and of random-effect variances were calculated using
parametric bootstraps. In addition, likelihood ratio tests of competing models (a = .05)
were used to test the significance of interactions and random effects (this was not
possible for the main effects).

The full model did not converge due in part to overfitting with interaction terms
and random slopes. Furthermore, the random slopes for trial and delay were perfectly
correlated with the random intercepts. The final model included only the main effects and
random intercepts. Removing the interactions and random slopes improved overall fit
(decreased AIC and BIC) but did not change whether the profiled confidence intervals of
the remaining predictors overlapped with zero (i.e., the same predictors were significant).
Both models are summarized in Table 2-4.

In the final model, the probability of choosing the correct box decreased
significantly with delay length, X?(1) = 20.89, p < .0001, but not trial number, X2(1) =
1.29, p = .26. The effects of AGE, X%(1) = 11.68, p = .0006, and AGE? were significant,
X?(1) = 10.54, p = .001. Middle-aged dogs chose correctly more often than young and old

dogs. The random intercept for study subject was not significant, X?(1) = 2.25, p = .13.
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Experiment Il — Exploratory Analyses

Head and body orientations.

Because they did not apply to refresher trials, delay orientations could not be
treated as covariates in the previously described GLMMs, which estimated the outcome
of either a refresher or a delay trial. Therefore, separate exploratory analyses were used to
examine whether head and body orientations predicted the outcome of a delay trial.
However, the previous analysis indicated that this reduced set of data could not support a
model with more than a limited set of predictors (i.e., a model with coefficients for all six
orientation behaviors, AGE, AGE?, delay, trial, the interactions of these fixed effects, and
random effects would be overfit). Thus, the predictive value (i.e., utility) of each
orientation behavior was first estimated using a GLMM of trial outcome with a binomial
(logit) error distribution, fixed effects for each orientation (orientation maintained or
broken) and random intercepts for study subjects (see Table 2-5).

Only body orientated forwards during the delay (B.F.DI) significantly predicted
trial outcome, X?(1) = 8.46, p = .004. Therefore, to explore whether B.F.DI and, in turn,
sustained engagement might account for the age effects observed in the primary analyses,
another GLMM of delay-trial outcome (logit error distribution) was constructed with
fixed effects for B.F.DI, AGE, AGE?, delay, B.F.DI*AGE, and B.F.DI*AGE?. Subject
intercepts and slopes for B.F.DI were included as random effects. The final model is

outlined in Table 2-6. Confidence intervals for the conditional effects of Age and Age?

! Trial number was not included as a predictor in this model given that the omission of refresher trials

created highly discontinuous and individualized trial number data (i.e., numerous singularities). In addition,

trial number yielded no prediction of trial outcome in the previous models. Likewise, random subject slopes
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on delay-trial outcome when the dog did (B.F.DI = 1) and did not (B.F.DI = 0) maintain
orientation were simulated using the package “interplot” (Solt and Hu 2019), following
the method of Brambor et al. (2006).

Dogs that remained oriented towards the testing room during the delay were
more likely to choose the correct box, 95% CI of 3 [0.11, 1.26]. The interactions between
B.F.Dl and AGE, X?(1) = 0.01, p = .94, and between B.F.Dl and AGE?, X?(1) =0.02, p
= .88, were not significant. Middle-aged dogs chose correctly more often than young and
old dogs regardless of B.F.DI. The conditional effect of AGE was significant in trials in
which the dog remained oriented forwards, = 1.77, 95% ClI: [0.46, 3.08], and in trials in
which the dog turned away from the testing room, § = 1.86, 95% CI: [0.38, 3.35].
Likewise, the conditional effect of AGE? was significant whether the dog did, B = -1.84,
95% CI: [-3.18, -0.52], or did not, B = -1.71, [-3.08, -0.37], maintain forward body
orientation during the delay. The probability of choosing the correct box tended to
decrease with delay length, but this trend was not significant, X2(1) = 3.49, p = .06.
Random subject intercepts, X2(1) = 0.19, p = .91, and slopes for B.F.DI, X%(1) = 0.92, p
= .63, were not significant.

Perseveration.

To investigate whether inhibitory control may provide an alternative focus for
future cognitive aging assessments using this paradigm, a regression analysis of side bias

by AGE.CENT and AGE.CENT? was conducted. Trials in which the dog failed to make a

for delay, and coefficients for the interactions between delay and age were also omitted because these
effects lead to singularities and non-convergence but did not predict trial outcome, improve model fit, or
change the prediction of other effects in the previous models.
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choice were excluded from this analysis. AGE.CENT and AGE.CENT? yielded
significant overall prediction of side bias, F(2,20) =5.37, p=.01; r =0.35. The
coefficients for AGE.CENT, b1 = 0.0008, SEn1 = 0.0004; t(20) = -2.15, p = .04, and
AGE.CENT? were also significant; b2 = 0.00002, SEn2 = 0.00007; t(20) = 2.87, p = .01.
Box preferences (mean = 0.11, SEy = 0.02) were stronger in young and old dogs than in
middle-aged dogs (Fig. 2-8).

Delay optimization.

To identify the shortest delays that may be sensitive to ARCD in this paradigm, a
separate regression analysis of PCC by AGE and AGE? was conducted for each delay
that was attempted by at least 20 dogs. The F test and multiple r? of the model, and the
two-tailed t tests of AGE and AGE? were then compared among delays (Table 2-7).

AGE and AGE? accounted for a significant proportion of variation in PCC at the
45s (r>=0.33, p = .02) and 60s delay (r?> = 0.35, p = .02) but not the 15s (r> = 0.20, p
=.12) or 30s delay (r? = 0.15, p = .22). Two of eight old dogs (< 8 years) displayed
deficits at the 15s delay, compared to four old dogs at the 30s and 45s delays, and seven
at the 60s delay. The 60s delay was also the longest delay reached by one old dog.
Bivariate PCC by AGE plots for all delays are displayed in Figure 2-9.

Discussion
Experiment I

Although the age-related decline in performance among dogs that completed the
first test suggested that this assessment may be sensitive to ARCD, the low test-
completion rate indicated that this version of the assessment was not viable as a widely
deployable diagnostic tool. However, this experiment did provide insights that led to
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effective modifications for the second assessment. The high prevalence of side biases
among dogs that failed to complete the test suggested that perseverative tendencies may
be strong in dogs. This led to the addition of correction trials after incorrect training and
refresher trials, as well as the analysis of age-related changes in side bias in Experiment
I1. The finding that two dogs stopped participating after the first incorrect choice on a
delay trial indicated that refresher trials may not successfully re-incentivize participation
for some dogs. However, the fact that this occurred only twice in 50 tests also suggested
that, for most dogs, refresher trials may help to maintain participation throughout this
hour-long assessment. Finally, the finding that two dogs did not participate in either
experiment suggested that insufficient motivation may present a small but unavoidable
obstacle to assessments for ARCD. However, the four-fold decrease in fail-out due to
non-participation in Experiment Il indicated that testing-rules may be modified to greatly
increase motivation and participation.

Experiment Il — Assessment Validity

Proportion of correct choices.

Dogs that completed the second assessment provided strong evidence of learning
the spatial-matching rule. Indeed, only three dogs did not significantly differ from chance
in zero-delay trials and in each case, this was reflective of a small sample size (mean = 7)
rather than poor performance (mean PCC = 81%). These dogs excelled in delay trials
(PCC = 95%) and thus additional zero-delay trials (i.e., refreshers) were not needed to
confirm acquisition of the spatial-matching rule. Moreover, the testing rules only allowed
for such a small number of zero-delay trials when the dog committed few errors in either
T3 or testing. Nonetheless, these non-significant results could be prevented by
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implementing additional refresher trials at the end of the test and this would require little
additional testing time.

Evidence that dogs continued to use the spatial-matching rule to retrieve treats in
delay trials was also robust. Only 4 of 23 dogs failed to choose the correct box more often
than chance in delay trials but each succeeded in doing so in zero-delay trials. This
indicates that incorrect choices in delay trials resulted from insufficient SWM rather than
failure to apply the spatial-matching rule.

Compared to previous SWM assessments for ARCD in colony beagles, this
assessment required far fewer trials to confirm that the dog learned the spatial-matching
task. Whereas beagles completed up to 40 daily sessions of ten training trials in previous
assessments, dogs in the present study completed an average of 9.57 training trials and
10.77 refresher trials (see Fig. 2-6). This increase in efficiency was partially enabled by
adopting a less cognitively demanding task. The delayed non-matching to position
(DNMP) tasks used in previous studies required additional information processing and
greater behavioral inhibition relative to the simple spatial-matching task used in the
present study. Additionally, completing each training step in this staircase procedure
required as few as two consecutive correct choices whereas DNMP training criteria
required nine of ten, or eighteen of twenty correct choices. These lenient criteria and, in
turn, rapid shaping and training procedures were made possible by the inclusion of
response-dependent refresher trials, which collected additional evidence of the ability to
follow the spatial-matching rule from any dog that did not provide this evidence in delay

trials.

35



To our knowledge, refresher trials are the first controls in SWM assessments for
dogs which assess task retention independently from task acquisition. A dog may stop
following previously learned rules due to intertrial interference, the development of
ineffective strategies, or fatigue. The dog may also meet training criteria by random
chance and therefore begin the test before truly learning the reward-contingencies or
appropriate responses. Traditional procedures do not address these possibilities and
assume that the dog retained the task based solely on evidence that the dog learned the
task in training. In the present study, dogs made correct choices in over 90% of the 283
refresher trials and the only dog below 80% PCC in refresher trials (3 of 4 correct) made
correct choices in 20 of 21 delay trials. Thus, refresher trials provided evidence that each
dog remembered the rules of the task and in turn assessed SWM.

Although training criteria in the present study were lenient relative to assessments
for colony beagles, they provided substantial improvements relative to the two previous
SWM assessments for ARCD in pet dogs. Gonzalez-Martinez et al. (2013) compared the
tendencies of old and young dogs to locate a hidden treat in an open field test after a 60-
second retention period. They scored whether the dog (1) immediately located the treat,
(2) located the treat after searching, (3) failed to locate the treat, or (4) made no attempt
to locate the treat. Piotti et al. (2017) compared the tendencies of old and young dogs to
locate a treat hidden in one of five containers after a 30-s retention period. They analyzed
the first container approached by the dog in each of five trials (one per container).

Although both studies found significant differences between young and old dogs,
neither confirmed that the test assessed SWM. The single-trial procedure used by
Gonzalez-Martinez et al. (2013) did not allow the dog to learn the task and the repeated-
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trials procedure used by Piotti et al. (2017) provided no incentives for learning the task
given that the dog was allowed to retrieve the treat after an incorrect choice. In addition,
neither study implemented training trials and neither assessed whether individual
performance differed from random chance. Thus, these studies did not demonstrate that
each dog encoded and remembered the location baited by the experimenter in the most
recent demonstration. Furthermore, these studies did not confirm that all dogs were
motivated to retrieve treats. In contrast, Gonzalez-Martinez et al. (2013) scored non-
participation as the most severe memory deficit. Ultimately, the present study may
provide the first assessment for ARCD in pet dogs which directly measures SWM rather
than incidental or uninformed search behavior (i.e., behavior which is likely influenced
by SWM but to an unknown extent).

Delay-dependent performance.

As illustrated by these previous assessments for pet dogs, errors in trials with
delays can only be attributed to memory deficits if these errors are less frequent in trials
without delays. Moreover, lower performance in delay trials than in training trials
indicates that an assessment is memory dependent. Demonstrating that performance
decreases with increasing retention periods provides even stronger evidence of a valid
memory assessment. In the present study, the probability of choosing the correct box
during the test decreased significantly with delay length. Although dogs only attempted
longer delays in later trials, the effect of trial number was not significant and thus the
effect of delay could not be attributed to fatigue or intertrial interference. In addition,

differences in the delays and number of trials attempted by dogs of different ages could
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not account for this finding. Ultimately, this delay-dependent performance supports the
validity of the present assessment as a test for SWM.

Our findings align with previous indications that spatial-matching paradigms may
be used to assess SWM in pet dogs. Fiset et al. (2003) found that the spatial recall of
young pet dogs in a similar three-location test gradually declined between 10s and 60s, at
which point performance remained stable and above chance for up to 240s. Hunter (1913)
and Walton (1915) observed delay-dependent performance in individual dogs using two-
and three-location delayed-response tests. To our knowledge, all other previous SWM
tests either used non-matching to position tasks or did not test for delay dependence.

Age-dependent performance.

The finding that older dogs were less likely to choose correctly indicates that this
memory assessment was sensitive to ARCD. Moreover, the outcomes from the GLMMs
of test-trial outcome indicated that differences in the delays and number of trials
attempted by dogs of different ages could not account for these deficits in older dogs.
However, such models of trial-by-trial performance do not provide a means of
determining whether dogs that complete this assessment in the future are cognitively
impaired. To be clinically deployable ARCD assessments need to produce a single, easily
interpreted score which pet owners and clinicians can compare either to previous tests on
the same dog, or to a performance range typical of unimpaired dogs. Thus, the finding
that cumulative memory scores declined after middle-age may satisfy this important
requirement of a widely deployable ARCD assessment.

This study also provided consistent evidence of memory deficits in young dogs.
Each of the four dogs younger than 2.5 years was more likely to choose the incorrect box
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in a delay trial than each of the twelve dogs between 2.5 and 8.5 years of age. In addition,
ten of the twelve middle-aged dogs achieved a higher CMS than the four young dogs.
However, the age of peak performance (around 7 years) was likely overestimated given
that the only dog between 2.5 and 5 years of age included in these analyses was by far the
top performer in this study. This dog chose the correct box in 18 of 18 trials up to the
four-minute delay, thereby achieving the only perfect CMS. Likewise, the other dog in
this age range (excluded due to low participation) made correct choices in all of the delay
trials in which it participated.

Given that the youngest dog tested in the present study was nearly an adult (age =
17 months), the curvilinear relationship between age and performance indicates that
SWM develops slowly in pet dogs. Indeed, assessments that are sensitive to cognitive
decline should also be sensitive to cognitive development. Although previous studies
have primarily used decreasing linear functions to model ARCD in dogs, studies on non-
human primates (Manrique and Call, 2015), humans (Craik and Bialystok, 2006; Harada
etal., 2013), and dogs (Fox, 1971) suggest that curvilinear models better estimate
lifespan changes in cognitive abilities. In an analysis of citizen-science data from over
4000 pet dogs, Watowich et al. (2020) found that quadratic age functions better estimated
performance in a broad range of cognitive assessments. Old and young dogs displayed
deficits in social communication, inhibitory control, selective attention, reasoning, and
working memory. Furthermore, these quadratic trends were strongest in tests for SWM
and inhibitory control. In line with these findings, Gathercole et al. (2004) and Pickering
et al. (2001) found that SWM continues to develop through adolescence and even early
adulthood in humans.
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Methodological differences may explain why previous experimental studies (i.e.,
studies which did not use citizen-science data) have not observed SWM deficits in young
dogs. To our knowledge, eight such studies have examined the relationship between age
and SWM in dogs. Two of these studies did not report the age ranges used to group dogs
(Araujo et al., 2005; Piotti et al., 2017) and five of the other six studies used unique age
groups. In addition, four studies tested laboratory-housed colony beagles (Chan et al.,
2002; Tapp et al., 2003b; Araujo et al., 2005; Studzinski et al., 2006) and two tested both
colony beagles and shelter-sourced dogs of uncertain ages (Head et al., 1995; Adams et
al., 2000b). These six studies on beagles used five different variants of the DNMP task,
all of which required additional information processing and greater behavioral inhibition
relative to the simple matching task used in the present study. Two previous studies have
tested pet dogs but neither confirmed that each individual was capable of and was
motivated to complete the task (Gonzalez-Martinez et al., 2013; Piotti et al., 2017).
Ultimately, additional studies controlling for these differences are needed to clarify the
developmental trajectory of SWM in dogs.

Although the present study is the first to observe SWM deficits in young dogs in a
controlled experiment, previous studies have found little evidence that SWM declines
monotonically with age from young adulthood onwards. Only three of these eight studies
compared young and middle-aged dogs and their findings were inconsistent. Head et al.
(1995) found that young and middle-aged beagles and pound-sourced dogs (of uncertain
age) did not significantly differ in a three-location DNMP task, but performance declined
with age at some delays. However, this study did not include any dogs between three and
seven years of age, and did not test for a nonmonotonic, curvilinear relationship between
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age and performance. Using the same task, Studzinski et al. (2006) found that puppies (<
1y) and young beagles (1-3y) performed better than middle-aged beagles (6-8y).
However, only one of the thirteen middle-aged beagles was sourced from a population
that was found to significantly outperform the other populations sampled in this study. In
contrast, all of the puppies and one third of the young beagles came from the high
performing population. Gonzalez-Martinez et al. (2013) found that young and middle-
aged pet dogs did not significantly differ in an open-field food-search task but it is
unclear whether this assessment measured SWM.

Although four previous studies found that young beagles outperformed old
beagles, only two of these findings disagree with the present study. Young beagles in
Chan et al. (2002) and Tapp et al. (2003b) were between 3-5 and 3.4-6.6 years of age,
respectively. In the present study, dogs within these age ranges also out-performed older
dogs. This highlights how comparisons between two age groups with truncated age
ranges may erroneously indicate that performance declines linearly with age. When
performance peaks in midlife, age groups can be defined such that young dogs appear to
perform better, worse, or the same as old dogs. Furthermore, at least three age groups are
required to detect a curvilinear relationship. To avoid this confusion, we suggest that
future studies on ARCD should analyze age as a continuous variable.

Experiment 11 — Exploratory Analyses

Perseveration.

The significant relationship between age and side bias indicates that this
assessment may be sensitive to selective attention and inhibitory control. Selective

attention refers to an individual’s ability to ignore irrelevant information in order to
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effectively process task-relevant information (McDowd and Oseas-Kreger, 1991).
Inhibitory control requires an individual to resist the impulse to act on irrelevant,
distracting information (Bray et al., 2014). Thus, if the dog formed an association
between a particular box and treats, the magnitude of this box preference may reflect its
ability to selectively attended to the most recent demonstration or to inhibit the behavior
of choosing the preferred box. In turn, the U-shaped relationship between age and side
bias may indicate that inhibitory control and selective attention in pet dogs develop
slowly and decline in old age.

Most studies on inhibitory control in pet dogs have observed performance deficits
and stronger side biases in older individuals (e.g., Mongillo et al., 2013; Piotti et al.,
2018) but similar studies on colony beagles have produced inconsistent results (Tapp et
al., 2003a; Chan et al., 2002; but see Head et al., 1998). However, only one study has, to
our knowledge, explicitly examined the development of these cognitive processes in
dogs. In line with the present study, Wallis et al. (2014) found that selective attention and
sensorimotor coordination in Border collies peaked in midlife. In humans, tasks that
require selective attention and inhibitory control are particularly difficult for adolescents
(Diamond, 2013). Development of the prefrontal cortex, which may play a critical role in
inhibitory control (Braver et al., 2001; Diamond, 1990; Ridderinkhof et al., 2004), is also
relatively slow in humans (Bunge et al., 2002; Dempster, 1992; West, 1996). Tapp et al.
(2004) found that frontal lobe volume (as a proportion of total brain volume) was larger
in young colony beagles (6m - 3.9 y) than in puppies (3m). In contrast, total brain volume

(as a proportion of total intracranial volume) did not differ between young dogs and

42



puppies. Thus, neurological development also suggests that inhibitory control may
develop slowly in pet dogs.

The exploratory analysis of side bias cannot rule out a number of alternative
explanations. For example, when the dog failed to remember which box was baited, it
may have defaulted to choosing a particular box. If so, incorrect choices would only
occur when the dog failed to remember which box was baited and the preferred box
happened to be incorrect in that trial. Thus, the magnitude of the dog’s box preference
may measure memory rather than inhibitory control, and the outcome of the side-bias
analysis may provide additional evidence that middle-aged dogs were more likely to
remember the location of the correct box. Alternatively, this finding may indicate that
middle-aged dogs were less likely to choose a default box when they failed to remember
the baited location. Ultimately, this memory assessment was not designed to measure side
biases or the processes through which they develop. Therefore, future assessments using
this two-location paradigm which manipulate the side baited by the experimenter in zero-
delay trials may help to clarify the relationships between age, side biases, selective
attention, and inhibitory control in pet dogs.

Head and body orientations.

The findings of the present study indicate that dogs did not orient towards baited
locations to circumvent the memory requirements of this spatial-matching task.
Specifically, neither head nor body orientation towards the correct box during the delay
improved performance. In contrast, dogs oriented their head and body away from the
correct box in over 95% and 75% of all delay trials, respectively, but still chose the
correct box in nearly 80% of these trials. In line with these findings, Fiset et al. (2000)
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found that the probability of a correct choice did not depend on the dog’s head or body
orientation immediately, 5-s, or 10-s after a reward was hidden in one of three-boxes.
Given that we did not code eye-tracking, it is possible that dogs visually fixated on the
correct box. However, in a four-location visual displacement task, Gagnon and Doré
(1994) found that dogs interrupted their visual fixation on the target box in 96.7% of 10s
and 20s delay trials. Thus, visual fixation in delays of up to 300s in the present study was
unlikely.

The finding that dogs were more likely to choose the correct box when they
remained oriented towards the testing room during the delay indicates that the ability to
remain engaged may constrain the processes through which dogs maintain locations in
recent memory. Humans attend to relevant spatial locations to maintain visuospatial
information in working memory (Smyth and Scholey, 1994) and thus, selective spatial
attention serves as a rehearsal mechanism for SWM (Awh et al., 1998). In consequence,
human observers respond faster and more accurately to stimuli within the spatial region
of their current attention (Posner, 1980). In the present study, the orientation of the dog’s
body was used to measure its attentional space. Therefore, dogs may have ceased to
actively maintain the treat location in memory when they lost interest in the test or were
distracted (i.e., when they turned away from the testing room).

Such disruptions likely occur more frequently over increasing lengths of time.
Thus, this increasing difficulty of remaining engaged may explain the finding that
performance decreased with increasing delay. Indeed, after accounting for forward body
orientation, the effect of delay on delay-trial outcome was only marginally significant. In
contrast, the effect of delay on test-trial outcome was highly significant. However, this
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weaker prediction may be attributed to the fact that the latter model did not account for
the higher performance of dogs in zero-delay trials.

These competing interpretations highlight the exploratory nature of the analyses
of orientation behaviors. Moreover, an interruption to forward body orientation may be a
consequence rather than a cause of a failure to remember the correct location. In addition,
forward head orientation during the delay, the other hypothesized indication of sustained
engagement, did not improve performance. Ultimately, additional studies are needed to
clarify the relationship between head and body orientations, engagement, retention
periods, and SWM.

Delay optimization.

Future versions of this assessments may be able to detect ARCD more rapidly by
using only 45s and 60s delays. Delays which are so short that they present little challenge
to cognitively impaired dogs may only help to detect the most severe ARCD. Given that
only two of eight old dogs (< 8 years) displayed deficits at the 15s delay, and that age did
not predict performance at the 15s or 30s delays, these delays may not be worth the
additional testing time in future assessments. Given that AGE and AGE? accounted for
the largest proportion of variation in performance at the 45s and 60s delays, the inclusion
of longer delays in future assessments may also prolong the test unnecessarily while
reducing sensitivity to ARCD.

Conclusions

In this study, we designed an adaptive staircase assessment for SWM in pet dogs
that was sensitive to ARCD. Both young and old dogs displayed performance deficits
relative to middle-aged dogs indicating that SWM not only declines in old age but may
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develop slowly in young, adult dogs. Orientations of the dog’s head and body suggested
that the ability to remain engaged with the task may constrain the dog’s ability to
maintain locations in recent memory. However, dogs did not orient towards baited
locations to circumvent the memory requirements of this task. Up-down psychometric
staircase methods and, more broadly, adaptive testing procedures may be used to
efficiently assess the cognitive abilities of pet dogs within a single session. However,
future assessments which adopt this paradigm may be able to detect ARCD more rapidly
by testing SWM in only 45s- and 60s-delay trials. Alternatively, this paradigm may be

used to detect age-related deficits in selective attention and inhibitory control.
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Abstract

Assessments for behavioral inhibition in pet dogs that can rapidly detect age-
related cognitive deficits (ARCD) using inexpensive and accessible materials may aid in
diagnosing canine dementia and may facilitate translational research on Alzheimer’s
disease in humans. In this study, we designed and deployed a spatial serial reversal
learning test in which 80 pet dogs were required to learn which of two identical boxes
contained a hidden food treat. Each time the dog chose the correct box in three
consecutive trials the procedure was repeated using the other box. All dogs that
completed shaping (n = 62) also completed the 30-minute assessment. Middle-aged dogs
chose the correct box more often than younger and older dogs. This cognitive decline was
detectable with a stand-alone score for perseveration that can be easily measured and
interpreted by clinicians and dog owners. Age did not predict how frequently the dog
learned the serially reversing reward contingency, but older and younger dogs displayed
longer streaks of perseverative errors. Thus, ARCD in dogs may be better characterized
by bouts of severe cognitive dysfunction rather than temporally consistent cognitive
deficits. We that future ARCD assessments for pet dogs should include measurements

for intra-individual variability.
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Some dogs spontaneously develop retrogressive neurological and cognitive
deficits that resemble early-stage Alzheimer’s Disease (AD) in humans (Head ,2001).
Dogs are highly tractable, widely accessible, and share a number of anatomical
similarities with humans (Kaeberlein et al., 2016) but have shorter lifespans (Gilmore and
Greer, 2015) and may thus provide a strong animal model for translational AD research
(Araujo et al., 2017). Given that pet dogs share their environments with their owners,
research on age-related cognitive deficits (ARCD) in pet dogs may also provide insight
into the environmental factors that contribute to dementia in humans (Kaeberlein et al.,
2016). Cognitive tests typically carried out on aging colony dogs require weeks or
months of daily testing sessions and specialized laboratory equipment (e.g., Adams et al.,
2000b). Thus, to facilitate veterinary care for aging dogs while expanding the utility of
pet dogs as a model population for AD research, new cognitive tests must be designed
which can be administered in a single session using only cheap and accessible materials
(Chapagain et al., 2018).

In both humans and dogs, executive functions like inhibitory control and working
memory are particularly sensitive to ARCD (Head, 2013). Behavioral inhibition requires
selective attention towards task-relevant information and the suppression of irrelevant or
conflicting behaviors (McDowd and Oseas-Kreger, 1991). Reversal learning tests
evaluate an individual’s ability to inhibit prepotent responses to previously reinforced
stimuli and to shift responses towards a previously unreinforced stimulus (Lai et al.,
1995).

Previous studies on size- and object-reversal learning in colony beagles have
found robust evidence that older dogs are more persistent in responding to previously
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rewarded objects following reversals of task contingencies, and exhibit stronger position
biases (e.g., Chan et al., 2002; Tapp et al., 2003a). However, the relationship between age
and inhibitory control in dogs may be task specific (Bray et al., 2014) and may differ
between colony beagles and mixed-breed shelter-sourced dogs (Milgram et al., 1994).

Most studies on inhibitory control in pet dogs have observed deficits in older
individuals (e.g., Mongillo et al., 2013; Wallis et al., 2014). However, only one study
used a test which could be completed in a single session without specialized equipment.
Piotti et al. (2018) assessed object and location reversal learning in pet dogs using a go-
no-go paradigm. Dogs younger than eight years learned to approach the reinforced
stimulus faster after each reversal than did older dogs. However, fewer than half of the
older dogs learned the task within the cut-off of 100 trials. Thus, this task may be too
difficult to rapidly assess reversal learning in older dogs.

In the present study, we designed a spatial serial reversal learning test to rapidly
detect age-related cognitive decline in pet dogs. We examined whether age predicted
performance after accounting for subject and test covariates. In addition, we developed an
easily interpretable test score to assay cognitive impairment. In doing so, we also
examined whether age-related deficits in inhibitory control were characterized by bouts
of poor performance in addition to poor overall performance.

Method
Subjects
Eighty pet dogs (39 male) of various breeds and ages (10 - 173 months, mean =

80.64) were tested (Appendix D-1). To ensure accuracy of age reports, only dogs seen by
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a veterinarian before reaching one year of age were included in this study. All owners
volunteered their dogs to participate.
Materials and Procedure

The materials and layout were similar to Van Bourg et al. (2020). Additional
information about the materials and layout are provided in Appendix D-2.1.

This serial reversal learning task required dogs to choose which of two identical
boxes contained a hidden food treat. Between trials, E1 hid a treat behind (“baited”) one
of the boxes while the dog waited with E2 in the holding room. In each trial, E2 released
the dog into the testing room and the dog was allowed to search for a treat in one of the
boxes. When the dog began to move away from the chosen box, E1 immediately ushered
the dog back to the holding room. Thus, the dog was only allowed to retrieve the treat if it
correctly chose to search the baited box.

The first box the dog oriented its head towards once the treat (or empty treat
platform) was in view was scored as the dog’s choice (Appendix D-2.3). E1 was
responsible for making this determination but E2 also watched the dog to provide
confirmation or correction if needed. However, this was rarely the case as the dog almost
always walked directly towards and brought its snout to within a few centimeters of the
chosen box. In addition, all trials were verified from video recordings by a coder who
was blind to the nature of the study.

E1 continued to bait the same box until the dog chose correctly in three
consecutive trials. Each time the dog met this criterion, E1 repeated the procedure using
the other box (a ‘reversal’). If the dog failed to choose a box or retrieve the treat within
two-minutes, E2 recorded an incorrect choice (per Gunter, 2018; for justification, see
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Udell et al., 2010). The session ended when this occurred four times or when the dog
completed 30 minutes of testing.
Analysis

All data were analyzed in R version 3.4.1. Generalized linear mixed models were
constructed and tested using the package “lme4” (Bates et al., 2015b).

Trial outcome.

To test whether age predicted performance, we conducted a binomial regression
analysis of trial outcome (correct or incorrect) using a generalized linear mixed model
with a binomial error distribution (logit-link function). Recent studies indicate that
cognitive performance in pet dogs may peak in middle age rather than decline linearly
from adolescence (e.g., Watowich et al., 2020). Thus, to test both the linear and the
nonlinear (quadratic) relationships between age and trial outcome we included fixed
effects for age (in months) and age?. To control for subject covariates, we included fixed
effects for weight (kg), height (cm) and sex.

To test for evidence of learning, we included a fixed effect for trial number (a
cumulative count of trials from the start of testing). If the dog completed reversals by
learning to search for treats at the correct box rather than by random chance, we should
expect an increase in performance with trial number. However, after each reversal the
probability of choosing the correct box should abruptly drop. Thus, we also included a
fixed effect for reversal number to control for variation between reversals (i.e., to account
for this oscillating relationship between trial number and trial outcome).

If the assessment required inhibitory control, previously learned reward

contingencies should interfere with the dog’s ability to learn the current reward
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contingency. Such interference may be additive and thus the task may become more
difficult with each additional reversal. Alternatively, dogs may learn to track reversing
reward contingencies more rapidly with each additional completed reversal. The fixed
effect for reversal number tested each of these hypotheses.

For random effects, we included only subject intercepts because subject slopes for
trial and reversal number could not be reliably estimated (they created singularities and
prevented convergence), did not improve model prediction, and did not account for any
variance.

To test the significance of each predictor we conducted likelihood ratio tests of
the difference in total prediction between the full model and the nested model without the
predictor. To test overall model prediction, we compared the full model to an intercept-
only model.

Total reversals.

To test whether the total number of reversals completed during the test provided a
stand-alone score which could be used to determine the dog’s level of cognitive function,
we constructed a generalized linear model of total reversals as a function of age and age?.
Because total reversals could take only a handful of discrete values, including zero, we
used a Poisson error distribution. This better fit the data than other error distributions for
count variables (e.g., negative-binomial, zero-inflated Poisson, etc.). To test the goodness
of fit of the overall model, we compared the residual deviance and residual degrees of
freedom to the chi-squared distribution (p-values < .05 indicate data do not fit the model).

To control for minor violations of the Poisson distribution assumptions, we calculated
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robust standard errors for the predictors. We then calculated Z and p-values using the
robust standard errors to test the significance of the parameters.

Longest streak of perseverative errors.

To assess the severity of the dog’s worst bout of performance, we measured the
longest streak of perseverative errors committed during the test. Given that the dog was
not informed when a reversal occurred, only incorrect choices in trials after the first of
each reversal were considered perseverative errors. To test the relationship between age
and bouts of poor performance, we tested the regression of age and age? on the longest
streak of perseverative errors, which was normalized with a square root-transformation.
We then conducted an F-test for the overall prediction of the model and two-tailed t tests
for the prediction of the individual parameters. Satisfying the assumption of equal
variances required removing a strong outlier. Importantly, this did not change the
outcome of the analysis (see Appendix D-3).

Age-weight interactions.

Although we are unaware of any evidence that the rate of cognitive aging in dogs
varies as a function of body size, lifespan is inversely related to body size in dogs and
physiological deterioration may progress more rapidly in large breeds (Kraus et al.,
2013). To control for potential effects of body size on lifespan changes in inhibitory
control, we tested a large enough sample to ensure that age was not related to weight (R?
< 0.0001). In addition, we repeated each analysis with additional coefficients for the
interaction between weight and age, and the interaction between weight and age?. These
effects were not significant in any analysis and did not meaningfully change the outcome
of any analysis (see Appendix D-4).
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Results

Shaping required an average of 20 trials and all dogs that completed shaping also
completed the assessment (n = 62). Sixteen dogs failed to complete shaping.
Additionally, one dog would not eat treats and one dog would not approach the left box.

Dogs made a choice in all but 30 of the 2878 trials suggesting that they were
highly motivated to participate. Moreover, no-choice trials were approximately uniformly
distributed among 16 dogs (mean = 1.88 trials) indicating that low motivation was not a
major problem for any dog. Although dogs may become less active with age (Salvin et
al., 2011b) and may lose interest in cognitive tests more quickly (Salvin et al., 2011a),
age was not correlated with the number of ‘no-choice’ trials during our test (R? = 0.001).
Thus, these shaping and exclusion criteria may effectively control for motivation.
Trial Outcome

The model significantly predicted trial outcome, X2(8) = 29.70, p = .0002 (Table
3-1). The effects of age, X?(1) = 4.88, p = .027, and age? were significant, X2(1) = 6.76, p
=.009. Middle-aged dogs chose correctly more often than younger and older dogs. The
probability of choosing the correct box increased with trial number, X?(1) = 7.66, p
=.006, and decreased with reversal number, X?(1) = 12.39, p = .0004 (Appendix D-5).
Random variation among subjects predicted trial outcome, X2(1) = 6.96, p = .008.

The effects of height, weight, and sex were not significant. Therefore, to confirm
the significance of the other predictors, we constructed a final model without these
covariates. This did not change overall prediction and all remaining predictors were

significant (Table 3-1).
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The variance inflation factors of the coefficients for trial (7.0) and reversal
number (7.1) suggested multicollinearity. Thus, the standard errors of these terms may be
overestimated and the strength of their prediction, underestimated.

Total Reversals

Although the goodness-of-fit test was not significant, X?(59) = 74.55, p = .08,
neither age, B = 4.05e%3, SE = 7.22e%%; p(>|Z|) = .58, nor age?, B = -2.97e%, SE = 4.52¢°
%: p(>|Z|) = .51, significantly predicted total reversals.

Longest Streak of Perseverative Errors

The overall model significantly predicted the longest streak of perseverative
errors, F(2,58) = 8.30, p = .0007; r? = 0.22. The effects of both age, B = -0.013, SE
=.004; t(58) = -3.20, p = .002, and age? were significant, B = 8.99e%, SE = 2.41e°%; t(58)
= 3.73, p = .0004. Perseverative streaks (y = 3.49, SEy = 0.19) were shorter in middle-
aged dogs than in young and old dogs (Fig. 3-1).

Discussion

In this sample of pet dogs, the ability to correctly respond to serially reversing
reward contingencies peaked in middle-age and this finding could not be attributed to
subject covariates. After accounting for reversal number, performance improved with
trial number indicating that dogs completed reversals by learning the correct location
rather than choosing at random. Dogs were less likely to choose the correct box after each
reversal suggesting that previously learned reward contingencies increasingly interfered
with the dog’s ability to learn the current reward contingency. In turn, this indicates that
completing reversals required inhibitory control. Together, these findings provide

evidence that this test detected age-related deficits in inhibitory control.
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Importantly, these deficits were also detected with a stand-alone score (the longest
streak of perseverative errors) that can be easily measured and interpreted by clinicians
and dog owners. In addition, this test required only two visually separated areas, two
identical objects large enough to hide food treats, and 30 minutes for testing. Thus, this
assessment may provide a viable clinical or in-home assessment for ARCD.

The positive association between age and cognitive flexibility and the negative
association between age and perseveration in dogs between 10 and 72 months of age
provided additional support for recent indications that executive functions continue to
develop until middle-age in pet dogs. Watowich et al. (2020) observed a quadratic
relationship between age and performance in a broad range of cognitive assessments
implemented by citizen scientists. Experimental studies on pet dogs also align with these
findings. Wallis et al. (2014) found that selective attention and sensorimotor coordination
peaked in middle-age. Using the same two-box paradigm as the present study, Van Bourg
et al. (in press) found that middle-aged dogs could recall the location of a hidden treat
more accurately and after longer retention intervals. In addition, young and old dogs
displayed stronger box preferences suggesting that the ability to inhibit incorrect
responses to a preferred location does not fully develop until midlife.

Given that age and age? predicted the dog’s longest streak of perseverative errors
but not the number of reversals completed during the test, older and younger dogs may be
prone to more severe bouts of perseveration but not deficits in average efficiency of serial
reversal learning. More generally, ARCD in dogs may be better characterized by severe
bouts of cognitive dysfunction rather than temporally consistent cognitive deficits. Worst
performance and other measurements related to intra-individual variability are
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underutilized tools which can complement scores for overall performance and may
improve prediction of cognitive decline (Hultsch and MacDonald, 2004). Indeed, studies
on humans indicate that an individual’s worst performance in a multi-trial psychometric
test may serve as a useful indicator of ARCD (Wallert et al., 2017; 2018). To our
knowledge, the present study is the first to examine the relationship between age and
worst performance in a cognitive assessment for dogs. Thus, future studies are needed to
confirm this hypothesis.

The finding that age did not predict total reversals completed suggests that this
measurement was not a useful assessment score. Particularly in rapid assessments which
must be completed in fewer trials, integer scores may be limited to a small number of
potential outcomes. Although such measurements may be used to detect average
performance differences between age groups, they provide little resolution and therefore,
may be less useful for identifying ARCD in individual dogs. This further highlights the
importance of analyzing age as a continuous variable rather than grouping dogs into age
categories (see Van Bourg et al., 2020; Watowich et al., 2020).

The apparently counterintuitive decrease in performance across reversals
displayed by dogs in the present may stem from methodological constraints. When
animals are trained in many sessions on spatial serial reversal learning tasks, performance
generally improves across reversals as subjects learn the “principal of reversal” or simple
strategies like the Win-Stay and Lose-Shift rules (Shettleworth, 1998; 2010). In the
present study, dogs were tested in only one short session. Thus, nearly one third of the

dogs completed only one reversal and over half of the dogs were unable to complete a
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third reversal, which is usually the first reversal that subjects complete faster than the

initial side-learning event (e.g., Warren, 1966).
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Abstract

Cognitive flexibility evolves in species that live in complex and dynamic social
systems and habitats, and may enable species to better cope with anthropogenic habitat
modification. Aging may also impact the cognitive abilities of canids. Coyotes (Canis
latrans) and domestic dogs (Canis lupus familiaris) differ markedly in their social and
trophic ecology but have both been highly successful in adapting to human-modified
ecosystems. Aging dogs develop a form of dementia that mirrors Alzheimer’s disease in
humans, but it is unknown whether similar cognitive deficits develop with age in coyotes
and other wild canids. In this study, we modified a spatial serial reversal learning test that
was sensitive to cognitive aging in pet dogs to test cognitive flexibility in captive coyotes.
We also performed a second experiment using a color discrimination task to test for
flexible rule learning. Nineteen of 20 coyotes demonstrated the ability to track shifts in
spatial reward contingencies and learned to rapidly complete reversals by employing a
win-stay, lose-shift strategy. In addition, coyotes inhibited prepotent win-stay choices in
order to acquire the color discrimination task. These findings suggest that behavioral
flexibility may help coyotes to detect and respond appropriately to both rapid fluctuations
and gradual changes in ecological conditions. Performance did not differ between coyotes
and previously tested dogs, but like dogs, behavioral flexibility declined with age in adult
coyotes. Thus, cognitive decline and flexibility may be conserved among canines pending

additional studies on other Canis species.
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Behavioral flexibility allows an individual to respond appropriately to changes in
environmental stimuli through the modification, reversal, innovation, or inhibition of
behavior (see Bond et al., 2007 for discussion). Behavioral flexibility involves basic
learning processes and complex executive functions (Reader and MacDonald, 2003)
which are heritable and often selectively advantageous (Hendry, 2016; MacLean et al.,
2014). Serial reversal learning tasks have been widely used to assess and compare
behavioral flexibility (Shettleworth, 2010) and overall cognitive ability (e.g., Bitterman,
1965) in non-human animals. In these operant procedures, reward contingencies are
abruptly reversed each time a subject acquires a given discrimination task, usually a two-
or three-choice visual or spatial discrimination (Rayburn-Reeves et al., 2013). Reversal
learning involves multiple components of behavioral flexibility including inhibitory
control, a tendency to explore or probe alternative options, and probabilistic learning
(I1zquierdo et al., 2017). Subjects trained on repeated reversals may become able to
generalize that reward contingencies can be reversed, which is sometimes referred to as
the principle of reversal (Shettleworth, 1998). In deterministic two-choice serial reversal
learning tasks, subjects may optimize performance by acquiring the win-stay, lose-shift
(WSLYS) strategy (e.g., Warren, 1966; for discussion, see Bessemer and Stollnitz, 1971),
in which the subject repeats the response from the previous trial if that choice was
rewarded (i.e., if win, then stay) but switches to the alternative response if that choice was
not rewarded (i.e., if lose, then shift).

Reversal learning, inhibitory control, and other executive functions have been
tested in domestic dogs (C. lupus familiaris) and results suggest they may be strongly
affected by age-related neurodegenerative conditions which mirror the early stages of
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Alzheimer’s Disease (AD) in humans (Head, 2001; 2013). Age-related cognitive deficits
(ARCDs) in dogs and AD in humans are both associated with the development of neuritic
beta-amyloid plaques (Head, 1998; Vite and Head, 2014) as well as increased anxiety,
nocturnal activity, agitation, and disorientation (Madari et al., 2015; Landsberg et al.,
2012; Fast et al., 2013).

ARCDs are not uncommon among non-human animals and have been found in
phylogenetically diverse species (Youssef et al., 2016). However, ARCDs in dogs are
unique in the degree to which the neuroanatomical progression of affected brain regions,
underlying changes in neurophysiology, and relative sensitivity of different cognitive
functions overlap with Alzheimer’s Disease in humans (Head, 2013). Thus, testing for
ARCDs in other canine species may help to identify unique genetic correlates of ARCDs
in dogs and, in turn, Alzheimer’s Disease in humans.

Among animal models of Alzheimer’s Disease, pet dogs are also unique in the
extent to which they share their environments with humans. Dogs and humans may
overlap heavily in their activity patterns, circadian rhythms, and exposure to water, air,
noise, and light pollution, food preservatives, pathogens, and other anthropogenic
materials (see Kaeberlein et al., 2016 for discussion). To a lesser degree, coyotes (Canis
latrans) living in urban, suburban, and rural habitats are also exposed to the same
environments as humans. However, coyotes often shift their activity and space use
patterns to avoid overlapping with peak activity and space use patterns of humans (e.g.,
Gehrt et al., 2011; Smith et al., 2018). Thus, comparing age effects among coyote

populations living in anthropogenic and natural environments (in which dogs cannot
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survive: Boitani et al., 2007) may provide insight into the role of the local environment in
the development of ARCDs.

Coyotes typically survive for a maximum of 10 years in the wild although there
have been reports of coyotes surviving for up to 18 years in the wild and 21 years in
captivity (for discussion see Way and Strauss, 2004). In dogs, lifespan is inversely related
to body size and senescence is generally more rapid in larger breeds (Kraus et al., 2013).
Median life-expectancies in smaller breeds may exceed 13 years, while many larger
breeds are expected to live half as long (see Watowich et al., 2020). However, age-related
cognitive deficits and behavioral changes in dogs do not appear to depend upon size-
predicted lifespan (Salvin et al., 2010; 2012; Watowich et al., 2020).

Wild species that exhibit behavioral flexibility should be better equipped to
acquire patchy and unpredictable food resources, more likely to exploit new dietary
resources, and more likely to innovate new feeding strategies (Bond et al., 2007;
MacLean et al., 2014; Zuberbuhler and Janmaat, 2010). Importantly, flexible species may
be more successful at invading new habitats and exploiting new ecological niches; thus,
behavioral flexibility may enhance the ability of a species to cope with anthropogenic
habitat modification (Snell-Rood, 2013; Wright et al., 2010). Behavioral flexibility is also
thought to evolve in social species, which must navigate diverse and dynamic
relationships (Easton, 2005). In addition, flexibility may be particularly advantageous in
species that cooperate in pair-bonding, rearing young, hunting, vigilance, or defense (for
discussion and review, see Marshall-Pescini et al., 2015). However, selection does not
always favor ecological generalization and flexibility. Specialization can be favored in
relatively constant environment or arise through interspecific competition (Futuyma and
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Moreno, 1988). Insights from foraging theory also suggest specialization on high value
food or other resources can lead to broader ecological specialization (Futuyma and
Moreno, 1988).

Coyotes and dogs are closely related canines that have been highly successful in
adapting to anthropogenic habitats (i.e., rural, urban, and suburban) but differ
substantially in their behavior and ecology (Jensen, 2007; Moehlman, 1989).
Understanding behavioral flexibility among these and other canid species may provide
insight into the relationships between social ecology, diet, cognitive flexibility, and
species resilience.

Like free-ranging dogs, which still compose 70-80% of the global dog population
(Lord et al., 2013), coyotes scavenge for human waste in anthropogenic habitats (coyotes:
Morey et al., 2007; dogs: Sen Majumder et al., 2014). However, coyotes also forage for
fruit, scavenge carrion, and effectively hunt small mammals, birds, reptiles, insects,
cervids, domestic pets, and livestock (Hernandez et al., 1994; Morey et al., 2007; Sacks
and Neale, 2002). The composition of this diverse diet may further vary with seasonal
changes in resource availability (Andelt et al., 1987; Lingle, 2000), pack size (Bowen,
1981), breeding status (Morey et al., 2007), age (Gese et al., 1996), region (reviewed in
Morey et al., 2007), and habitat characteristics (Ward et al., 2018), including the degree
of urbanization (Santana and Armstrong, 2017). Coyotes have greatly expanded their
range since the late 1800s, from their native distribution in the arid regions of western
North America to the entire continental US and much of Alaska, eastern Canada, and

Central America (Hody et al., 2018). In doing so, they have invaded many novel habitats,
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some of which are characterized by daily or seasonal fluctuations in environmental
conditions (e.g., alpine and boreal forests).

Coyotes typically form stable breeding pairs (Hennessy et al., 2012) which
cooperate in rearing young and defending territory (for review, see Lord et al., 2013).
Dyads and packs occasionally collaborate in hunting large prey (Bowen, 1981) and
individuals have been observed hunting rodents in synchrony with badgers (Rathbun et
al., 1980; Thornton et al., 2018). Social structure varies with food availability (Bowen,
1981; Macdonald and Carr, 1995), reproductive status (Kleiman and Brady, 1978; Sen
Majumder et al., 2014), and season (Bowen, 1981; Sen Majumder et al., 2014). However,
the social hierarchies of coyote family groups are stable and less complex than the
hierarchies of multi-male, multi-female dog packs, which may be linear or nonlinear
depending on sex, age, and type of dominance-controlled resource (Cafazzo et al., 2010).
After dispersing, coyotes may become solitary residents or transients (i.e., may not form
pair-bonds), particularly when small rodents are the primary food resource (Bekoff and
Wells, 1980).

Based on diversity of foraging strategies and inhabited habitats, as well as relative
tendencies to form pair bonds, hunt in groups, and collaborate in rearing young, coyotes
should display more behavioral flexibility than domestic dogs. However, based on
relative social complexity and stability, dogs should be more behavioral flexible than
coyotes. Furthermore, selection for tractability and selection against fear and aggression
in the domestication of dogs may have created direct and indirect selection for inhibitory
control, although comparisons between dogs and wolves have not supported this
hypothesis (Brucks et al., 2019; Marshall-Pescini et al., 2015).
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Here, we designed a serial reversal learning test to assess cognitive aging and
flexibility in captive coyotes of varying ages. We modified a test used on pet dogs and
applied the same serial reversal learning criterion to a similar two-choice spatial
paradigm so that we could directly compare results from coyotes to domestic dogs (Van
Bourg et al., 2021). Although coyotes have demonstrated proficiency in other operant
tests for flexible learning (e.g., Gilbert-Norton et al., 2009), to the best of our knowledge,
serial reversal learning has only been successfully assessed in one coyote (Stanton et al.,
2020). In a second experiment, we presented ten of the coyotes with a simple color
discrimination task using the same two-choice paradigm. In this assessment, coyotes
were required to inhibit prepotent serial reversal learning responses while learning to
selectively attend to the different clothing colors of two experimenters. Thus, the
acquisition of this task measured flexible rule-learning.

General Method

This research was approved by Institutional Animal Care and Use Committees at
Arizona State University (Protocol Number: 18-1650R) and USDA’s National Wildlife
Research Center (QA-2967).

Subjects

We tested 21 coyotes (11 female, 10 male) ranging from 25 - 110 months of age
(mean = 70.1, SD = 25.9) at the USDA’s National Wildlife Research Center-Predator
Research Facility in Millville, Utah. Two additional coyotes were fearful of the
experimenters and did not pass the shaping criteria for inclusion in this study. Coyotes at
the facility receive a daily 650-g food ration that is composed of diverse high fat and

protein food items known locally as “mink food” because it is typically purchased by area
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mink breeders (Fur Breeders Agricultural Cooperative, Logan, UT). Coyotes are typically
housed as mated male-female pairs in outdoor enclosures ranging from 0.1-1.0 hectares
in size. For these experiments, coyotes were housed and tested individually in identical
0.1-hectare, tear-drop-shaped enclosures (Fig. 4-1). The first nine coyotes (Group 1)
participated in a pilot study for Experiment 11 after completing Experiment I. Ten of the
remaining twelve coyotes (Group 2) participated in Experiment Il after completing
Experiment I. One coyote from Group 2 stopped participating after completing
Experiment | and the last coyote to begin Experiment I did not meet the requirements for
Experiment Il before the end of the field season (see Table 4-1). Information on the 62
domestic dogs ranging from 10 to 173 months of age and their testing conditions are in
Van Bourg et al. (2021). The testing procedure described here for Experiment I is similar
to that carried out on pet dogs, with modifications noted here that were used to
accommodate coyote welfare and human health and safety considerations while working
with coyotes.
Materials

In each trial, a 759 semi-frozen cube of mink food (a “treat””) was hidden behind
one of two identical 0.3 x 0.2 x 0.2m landscaping bricks set 7m to either side of the front
entrance to the enclosure (Fig. 4-1). Metal tongs were used to insert these treats into the
enclosure through chain-link fencing. Tall grass surrounding each treat blind was cut
such that the treat was only visible at coyote height from within 1m of the brick. A bucket
of treats hidden outside the enclosure next to each of the blinds remained in place for the
duration of each session to prevent the coyote from using its sense of smell to determine
whether a blind contained a treat.
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Acclimation and Shaping

Before testing, all coyotes completed a 5-10-day response-dependent acclimation
and shaping procedure which involved successively introducing novel testing materials
(e.g., the blinds, vehicle, and experimenters) and procedures (e.g., remaining near the
enclosure after feeding the coyote, inserting food through the fence, and two people
approaching the enclosure simultaneously).
Testing Procedure

In each trial, two experimenters walked in synchrony to the separate blinds from
an observation vehicle which was either parked equidistant to the blinds or at least 75m
away from the enclosure. Before returning to the vehicle, both experimenters went
through the motions of placing a treat behind their blind but only one did so. The coyote
was then allowed to search for the treat behind one of the blinds. When the coyote chose
the side with the treat, the experimenters allowed the coyote to finish eating before
standing to begin the next trial. When the coyote chose the side without the treat, the
experimenters waited for the coyote to move away from this incorrect blind before
standing, which was sufficient to prompt most coyotes to move away from the blinds
towards the center of the back of the pen. To achieve this reaction from bolder coyotes,
the vehicle was parked closer to the pen. To accommodate the boldest coyotes, a recorder
who otherwise remained in the observation vehicle stood at the central front-entrance of
the enclosure. To avoid cueing, the recorder and experimenters wore dark sunglasses.

Video recordings of all sessions were captured by a camera mounted to the
observation vehicle. The recorder’s determination of the coyote’s choice was confirmed
by each experimenter in real time and later verified from the video. For both experiments,
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each testing session ended when the coyote retrieved its daily ration of mink food (mean
= 8 cubes) or stopped participating (whichever came first). If the coyote stopped
participating before retrieving at least 75% of its daily ration, additional mink food was
left in the enclosure.

Analysis - GLMMs

Analyses of task acquisition (test completion) speed are provided in Appendix E-
1. For all other analyses, we examined trial-by-trial performance using generalized linear
mixed models (GLMMs) of trial outcome (correct or incorrect choice) with binomial
error distributions (logit-link functions).

For each analysis, we first fit a full model with fixed effects for the predictor of
interest and all potential covariates, random intercepts for subjects, and all possible
random subject slopes (see Barr et al., 2013; Schielzeth and Forstmeier, 2009). To
address potential overfitting and underpowering of these maximal models (see Bates et
al., 2015a; Matuschek et al., 2017), we then removed non-significant random subject
slopes and non-significant fixed effects for covariates beginning with the effect which
accounted for the least variation in trial outcome. We continued this stepwise elimination
process until all remaining covariates added significant prediction to the final (reduced)
model. Because random slopes did not add prediction to any model in any analysis, the
random-effects structure of each reduced model included only subject intercepts.

To test the significance of individual effects in models without interactions, we
conducted Likelihood Ratio Tests of nested models (i.e., compared models with and

without each predictor). In models with interactions, we calculated profiled confidence
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intervals of fixed-effect estimates and profiled confidence intervals of random-effect
variances using parametric bootstraps.

To test for homogeneity of variance and linearity, we inspected boxplots and
scatterplots of fitted values and residuals as a function of each predictor. To test for
normality, we examined density and quantile plots of fitted values and each random
effect. To test for overdispersion, we compared the sum of the squared Pearson residuals
to the degrees of freedom of the residuals. All data were analyzed in R version 3.4.1.
GLMMs were constructed and tested using the package “lme4” (Bates et al., 2015b).

Experiment |
Method

In the serial reversal learning test, the experimenters wore matching camouflage
clothing and hats so that the coyote could not easily discriminate between experimenters
using visual cues. The same side (blind) was baited with treats until the coyote chose this
side in three consecutive trials. In subsequent trials, the other blind was baited with treats
until the coyote again chose the correct side in three consecutive trials. These side
reversals of S+ and S- were repeated each time this criterion was met. The pairing of the
experimenter, side, and treat was counterbalanced and pseudorandomized such that the
coyote did not retrieve the treat from the same experimenter in more than three
consecutive trials.

Scoring Choices.

To consistently retrieve treats, the coyote was required to attend to feedback from
recent choices (i.e., to recall whether the previously visited side contained the treat).
Thus, in the first trial following a reversal, we scored a correct choice when the coyote
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visited the side that did not contain the treat because this was the correct win-stay
response (i.e., the coyote retrieved a treat at this blind in this previous trial). In all other
trials, we scored a correct choice when the coyote visited the side that did contain the
treat because this was either the correct win-stay response (i.e., the coyote retrieved a
treat at this blind in the previous trial) or the correct lose-shift response (i.e., the coyote
did not retrieve a treat at the other blind in the previous trial).

Test Completion.

In Experiment I, the point at which the coyote completed the test depended on its
performance. Five criteria were used to determine when the coyote’s test ended. These
criteria aimed to standardize experience and proficiency in preparation for Experiment I1.
At a minimum, we attempted to test each coyote until it completed at least 100 trials and
ten total reversals. In addition, we attempted to test each coyote until it chose the correct
side nine times in ten consecutive trials (p = .02). We called this third criterion the WSLS
criterion. Furthermore, we attempted to test each coyote until it completed multiple
reversals in a single session faster than was likely to occur by random chance. The coyote
could accomplish this by completing two reversals within the first nine trials of a session
(p = .05) or three reversals within the first 17 trials of a session (p = .01). We called this
fourth criterion the Session Reversals criterion.

Each coyote that participated in Experiment Il was also required to complete the
Session Reversals criterion in its final session, regardless of whether it fulfilled the
Session Reversals criterion in a previous session. We called this fifth criterion the Final

Session criterion.
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Results

Acquisition of the serial reversal learning task.

All coyotes completed ten reversals. Nineteen coyotes satisfied the WSLS and
Session Reversals criteria, one coyote failed to meet these criteria within 20 sessions, and
one coyote’s test was terminated prematurely due to a scoring error which was later
identified from video playback (Table 4-1). Age significantly predicted the number of
trials to complete ten reversals, trials to meet the WSLS criterion, and sessions to meet
the session reversals criterion (see Appendix E-1).

Performance in the serial reversal learning task.

To assess whether age affected the coyote’s ability to track the serial reversal
reward contingency, we tested the regression of age in months on trial outcome in
Experiment one using a binomial GLMM (see Table 4-2a). Because the coyote did not
know which side was baited in the first trial of a session, we omitted these trials from the
analysis. To test for sex differences and learning effects, we included fixed effects for sex
and test trial number (cumulative across all sessions). To assess whether reversing the
rewarded side affected performance, we included a fixed-effect dummy code which
indicated whether a reversal had occurred in the current session. In the random effects
structure of this model, we included subject slopes for this dummy code, subject slopes
for test trials, and subject intercepts.

The probability of choosing correctly decreased with age, X?(1) = 9.02, p = .003,
and increased with test trial, X2(1) = 12.80, p < .001 (Fig. 4-2a). Coyotes were less likely
to choose the correct location after the first reversal of the session, X?(1) = 17.55, p

< .0001. No other effects were significant.
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After stepwise elimination of non-significant predictors, the final (reduced) model
included fixed effects for age, test trial, and whether a reversal had occurred in the
current session. Random subject intercepts were retained to account for data dependency.
The significance and approximate estimates of all predictors in this reduced model were
nearly unchanged relative to the full model (Table 4-2a).

To test whether age significantly predicted both behavioral inhibition and initial
learning speed, we analyzed trials before and after the first reversal of the session
separately using identical GLMMs of the trial outcome. In each model, we included
random subject intercepts and fixed effects for age (in months) and test trial number.
Both models are summarized in Table 4-2b.

The probability of choosing the correct side tended to decrease with age before
the first reversal of the session but this effect was not significant, X2(1) = 3.57, p = .06.
However, performance significantly decreased with age after the first reversal of the
session, X2(1) = 6.78, p = .003 (Fig. 4-2b). Performance improved with test trial both
before, X2(1) = 7.96, p = .005, and after, X?(1) = 5.60, p = .02, the first reversal of the
session (Table 4-2b). Coyotes did not significantly differ in their initial propensities to
choose correctly either before or after the first reversal of the session (i.e., random subject
intercepts were not significant).

Comparison to Dogs.

In our previous study (Van Bourg et al., 2021), pet dogs completed as few as 30
trials in a 30-minute, single-session test. Thus, to compare behavioral flexibility between
coyotes and dogs, we conducted a binomial regression analysis of trial outcomes in the

first 30 trials as a function of species (see Table 4-3). To further control for procedural
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differences, we included fixed effects for session number, trial number within the session,
and reversal number (cumulative across all sessions). Further, we omitted the first trial of
each session and excluded dogs that did not fall within the age range of the coyotes (30 —
115 months; n = 37). To test for learning, we included a fixed effect for the test trial
number (cumulative across all sessions). To control for subject covariates, we included
fixed effects for sex and age (in months). For random effects, we included subject slopes
for the session, session trial, test trial, and reversal number as well as subject intercepts.

The probability of choosing correctly did not differ between coyotes (x = 0.58, SE
=0.02) and dogs (x = 0.58, SE = 0.01) but decreased with age, X?(1) = 6.43, p = .01, and
reversal number, X2(1) = 10.07, p = .002 (Table 4-3). No other effects were significant.

After eliminating non-significant covariates (predictors other than species), the
reduced model included fixed effects for species, age, test trial, and reversal number
(Table 4-3). As in the full model, the effect of species was not significant. Again, the
probability of choosing correctly decreased with age, X%(1) = 5.97, p = .01, and reversal
number, X2(1) = 7.84, p = .005. However, the probability of choosing correctly increased
with the test trial number, X2(1) = 4.05, p = .04.

Experiment 11

Method

In the second experiment, one experimenter wore beige clothing (cap and
coveralls), one experimenter wore black clothing, and these clothing colors served as the
S+ and S- for a visuospatial discrimination task. The pairing of S+ and experimenter did
not change during an individual’s test, but different coyotes were assigned different

pairings. For example, Experimenter 1 always wore black and always provided a treat for
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some coyotes, and Experimenter 1 always wore beige and never provided a treat for other
coyotes. These pairings were counterbalanced among coyotes and pseudorandomly
assigned. This reduced the likelihood that coyotes could use the odors of the
experimenters as cues because experimenters frequently swapped clothing between tests
and visited both locations many times in each short testing session. Furthermore, we did
not expect coyotes to attend to the odors of the experimenters given the salience of the
smell controls and the fact that coyotes are primarily visual, rather than olfactory hunters
(Wells and Lehner, 1978).

When the coyote incorrectly chose the side (blind) without the treat, the sides
visited by the experimenters were repeated in the next trial. When the coyote correctly
chose the side with the treat, the sides visited by the experimenters in the next trial
followed a pseudorandomized (counterbalanced) order which prevented the coyote from
retrieving treats from the same side in more than three consecutive trials.

Scoring Choices.

To consistently retrieve treats in the second experiment, the coyote was required
to attend to the experimenters’ clothing and the locations visited by the experimenters in
the current trial. Searching the side baited by the S+ experimenter was always scored as a
correct choice and searching the side visited by the S- experimenter was always scored as
an incorrect choice.

Test Completion.

We aimed to test each coyote until it chose correctly in 17 of the last 20 trials
(binomial test: p = .002). Because of the rule that treats could not be obtained from the
same side in more than three consecutive trials, the coyote could only satisfy this
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criterion by switching sides after at least 7 of these 17 correct choices. Thus, the coyote
could not complete this color discrimination task by using the same win-stay, lose-shift
strategy it used in the serial reversal-learning task (Fisher’s exact test of the difference
between 10 of 17 and 17 of 17 win-stay choices: p = .007).

Results

Acquisition of the Color Discrimination Task.

Nine coyotes satisfied the test completion criterion of choosing the correct side in
85% of the last 20 trials, and 48% of these choices did not follow the WSLS strategy
learned in Experiment I. Trials to criterion (mean = 138) decreased with age among these
coyotes (see Appendix E-1). The tenth coyote only completed 107 trials before the end of
the field season. This coyote chose correctly in 21 of 25 trials (Binomial Test; p = .0009)
and switched sides after 45% of these correct choices during this period (Fisher exact
test; p =.002).

Performance in the Color Discrimination Task.

To test whether age affected the coyote’s ability to learn the color discrimination
task, we conducted a binomial regression analysis of the trial outcome in Experiment II.
In this GLMM we included fixed effects for age (in months), sex, test trial number, and
the interaction between age and test trial. We also included random subject intercepts and
random subject slopes for the test trial (see Table 4-4).

The probability of correctly choosing the blind visited by the S+ experimenter
decreased significantly with age, § = -0.16, 95% CI: [-0.29, -0.03], and increased
significantly with test trial number, 8 = 0.27, 95% CI: [-0.12, 0.42] (Fig. 4-3). The rate of
improvement in performance across test trials (i.e., learning speed) tended to decrease
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with age, B =-0.14, 95% CI: [-0.29, 0.01], but this effect was not significant. No other
effects were significant.

Removing the non-significant fixed effect for sex and the random subject slopes
for test trial did not change the estimates of the remaining effects (Table 4-4). However,
the interaction between age and test trial was significant in this reduced model, B = -0.14,
95% CI: [-0.30, -0.01] indicating that older coyotes acquired the color discrimination task
more slowly (Table 4-4).

Discussion

Coyotes demonstrated behavioral inhibition and flexibility by rapidly tracking
changes in spatial rules and shifting to a new foraging strategy when these rules became
obsolete. These cognitive abilities may help coyotes to invade novel habitats (Hody et al.,
2018), thrive in dynamic environments with patchy resources (see discussion in Gilbert-
Norton et al., 2009), and facultatively live in cohesive family groups (Moehlman, 1989).
In the first 30 trials of the serial reversal learning assessment, average performance and
age-related deficits did not differ between coyotes and dogs. Thus, cognitive decline and
flexibility may be conserved among canines.

Cognitive Flexibility & Discrimination Learning in Coyotes

Experiment I.

Of the 20 coyotes that were given sufficient time to complete the first experiment,
all but the second oldest learned to track shifts in spatial reward contingencies flexibly
and efficiently. Coyotes learned to search for food at a productive location, to inhibit this
response when the location became unproductive, and to instead search for food at a
different location. By the end of the first assessment, coyotes accurately recruited the
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WSLS strategy and required few (1-4) unreinforced choices to learn to inhibit a prepotent
response.

This flexibility may help coyotes to efficiently track changes in local resource
availability when foraging or scavenging (see Gilbert-Norton et al., 2009) and to rapidly
switch between targets when hunting. It has also been suggested that reversal learning
assessments approximate the demands of effectively navigating dynamic interactions
between group members, which requires rapidly switching between responses to a fixed
set of stimuli (Bond et al., 2007). Ultimately, the cognitive flexibility demonstrated by
coyotes in this serial reversal learning test may be a product of their flexible dietary and
social ecology.

The finding that coyotes, like dogs in a prior study (Van Bourg et al., 2021), were
more likely to choose the correct side as trial number increased indicates that they learned
and became more proficient at following the WSLS rules. Given that WSLS performance
began to improve within just the first 30 trials in coyotes and dogs, both species may be
predisposed to detect and respond to fluctuating conditions. Indeed, all coyotes
completed reversals and displayed tendencies to probe for alternative feeding locations
(i.e., committed win-shift errors) in the earliest sessions of the test. Thus, coyotes
displayed baseline flexibility and sensitivity to serially reversing spatial reward
contingencies as well as an ability to learn and effectively employ a flexible foraging
strategy.

The finding that coyotes were more likely to choose the incorrect side after
reward contingencies were reversed supports the hypothesis that this serial reversal

learning task assessed behavioral inhibition. Moreover, the coyote’s ability to search for
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food at the new location was constrained by the ability to inhibit the prepotent response
of searching for food at the previously rewarded location. Thus, the finding that
performance improved with trial number in the model of trials after the first reversal of
the session indicates that coyotes learned to inhibit these prepotent responses. Likewise,
the finding that performance improved with trial number in the model of trials before the
first reversal of the session indicates that coyotes became more proficient at the
underlying spatial discrimination (associative learning) task as they gained more
experience.

The high test-completion rate achieved in the present study (21 of 23 coyotes)
suggests that this paradigm may be particularly useful for testing neophobic species in
captivity. Previous studies have found that coyotes are fearful of large, novel objects
(e.g., Mettler and Shivik, 2007; Windberg, 2008). In line with these findings, Stanton et
al. (2020) found that coyotes (unlike skunks and raccoons) were generally unwilling to
participate in a serial reversal learning test which used an automated device resembling
an operant conditioning chamber. Despite strong incentives, at least 40 days to habituate
to the apparatus, and at least 25 attempted testing sessions, only one of six coyotes
participated in those trials. The apparatus was used as a steppingstone for studies of wild
mesocarnivores but the authors concluded it may not be appropriate for testing wild
coyotes. Thus, paradigms which use naturalistic materials rather than a mechanical
apparatus may help to facilitate testing of neophobic species.

These findings add to a large body of research on serial reversal learning in
diverse species ranging from honeybees (e.g., Strang and Sherry, 2014) and octopi (e.g.,
Mackintosh and Mackintosh, 1964) to birds and fish (e.g., Gonzalez et al., 1967;
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Mackintosh, 1969). Early studies which used serial reversal learning tests to compare
“intelligence” between species suggested that improvement in performance across
reversals depended on attentional processes and the ability to overcome proactive
interference (e.g., Mackintosh, 1968; 1974; Behrend et al., 1970; but see Squier, 1969).
Our study findings align with more recent studies which suggest that performance
improvement reflects the acquisition of abstract learning strategies (i.e., the ability to
‘learn to learn’), including the WSLS strategy (Rumbaugh et al., 1996; Shettleworth,
1998; 2010).

Experiment I1.

Coyotes also displayed flexibility by learning the color discrimination task after
the serial reversal learning task. At the beginning of Experiment Il, the experimenters’
new clothing provided the only potential cue that reinforcement contingencies might have
changed. Thus, the significant improvement in performance with trial number and the
high level of accuracy achieved in the second experiment indicate that coyotes learned to
inhibit prepotent win-stay choices and serially reversing response patterns.

The ability to shift from focusing on the productivity of different feeding
locations to focusing on visual differences between the experimenters may stem from the
flexible feeding strategies and diverse diets of coyotes. Whereas the first experiment
required that coyotes attend to a single type of information, the second experiment
required that coyotes flexibly attend to and integrate information from multiple sources.
Depending on habitat characteristics (Ward et al., 2018), seasonal resource availability
(Andelt et al., 1987; Lingle, 2000), pack size (Bowen, 1981), breeding status (Morey et
al., 2007), age (Gese et al., 1996), and region (Morey et al., 2007), coyotes switch

82



between foraging for fruit, scavenging carrion, hunting alone, and hunting cooperatively
(Hernandez et al., 1994; Morey et al., 2007; Sacks and Neale, 2002). Thus, attentional
flexibility may help coyotes to effectively switch between feeding modalities.

We primarily retained the lose-shift reward contingency in Experiment Il to
combat potential frustration effects and non-participation which may result from
overtraining the serial reversal learning task (see Amsel, 1962). However, this may have
also increased the difficulty of inhibiting win-stay responses if the coyote formed an
association between the win-stay rule and the lose-shift rule during Experiment I (i.e.,
learned a compound WSLS rule). Ultimately, coyotes learned the color discrimination
even though the previously learned WSLS strategy could be used to acquire the treat
more readily than by choosing at random. This finding aligns with previous indications
that coyotes detect and respond appropriately to subtle changes in reinforcement ratios.
Specifically, Gilbert-Norton et al. (2009) found that coyotes rapidly matched their
relative rate of foraging time to the relative rate of reinforcement in an operant two-
choice test with concurrent variable-interval schedules of reinforcement.

The continuity between experiments and the above-chance rate of reinforcement
predicted by the continuation of the WSLS strategy in Experiment II may emulate
gradual changes in ecological conditions during which an existing suboptimal strategy for
acquiring resources continues to be marginally productive. For example, a coyote hunting
rodents in summer may alternate between entrances to a burrow in search of signs that a
rodent may soon exit. If each sign (e.g., sound of nearby underground movement) is
considered a reinforcing event, an optimal hunting strategy may boil down to a WSLS
strategy. However, in late fall, only recently or heavily used burrows may remain clear of
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snowpack while sounds of movement may become increasingly difficult to detect. Thus,
the WSLS strategy may continue to be somewhat productive but learning to discriminate
signs of heavy use (and to focus hunting efforts at heavily used burrow entrances) may
become the optimal rodent hunting strategy.

The second assessment also tested the coyote’s ability to form an association
between treats and a particular clothing color. However, unlike the first experiment, here
we could not assess the independent contributions of associative learning and inhibitory
control to performance. To this end, future studies may present this color discrimination
task to coyotes that are naive to this paradigm.

Cognitive Aging

Both experiments indicated that, as in dogs, coyotes develop age-related deficits
in cognitive flexibility. Older coyotes required more trials to complete ten reversals, learn
the WSLS rules, and acquire the color discrimination task, as well as more sessions to
complete a reversal faster than could be attributed to chance (Appendix E-1). In fact, only
the second oldest coyote failed to satisfy the WSLS and Session Reversals criteria. Most
importantly, the probability of choosing the correct side decreased with age in both tests
and these findings could not be attributed to the subject or test covariates.

These findings suggest that heritable traits which predispose aging individuals to
cognitive deficits may be conserved among canines. However, ARCDs may result from
several underlying neurological changes (Youssef et al., 2016), which may differ between
coyotes and dogs. As with Alzheimer’s Disease in humans, ARCDs in dogs are
associated with the accumulation of B amyloid proteins in diffuse plaques and cerebral
vessels (cerebral amyloid angiopathy — CAA), as well as mitochondrial dysfunction,
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oxidative damage, and reduced neurogenesis (for review, see Head, 2013). Colony
beagles with age-related reversal learning deficits show significantly higher amounts of 8
amyloid plaque deposition in the prefrontal cortex (Cummings et al., 1996; Head et al.,
1998). Similarly, humans with AD-associated orbitofrontal degeneration display deficits
in visuospatial reversal learning (Freedman and Oscar-Berman, 1989). The distribution of
CAA is also similar in aging dogs and humans (Head et al., 2013).

Assays for these specific neurological changes in coyotes and other closely
related species are needed to assess whether the pathology of ARCDs in dogs is unique
among canines. More broadly, interspecific comparisons of ARCDs and associated
neuropathology in canines may help to distinguish between the environmental and
genetic factors which lead to ARCDs in dogs and humans.

The finding that older coyotes were less likely to inhibit prepotent responses after
reward contingencies were reversed in the serial reversal learning test supports the
hypothesis that aging coyotes develop deficits in inhibitory control. However, age did not
significantly predict the trial outcome before the first reversal of the session. Thus, the
ability to form simple spatial associations may not decline with age in coyotes. In line
with these findings, aging colony beagles display performance deficits in reversal
learning tests (e.g., Tapp et al., 2003a) but not simple visual discrimination tasks (e.g.,
Milgram et al., 1994).

Recent studies on pet dogs suggest that cognitive performance in canids may peak
in middle-age (e.g., Van Bourg et al., 2020, Watowich et al., 2020). However, many of
the dogs tested in these studies were substantially older and younger than the coyotes
tested in the present study. Thus, the linear relationship between age and performance
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found in the present study does not preclude the possibility of an underlying curvilinear
relationship.

In both experiments, the most severe cognitive deficits were displayed by coyotes
older than eight years of age (Figs. 4-2b, 4-3). This may help to explain why coyotes
rarely survive for more than nine years in the wild (e.g., Nelson and Lloyd, 2005; Young
et al., 2006). More broadly, these findings may support previous suggestions that
cognitive decline contributes to mortality in non-human animals (Ward et al., 2016).
Although many intrinsic senescence processes and extrinsic factors contribute to age-
related mortality in wild animals (H&mal&inen et al., 2014), intact behavioral inhibition
and flexibility may be particularly important to the survival of coyotes given their
dynamic social and dietary ecology. Additional cognitive flexibility assessments for both
captive and wild coyotes, particularly individuals older than nine years of age, may help
to clarify the role of cognitive decline on coyote mortality.

Given that vision tends to decline with age in diverse species, it is possible that
visual impairments in older coyotes may have hindered their performance in the color
discrimination task. However, we suggest this is unlikely given that an inability to
discriminate between light, tan-colored clothing and dark, black-colored clothing would
equate to near blindness. None of the coyotes displayed behavior or showed physical
symptoms consistent with severe visual impairments. Furthermore, age-related visual
impairments cannot explain the findings of the first experiment given that it was an

egocentric spatial task.
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Coyote-Dog Comparisons

The finding that performance in the first 30 trials of this serial reversal learning
task did not differ between coyotes and dogs suggests that the ability to learn rapidly
alternating spatial reward contingencies may not differ between these closely related
canids. These findings failed to support dietary, environmental, and cooperation
hypotheses which predict that coyotes should be more behaviorally flexible than dogs, as
well as social complexity and domestication hypotheses which predict that dogs should
be more flexible than coyotes. However, the lack of support for these hypotheses should
not be interpreted as direct counter evidence. For example, similar serial reversal learning
performance in dogs and coyotes may be attributed to convergent evolution if the more
complex and dynamic social ecology of dogs and the more flexible dietary ecology of
coyotes were equally effective in driving evolution towards greater behavioral flexibility.
Alternatively, genes that allow for greater flexibility that evolved in a common canine
ancestor may be conserved in both coyotes and dogs, regardless of whether these genes
became established via genetic drift or indirect selection for social or dietary traits. We
suggest that the lack of differences in the performance of these species should be
interpreted as evidence that cognitive decline and flexibility are conserved among
canines.

Testing additional canine species with this procedure may help to clarify these
findings. For example, wolves live in relatively stable packs (Mech and Boitani, 2010)
which can be larger and more complex than coyote family groups but not as large or
complex as packs of free-roaming dogs (based on Bowen, 1981; Lehman et al., 1992). In
addition, wolves cooperate and collaborate more (Marshall-Pescini et al., 2017b), but
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display less dietary flexibility (Gable et al., 2018) than either coyotes or dogs. Comparing
flexibility among these and other canids may provide greater resolution (and therefore,
more power to detect differences) by allowing for analyses of social and dietary
complexity as continuous rather than binary traits (see MacLean et al., 2014).

Differences in the experimental procedures used to test coyotes and dogs may
have obscured underlying species differences in behavioral flexibility (see Appendix E-
3). For example, some coyotes required multiple sessions to complete 30 trials, but all
dogs were tested in a single session. However, Izquierdo et al. (2017) argued that
discrepancies among reversal learning procedures are largely mitigated by the
comparability and convergence of different methods. Nonetheless, testing dogs with the
same multi-session procedure used to test coyotes may yield new insights. Indeed,
coyotes and dogs may perform similarly in the first 30 trials of the serial reversal learning
test yet differ in the speed with which they acquire this task across many sessions.

Presenting the color discrimination task to dogs after this extended serial reversal
learning test may also help to control for potential task-dependent findings. To this point,
serial reversal learning was not correlated with flexible color discrimination learning in
coyotes, although caution should be taken in interpreting this finding given the small
sample size of this analysis (n = 9). In line with this result, Brucks et al. (2017) found that
measurements for inhibitory control in pet dogs which were acquired using four different
tasks were not correlated. Thus, inhibitory control and flexibility may be multi-faceted
cognitive functions which cannot be captured by any single paradigm or assessment.
Ultimately, additional tests for cognitive aging and flexibility are needed to better
understand how the phenomena differ among canines.
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Conclusion

Coyotes demonstrated the ability to track shifts in spatial reward contingencies
and learned to rapidly complete reversals by employing a win-stay, lose-shift strategy.
Coyotes also demonstrated flexible rule learning by inhibiting prepotent win-stay choices
and thus succeeded at a color discrimination task. These findings suggest that behavioral
flexibility may help coyotes to detect and respond appropriately to both rapid fluctuations
and gradual changes in ecological conditions.

As in dogs, behavioral flexibility declined with age in adult coyotes. Thus, future
studies which examine the pathology and genetics underlying these and other age-related
cognitive deficits in coyotes may provide insight into the role of the shared dog-human
environment in the development of ARCDs in pet dogs and humans.

Performance in the early stage of the first experiment did not differ between
coyotes and dogs (Table 4-3). This finding failed to support, but did not conflict with,
hypotheses predicting that various forms of social and dietary complexity drive the
evolution of behavioral flexibility and cognitive complexity. Deploying identical
procedures to assess behavioral flexibility in additional canid species may help to clarify

these findings.
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CHAPTER 5
COGNITIVE FLEXIBILITY AND AGING IN GRAY WOLVES, RED FOXES, AND
GRAY FOXES
Abstract
Cognitive aging in domestic dogs (Canis lupus familiaris) mirrors the early stages

of Alzheimer’s Disease in humans but it is unclear whether other canids develop a similar
form of dementia. In recent studies, we demonstrated that dogs and captive coyotes
(Canis latrans) develop similar age-related deficits in cognitive flexibility. In the present
study, we used the same serial reversal learning assessment to test for such deficits in
captive wolves (Canis lupus lupus). In addition, we piloted the use of this assessment for
red (Vulpes vulpes) and gray foxes (Urocyon cinereoargenteus). Furthermore, we
compared cognitive flexibility among canines to test hypotheses about which ecological
traits drive the evolution of behavioral flexibility. Wolves demonstrated less flexibility
than did coyotes and dogs, supporting the hypothesis that behavioral flexibility helps
species to adapt to human-modified habitats and the hypothesis that reliance on patchy
food resources selects for greater behavioral flexibility. Relative to young and old
wolves, middle-aged wolves were better able to inhibit unproductive behaviors and to
flexibly switch between responses. Thus, age-related deficits in cognitive flexibility may
be a conserved trait among canines. Additionally, executive functions like reversal
learning and inhibitory control may continue to develop after adolescence in wolves as in
dogs. Finally, this assessment required little modification for successful deployment with
smaller-bodied red and gray foxes. Thus, this test may be useful for assessing cognitive
deficits in a variety of species.
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Dogs (Canis lupus familiaris) develop behavioral changes and age-related
cognitive deficits (ARCDs) which mirror the early stages of Alzheimer’s Disease (AD) in
humans (behavioral CDS cite, Head, 2001). Although ARCDs have been found in diverse
species (Youssef et al., 2016), ARCDs in dogs are unique in the degree to which the
neuroanatomical progression of affected brain regions, underlying changes in
neurophysiology, and relative sensitivity of different cognitive functions overlap with AD
in humans (Head, 2013). Thus, testing for ARCDs in wolves, the closest relative of dogs,
may help to identify unique genetic correlates of ARCDs in dogs and in turn, AD in
humans.

Both in humans and in dogs, reversal learning, short-term memory, inhibitory
control, and other executive functions are more susceptible to age-related decline than
other cognitive processes (Head, 2013). Behavioral flexibility — the modification,
reversal, innovation, or inhibition of behavior (see Bond et al., 2007 for discussion) —
involves many of these age-sensitive cognitive functions. Thus, tests for behavioral
flexibility may be particularly sensitive to ARCDs.

Life expectancies in dog breeds range from as short as six years in larger breeds
to more than 13 years in smaller dogs (Kraus et al., 2013; Watowich et al., 2020).
However, age-related cognitive deficits and behavioral changes in dogs do not appear to
depend upon size (Salvin et al., 2012; Watowich et al., 2020). Gray wolves (C. lupus), the
ancestral species of all dogs (Vila and Jennifer, 2012), do not typically survive for more
than nine years in the wild but some individuals have reached 13-15 years of age (Holyan
et al., 2005; Mech, 1988; Theberge and Theberge, 1988). In captivity, wolves commonly
reach nine years of age and some individuals have lived over 17 years (Holyan et al.,
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2005). Coyotes (C. latrans), the next closest living relative to wolves and dogs (Vila and
Jennifer, 2012), rarely survive over ten years in the wild although there have been reports
of coyotes surviving for up to 18 years in the wild and 21 years in captivity (for
discussion see Way and Strauss, 2004).

Serial reversal learning tasks have been widely used to assess and compare
behavioral flexibility (Shettleworth, 2009) and intelligence (e.g., Bitterman, 1965) in
non-human animals. In these two- or three-choice visual or spatial discrimination tasks,
reward contingencies are abruptly switched each time the subject learns to respond to the
rewarded stimulus (Rayburn-Reeves et al., 2013). Reversal learning involves multiple
aspects of behavioral flexibility including inhibitory control, exploration, and
probabilistic learning (Izquierdo et al., 2017). In two-choice serial reversal learning tasks,
subjects can maximize rewards by repeating a response that was rewarded in the previous
trial (i.e., if win, then stay), but switching to the other response if their previous choice
was not rewarded (i.e., if lose, then shift: for discussion, see Bessemer & Stollnitz, 1971).
These are known as the win-stay and lose-shift (WSLS) rules (Warren, 1966).

Behavioral flexibility allows animals to respond appropriately to changes in
environmental stimuli and can therefore be selectively advantageous under a variety of
ecological conditions (Hendry, 2016; MacLean et al., 2014). Species which forage for
patchy and fluctuating ecological resources (Day et al., 1999) and live in dynamic
environments (Davey, 1989) should be more flexible than species which live in stable
environments with stable resources (Jones, 2005). In addition, social species should
exhibit greater behavioral flexibility than solitary species (Easton, 2005). Moreover,
balancing individual and group needs through negotiations between individual actors or
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groups of actors requires constant modification to, shifts in, and inhibition of behavior
(Byrne and Whiten, 1988; Easton, 2005). Similarly, cooperating in rearing young,
hunting, vigilance, and defense require rapid and reversible behavioral adjustments to
account for the actions of others (Marshall-Pescini et al., 2015). Thus, behavioral
flexibility should evolve in species characterized by large social groups (Dunbar, 1998)
with complex hierarchical structure (Amici et al., 2009), fission—fusion group dynamics
(Amici et al., 2008), and extensive cooperation (Hager, 2005; Marshall-Pescini et al.,
2015).

Flexible species and individuals should be more likely to innovate new feeding
strategies, exploit new dietary resources, and invade new habitats and ecological niches
(check Bond et al., 2007; MacLean et al., 2014; Zuberbiihler and Janmaat, 2010). As a
result, behavioral flexibility may enhance the ability of a species to cope with
anthropogenic habitat modification (Snell-Rood, 2013; Wright et al., 2010). Thus, testing
these hypotheses by examining the relationships between various ecological traits and
behavioral flexibility may ultimately help to identify populations at risk of decline and
extirpation, and species at risk of extinction. Furthermore, comparing behavioral
flexibility among closely related species may help to control for evolutionary divergence
in cognition which occurred in ancestral species rather than in response to ecological
differences among extant focal species.

Canid species differ in their social, dietary, and habitat ecology (Jensen, 2007;
Moehlman, 1989) and have had markedly different levels of success in adapting to
human-modified ecosystems. Thus, canids are an ideal clade for testing competing
hypotheses about the evolutionary drivers of behavioral flexibility.
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Coyotes and dogs have been highly successful in adapting to all types of
anthropogenic habitats (Hill et al., 1987; Kuijper et al., 2019). Gray wolves were once the
most widely distributed terrestrial mammal but were eradicated from much of their range
by the early 20th century (Young and Goldman, 1944). However, over the last 50 years
their ranges in North America and Europe have been expanding (Mech, 2017) and they
are recolonizing some agricultural landscapes (Chapron et al., 2014; Kuijper et al., 2016).
Nonetheless, wolves tend to avoid areas with greater human activity (Massolo and
Meriggi, 1998) and public intolerance of wolves in suburban and urban areas will likely
prevent their recolonization of these habitats (Bruskotter and Wilson, 2014).

Red foxes (Vulpes vulpes) have been highly successful in adapting to human
habitats around the world and are one of the most widely distributed mammals (Schipper
et al., 2008). Gray foxes (Urocyon cinereoargenteus) are widely distributed across central
America and much of the US. Studies on associations between gray foxes and
anthropogenic habitats have yielded mixed results (for review, see Allen et al., 2021).
Some studies indicate that gray foxes use an array of urban and agricultural habitats (e.g.,
Lombardi et al., 2017; Temple et al., 2010) while others report negative associations
between gray foxes and human development (e.g., Markovchick-Nicholls et al., 2008;
Cooper et al., 2012). Thus, if behavioral flexibility allows species to cope with
anthropogenic habitat modification, dogs, coyotes, and red foxes should be more flexible
than gray foxes and wolves should the least flexible of these canids.

Although most canids are omnivorous, wolves (Mech, 1970) and red foxes
(Jedrzejewski and Jedrzejewski, 1992) rely more heavily on hunting and less on foraging
and scavenging than do coyotes (Andelt et al., 1987), dogs (Coppinger and Coppinger,
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2002), and gray foxes (Hockman and Chapman, 1983). Thus, if searching for patchy food
resources requires more flexibility than hunting, wolves should display less flexibility
than these other canids. However, unlike coyotes and gray foxes which are adept hunters,
free-ranging dogs, which still compose 70-80% of the global dog population and
approximate the ancestral niche of all domestic dogs (Lord et al., 2013), have evolved to
be entirely dependent on scavenging and begging for food (Coppinger and Coppinger,
2002; Marshall-Pescini et al., 2017a). Thus, if behavioral flexibility is inversely related to
reliance on any single feeding strategy, coyotes and gray foxes should still display greater
flexibility than red foxes and wolves, but dogs should be less flexible than any of these
other canids.

If behavioral flexibility is positively correlated with the diversity of habitats in
which a species can survive, flexibility should decrease from coyotes to red foxes and
wolves, to gray foxes, and finally to dogs. Alternatively, if seasonal habitat variability
selects for behavioral flexibility, wolves, coyotes, and red foxes should be more flexible
than gray foxes while dogs should be less flexible than all other canids.

Coyotes were historically found in arid and semi-arid open habitats but now
inhabit almost any habitat in North and Central America and are expanding into the
tropics (Hody and Kays, 2018). Wolves can also inhabit a variety of temperate, subarctic,
and subtropical habitats (Mech and Boitani, 2007) but generally require forest cover,
abundant prey, and low human-impact (Massolo and Meriggi, 1998). Red foxes inhabit
diverse temperate and subarctic habitats but require cooler climates than do coyotes or
wolves (Lloyd, 1980). Gray foxes primarily inhabit brushy woodlands near water in
temperate and subtropical regions of North and Central America (Allen et al., 2021).
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Finally, dogs can only survive in or around human habitats (Paul et al., 2016; Sen
Majumder et al., 2016), which undergo far less seasonal variation than do natural habitats
(Lowry et al., 2013).

If behavioral flexibility is positively correlated with social group complexity,
structural variability and fission-fusion group dynamics, flexibility should decrease from
dogs to wolves and red foxes, to coyotes, to gray foxes. Alternatively, if behavioral
flexibility is negatively associated with solitary activity, flexibility should decrease from
wolves to dogs and coyotes, to red foxes, to gray foxes.

Dogs are facultatively social and can form loosely associated groups of 2-30
individuals (Bonanni and Cafazzo, 2014; Marshall-Pescini et al., 2017a). These fluid
packs can be characterized by both linear and nonlinear social hierarchies among
numerous related and unrelated individuals, including multiple breeding adults (Cafazzo
et al., 2010). In contrast, wolf packs are usually composed of a single breeding pair, their
adult and sub-adult offspring, and the most recent litter (Packard, 2003). Coyote packs
are simpler still, consisting of a breeding pair, their most recent litter, and in some cases
yearlings from the previous litter (Bowen, 1981; Hennessy et al., 2012). Coyotes tend to
be more solitary where small rodents and vegetation comprise most of their diet (Bekoff
and Wells, 1980) whereas in higher latitudes and where larger prey are available, delayed
dispersal is more common (Moehlman, 1989). More broadly, the social structures of
dogs, wolves, and coyotes all vary with food availability (Bowen, 1981; Macdonald and
Carr, 1995, Mech, 1970), reproductive status (Kleiman and Brady, 1978; Sen Majumder
et al., 2014; Harrington, 1982), and season (Bowen, 1981; Sen Majumder et al., 2014;
Metz et al., 2011).
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Red foxes have historically been considered primitively social, although recent
studies are challenging this view (for discussion see Dorning and Harris, 2019;
Soulsbury, 2008). Red foxes typically form monogamous breeding pairs (lossa et al.
2008) and adults spend most of their time alone (White and Harris, 1994). However,
depending on ecological conditions, a monogamous dominant breeding pair may
associate with several adult subordinates or dominant males may engage in polygyny
(Moehlman, 1989). The few existing studies on the social ecology of gray foxes indicate
that they are solitary but seasonally form small family units of monogamous breeding
pairs and their young (Nicholson et al., 1985; Tucker et al., 1993; Chamberlain and
Leopold, 2002).

If behavioral flexibility is positively correlated with cooperation, flexibility
should decrease from wolves to coyotes, to dogs, to red foxes, to gray foxes. Wolves of
the same pack cooperate extensively in hunting, territorial defense, and rearing young
(MacNulty et al., 2014; Mech et al., 2021). Pair-bonded coyotes and sometimes their
yearlings cooperate in rearing young and defending territory (for review, see Lord et al.,
2013). Coyote dyads and packs occasionally collaborate in hunting large prey (Bowen,
1981) and individuals have been observed hunting rodents in synchrony with badgers
(Rathbun et al., 1980; Thornton et al., 2018). Free-ranging dogs usually scavenge alone
(Sen Majumder et al., 2014) and rarely display allomaternal care (Pal, 2005) but packs
sometimes cooperate in territorial defense (Pal, 2015). Owned dogs (particularly working
breeds) cooperate with humans, but this may require training (Range and Viranyi, 2015).
Red and gray foxes are solitary hunters and foragers but on rare occasions, red fox
females may rear litters communally (for review, see Moehlman, 1986; 1989).
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In a previous study, we designed a serial reversal learning test which rapidly
identified cognitive flexibility deficits in elderly pet dogs (Van Bourg et al., 2021). In a
follow-up study, we applied the same reversal learning criteria to a similar two-choice
spatial paradigm to assess cognitive aging and flexibility in captive coyotes (Van Bourg
et al., 2022). As in dogs, behavioral flexibility declined with age in coyotes, and
performance did not differ between coyotes and dogs. In the present study, we used a
similar test to assess whether gray wolves also develop ARCDs as well as to compare
cognitive flexibility among dogs, coyotes, wolves, red foxes, and gray foxes.

Method

This research was approved by Institutional Animal Care and Use Committees at
Arizona State University (18-1650R) and USDA’s National Wildlife Research Center
(QA-2967).

Subjects

Subject details are provided in Appendix F-1. We worked with 12 wolves and
completed testing with nine individuals (4 female, 5 male) which ranged in age from 36 -
125 months (mean = 67, SD = 34 months). We also tested two red foxes (an 86-month-
old female, and a 110-month-old male) and two gray foxes (both 26-month-old males).
Six of the wolves that completed testing, three of the wolves that did not, and all foxes
were tested at Wolf Park (WP) in Battleground, IN. The other three wolves were tested at
the Wolf Conservation Center (WCC) in South Salem, NY.

There were two trips to WP. Three of nine wolves completed testing trials during
the first trip in 2020. The three oldest wolves died before we returned in 2021. Five of the
six surviving wolves and all foxes completed testing trials during this second trip. Thus,
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two wolves at WP were tested twice. All three wolves at the WCC completed testing
during a single trip in 2021.

All canids were reared using the same socialization procedures and all served as
ambassador animals. Thus, they experienced similar levels of through-the-fence exposure
to humans. Only experienced handlers entered the enclosures of the wolves at the WCC
whereas unfamiliar humans were allowed to enter the pens of canids at WP for handler-
supervised encounters. However, in the present study humans never entered enclosures.
Wolves at WP are fed large sections of deer three times per week and receive small
pieces of assorted meats as treats during training and enrichment. Wolves at the WCC are
fed daily rations of deer and assorted meats.

All canids were tested in their home enclosures. Two of the six wolves tested at
WP were housed individually and the other four lived in a pack. The three wolves tested
at the WCC lived in a pack.

The testing procedures for wolves and foxes used in the present study were
adapted from previous studies on pet dogs (Van Bourg et al., 2021), and captive coyotes
(Van Bourg et al., 2022).

Materials and Layout

Experimenters fed each canid through the fence of its enclosure at three locations
which were spaced three meters apart for wolves and two meters apart for foxes.
Experimenters wore matching clothing, hats, and dark sunglasses so that the canid could
not easily discriminate between experimenters or use the experimenter’s eyes as cues.
Treats were an assortment of 1.5cm? pieces of raw deer, cooked meats (chicken, pork,
steak, sausage), and cold cuts.
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Acclimation and Shaping

Before testing, all canids completed two to eight days of response-dependent
acclimation and shaping procedures which involved successively introducing novel
aspects of the testing procedure (e.g., dropping treats into the enclosure through the
fence, one experimenter feeding the wolf at different locations, multiple experimenters
walking to different feeding locations at the same time).

Testing Procedure

At the beginning of each trial both experimenters dropped a treat into the
enclosure at the central feeding (start) location. This lure ensured that the canid began
equidistant to the two lateral (test) locations. When the canid retrieved this treat from the
center, the experimenters walked in synchrony to opposite test locations. There, the
experimenters stood facing the enclosure, gazing into the distance until the canid chose
(approached within one meter of) the left or right test location.

When the canid chose the correct side, the experimenter at that location provided
a treat. Conversely, no treat was provided if the canid chose the incorrect side. In either
case, the experimenters then walked in synchrony back to the start location to begin the
next trial.

Video recordings of all sessions were captured by a camera set approximately 4
meters away from the start location. The determination of the coyote’s choice was
confirmed by each experimenter in real time and later verified from the video.

Each testing session ended when the canid stopped participating, was interrupted by
another canid in the enclosure, or the maximum time allotted for the canid expired
(whichever came first). This allotment of time was determined by the daily schedule of
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activities at the facility. In general, this allowed for 15 minutes of training or testing per
canid, per session.

The amount of food consumed by each animal in each session was reported to
animal care staff to ensure that canids received additional food as needed.
Testing Rules

The same side (testing location) was treated as the correct side until the canid
chose this side in three consecutive trials whereupon reward availability was switched to
the other location, until the canid again chose this side in three consecutive trials. These
side reversals of S+ and S- were repeated each time this criterion was met. The pairing of
the experimenter, side, and treat was counterbalanced and pseudorandomized such that
the canid did not retrieve the treat from the same experimenter in more than three
consecutive trials.
Scoring Choices

To consistently retrieve treats, the canid was required to attend to feedback from
recent choices (i.e., to recall whether it was rewarded for approaching the previously
visited side). Thus, in the first trial following a reversal, we scored a correct choice when
the canid visited the side that did not contain the treat because this was the correct win-
stay response (i.e., the canid retrieved a treat at this location in the previous trial). In all
other trials, we scored a correct choice when the canid visited the side that did contain the
treat because this was either the correct win-stay response (i.e., the canid retrieved a treat
at this location in the previous trial) or the correct lose-shift response (i.e., the canid did

not retrieve a treat at the other side in the previous trial).
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Distracting Packmates

Separating pack-housed animals into different enclosures was not possible. Thus,
to allow the experimenters to work with pack-housed wolves individually, assistants
lured non-focal packmates away from the testing area and continued to distract these
individuals by regularly delivering small treats or by providing foods which could not be
eaten quickly (e.g., meat frozen in 25x10x10cm ice blocks).

Analysis and Results

Further details about models and tests of their assumptions are provided in
Appendix F-2.
Proportion of Correct WSLS Choices

Because participation in this test was voluntary, the number of trials completed by
different wolves varied greatly. To control for this variation while examining the effects
of age on performance we first tested the regression of age on the proportion of correct
choices (WSLS scoring) in the first 10 trials because all wolves completed at least 10
trials. We then repeated this analysis using the first 20 trials because only one wolf did
not complete 20 trials, and this provided twice as much data for the remaining wolves. To
adjust alpha, we used a Bonferroni correction (o = .025). However, we could not repeat
this analysis with still larger subsets of trials as the consequent sample sizes could not
accommodate alpha corrections for numerous comparisons (e.g., only 6 wolves
completed 50 trials and only 4 wolves completed 100 trials).

In our previous study on pet dogs (Van Bourg et al., 2020), we found a curvilinear
relationship between age and performance in this test. Thus, we tested both the linear and
quadratic effects of age on performance in each analysis.

102



We did not test enough red or gray foxes to include either species in these
analyses. Thus, we have included foxes in the graphs of these variables for visual
assessment of potential congruence with age effects observed in wolves.

In the first ten trials, the overall model did not significantly predict the proportion
of correct WSLS choices, F(2,8) = 1.24, p = .34, r> = 0.24 (Fig. 5-1). The effects of age, B
=0.02, SE = 0.01; t(8) = 1.35, p = .22, and age? were not significant, R = -1e%, SE = 7¢-
05: (8) = -1.45, p = .19.

In the first 20 trials, the overall model accounted for substantial variation in the
proportion of correct WSLS choices (r? = 0.60) but was only marginally significant after
adjusting for multiple comparisons, F(2,7) = 5.35, p = .04; r> = 0.60 (Fig. 5-2). However,
the effects of both age, B = 0.02, SE = 0.01; t(7) = 3.27, p = .01, and age? were
significant, B = -1e-%, SE = 3e"%; t(7) = -3.25, p = .01. Compared to younger and older
wolves, middle-aged wolves made significantly more correct choices.

Longest Streak of Perseverative Errors

To examine whether age affected perseveration in wolves, we tested the
regression of age and age? on the longest streak of perseverative errors made by each
canid. Again, we repeated this analysis using the first 10 and 20 trials of the test and
included foxes in graphs but not analyses.

In the first 10 trials, the overall model did not significantly predict the longest streak of
perseverative errors, F(2,8) = 2.59, p = .14, r? = 0.39 (Fig. 5-3). The effects of age, B = -
0.09, SE = 0.08; t(8) = -1.13, p = .29, and age? were not significant, B = 7%, SE = 5e%4;

£(8) = 1.40, p = .20.
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In the first 20 trials, the overall model significantly predicted the longest streak of
perseverative errors, F(2,8) = 8.20, p = .01; r> = 0.67 (Fig. 5-4). Compared to middle-
aged wolves, younger and older wolves displayed significantly longer streaks of
perseverative errors. However, the linear, 8 =-0.09, SE = 0.04; t(8) = -2.15, p = .06, and
curvilinear effects of age?, R = 7e%4, SE = 3e%; t(8) = 2.61, p = .03, were each marginally
significant after adjusting for multiple comparisons.

Canine Comparisons

In our previous study on pet dogs (Van Bourg et al., 2021), all subjects completed
at least 30 trials in a 30-minute, single-session test. Thus, to compare behavioral
flexibility between coyotes and dogs (Van Bourg et al., 2022), we conducted a binomial
regression analysis of trial outcomes in the first 30 trials as a function of species (see
Table 5-1). In the present study, we added wolves to this analysis. To control for
procedural differences, we included fixed effects for session number, trial number within
the session, and reversal number (cumulative across all sessions). To test whether
reversing the rewarded side affected performance, we included a dummy code (fixed
effect) for whether a reversal had occurred in the session (Session Reversal). To test for
learning, we included a fixed effect for the test trial number (cumulative across all
sessions). To control for subject covariates, we included fixed effects for sex and age (in
months). For random effects, we included subject intercepts and subject slopes for
variables which were not constant for individuals.

The effect of species was not significant but the probability of choosing correctly
decreased with age, X?(1) = 4.21, p = .04 and increased with test trial number, X%(1) =
3.91, p =.048 (Table 5-1). Canids were more likely to choose the correct side before
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completing a reversal during a session, X%(1) = 12.07, p = .0005. No other effects were
significant.

After eliminating covariates (predictors other than species and age) that were not
significant, the reduced model included fixed effects for species, age, test trial, and
session reversal (Table 5-1). Younger canids tended to choose the correct side more
frequently, but this effect was not significant, X?(1) = 2.90, p = .09. However, the effect
of species was significant, X?(1) = 6.44, p = .04. Based on Tukey post-hoc pairwise
comparisons, wolves (x = 0.51, SE = 0.03) chose incorrectly more often than coyotes (x
=0.58, SE=0.02; z=2.51, p=.02) or dogs (x = 0.58, SE =0.01;z =2.27, p =.04) but
dogs and coyotes did not differ significantly. Again, the probability of choosing correctly
increased with test trial number, X?(1) = 5.78, p = .02 and canines were more likely to
choose the correct side before completing a reversal during a session, X2(1) = 21.23, p
<.0001. Random subject intercepts were not significant.

Canid Comparisons

Given that wolves were the focus of this study and that we tested only two
individuals of each fox species, we did not include foxes in our primary analysis of trial-
by-trial performance. Thus, to explore whether red and gray foxes differed from the other
canids when controlling for age differences, we repeated the previously described final
model of trial outcome with foxes included (Table 5-2).

Younger canids tended to choose the correct side more frequently, but this effect
was not significant, X2(1) = 2.96, p = .09. The effect of species was not significant, X?(1)
= 8.70, p = .07. Again, the probability of choosing correctly tended to increase with test

trial number but this effect was not significant, X?(1) = 2.99, p = .09. However, canids

105



were more likely to choose the correct side before completing a reversal during a session,
X?(1) = 17.73, p < .0001. Random subject intercepts were not significant.
Ecological Comparisons

To examine whether species ecology may explain why coyotes and dogs
outperformed wolves in this cognitive flexibility assessment, we tested eight hypotheses
related to feeding, habitat, and social ecology (Table 5-3). We could not include foxes in
this qualitative analysis because age would be an uncontrolled variable in these
comparisons. Of these hypotheses, two aligned with our findings. The hypothesis that
behavioral flexibility allows species to adapt to human-modified habitats and the
hypothesis that foraging for spatially distributed food resources requires more behavioral
flexibility than hunting were supported by the finding that coyotes and dogs displayed
greater flexibility than wolves.

Discussion

Assessment Validity

The fact that session reversal was the strongest predictor of trial outcome in all
GLMMs indicates that the canid’s ability to choose the correct side was strongly
constrained by its ability to inhibit the prepotent response of searching for food at the
previously rewarded location when a reversal occurred. In turn, this finding provides
strong evidence that this serial reversal learning task assessed behavioral inhibition as
intended.

The finding that canines were more likely to choose correctly as trial number
increased indicates that they became more proficient at following the Win-Stay and Lose-
Shift rules as the test progressed. The fact that this occurred within just the first 30 trials
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suggests that canines may be predisposed to quickly detect and respond to fluctuating
environmental conditions.
Cognitive Aging

The significant quadratic relationship between age and the proportion of correct
choices in the first 20 trials suggests that relative to young and old wolves, middle-aged
wolves were more sensitive to the Win-Stay rule, the Lose-Shift rule, or both
contingencies. In other words, middle-aged wolves were better able to identify the more
productive of the two possible responses, either by repeating behaviors that were
rewarded or by inhibiting behaviors that were not rewarded. Taken alone, this
measurement cannot separate between the associative learning component of the Win-
Stay rule and the cognitive flexibility component of the Lose-shift rule. However, the
significant quadratic relationship between age and the longest streak of perseverative
errors committed during the first 20 trials supports the hypothesis that middle-aged
wolves were better able to inhibit unproductive behaviors and flexibly switch between
responses.

These findings agree with recent studies on pet dogs which suggest that executive
functions like reversal learning, inhibitory control, and working memory may continue to
develop beyond adolescence and then decline in old age. Van Bourg et al. (2021) found
that young and old dogs displayed longer streaks of perseverative errors and were more
likely to choose the incorrect side in this serial reversal learning test. Additionally, Van
Bourg et al. (2020) found that young and old dogs displayed stronger side biases in a
short-term memory assessment which used the same two-choice, spatial paradigm.
Furthermore, Watowich et al. (2020) found that old and young dogs displayed deficits in
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social communication, inhibitory control, selective attention, reasoning, and working
memory.

The fact that age effects were not observed in the analyses of performance in the
first ten trials, which included all subjects, may indicate that all wolves required more
than ten trials to begin responding appropriately to the reward contingencies.
Alternatively, these analyses of only the first ten trials may have been underpowered due
to insufficient individual data. In line with this hypothesis, both trends were strong (r?
= .24 and r? = .43) and both were similar in shape to the significant regressions of age on
performance in the first 20 trials.

Ultimately the present study indicates that, as in dogs and coyotes, wolves
develop age-related deficits in cognitive flexibility. This suggests that ARCDs in dogs
may not be a unique product of the shared dog-human environment but rather a
conserved trait which evolved in an ancestor common to dogs, wolves, and coyotes.
However, additional studies are needed to determine whether the physiological changes
that are associated with ARCDs in dogs and Alzheimer’s Disease in humans are also
associated with ARCDs in wolves and coyotes. In addition, future studies on ARCDs in
wild canines should aim to differentiate between (1) minor deficits which gradually
develop in old age and are typical of normal (healthy) aging, and (2) AD-like deficits
which appear earlier, progress more rapidly, and become more severe. Finally, the
successful piloting of this test for red and gray foxes suggests that this assessment can be

used to test for cognitive deficits in a variety of canid species.
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Ecological Predictors of Behavioral Flexibility

Supported hypothesis.

Coyotes (Andelt et al., 1987) and dogs (Coppinger and Coppinger, 2002) rely
more heavily on patchy resources than do wolves (Mech, 1970). Thus, the finding that
coyotes and dogs displayed greater flexibility than wolves supports the hypothesis that
reliance on patchy food resources selects for greater behavioral flexibility.

Studies on the evolution of behavioral flexibility have primarily focused on
primates (MacLean et al., 2014). A prominent hypothesis from these studies is that
reliance on fruit contributed to the evolution of complex and flexible cognition in
primates because the ability to move flexibly between different fruiting plants as
resources are exhausted and replenished should increase fitness (Zuberbdhler and
Janmaat, 2010). Although to a lesser degree than primates, coyotes can also rely heavily
on fruit depending on location and season. For example, in a coniferous forest in Oregon,
fruits were found in 83% of coyote scats collected during summer months and fruits were
the most common dietary component when percent frequency was averaged across
seasons (Toweill and Anthony, 1987).

Similar selection pressures may drive behavioral flexibility in free-ranging dogs,
which are obligate scavengers that actively search for human waste and handouts
(Coppinger and Coppinger, 2002). Aside from large municipal waste facilities (dumps),
these anthropogenic food resources are continuously depleted and replenished. Thus,
dogs should benefit from flexibly rotating between different trash cans, dumpsters,
storefronts, and other sources of handouts within their territories in responses to local
changes in food quality and quantity.
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Although wolves will opportunistically browse for fruit, this typically comprises a
small (< 10% frequency) component of their diet (for discussion see Gable et al., 2017).
Instead, wolves rely primarily on hunting and opportunistically scavenging large
ungulates (Mech, 1970). Thus, heavy reliance by coyotes and dogs (but not wolves) on
resources which are depleted and replenished over short time periods may explain the
behavioral flexibility deficits displayed by wolves in the present study.

Alternative interpretations.

In interpreting these findings, it is important to note that the various hypotheses
about ecological drivers of behavioral flexibility tested in the present study were not
mutually exclusive. Equally important, failure to support a hypothesis should not be
treated as evidence counter to that hypothesis. Thus, social, dietary and habitat
complexity, diversity and instability may all drive the evolution of behavioral flexibility,
and these effects may be additive or interactive. Some of these selective pressures may
simply be stronger than others. For example, our findings do not preclude the possibility
that cooperative tendencies promoted the evolution of behavioral flexibility in wolves.
Moreover, this effect may have been overshadowed by the importance of foraging for
patchy resources if the latter selected for even greater flexibility in dogs and coyotes.

It is also possible that this test was more likely to detect effects of foraging ecology on
behavioral flexibility because the paradigm it used modeled a foraging situation. In
another paradigm assessing behavioral flexibility in social situations, species differences
in gregariousness or other aspects of social ecology may better predicts differences in

performance. Finally, our findings may not generalize to other species. For example, it is
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possible that social complexity is a better determinant of behavioral flexibility in primates
given that most primate species rely heavily on fruit.

Limitations of comparisons.

Differences in the experimental procedures used for different canids may have
obscured underlying species differences. Experimenters walked to and from coyote
enclosures but remained close to wolves, dogs, and foxes throughout testing. Thus,
experimenters may have been more salient and distracting for wolves, dogs, and foxes
whereas coyotes may have been able to better focus on which side was baited in the
previous trial. However, this would not explain why both coyotes and dogs outperformed
wolves. Given that the food blinds were roughly 15m apart for coyotes but only 3m apart
for wolves and 2m apart for dogs and foxes, coyotes may have devoted less attention to
the incorrect blind. Thus, inhibiting incorrect choices may have been easier for coyotes.
Incorrect choices may also have been more costly for coyotes because traversing greater
distances required more time and energy. This may have provided a stronger incentive for
coyotes to choose correctly. However, these procedural differences still do not explain
why both coyotes and dogs outperformed wolves.

Future directions.

Testing identically reared and housed canids, such as pack-housed dogs and
wolves, should help to address procedural inconsistencies. However, as this study has
demonstrated, disentangling hypotheses about the numerous potential ecological drivers
of cognitive evolution will likely require testing more than two species. Thus, future
studies which test larger samples of red and gray foxes, as well as other canids are needed
to clarify the findings of the present study.
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Conclusions

The present study showed that canines may be predisposed to quickly detect and
respond to fluctuating environmental conditions and that age-related deficits in cognitive
flexibility may be a conserved trait among canines. In addition, our findings indicate that
executive functions like reversal learning and inhibitory control continue to develop after
adolescence in wolves as in dogs. Together, these findings suggest that ARCDs in dogs
may not be a product of the shared dog-human environment, however additional studies
are needed to assess the utility of canines other than dogs as animal models of
Alzheimer’s Disease in humans. Finally, the successful deployment of this test with both
captive and pet, large- and small-bodied canids suggests that this assessment may be used
to test for cognitive deficits in a variety of species.

The present study also indicated that coyotes and dogs are more behaviorally
flexible than wolves. This finding supports only two of many hypotheses about potential
ecological drivers of cognitive flexibility — that reliance on patchy food resources selects
for greater behavioral flexibility and that behavioral flexibility allows species to adapt to
human-modified habitats. However, additional studies are needed to rule out alternative
explanations. Importantly, our findings indicated that controlling for age in these future

studies will be essential.
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CHAPTER 6
GENERAL DISCUSSION

This dissertation describes a series of studies on comparative cognition in dogs
and their wild relatives. The first two studies aimed to design cognitive assessments for
dementia in pet dogs which can be implemented easily and rapidly. These tests may aid
in the diagnosis of Canine Cognitive Dysfunction syndrome and thereby improve care for
elderly pet dogs while also facilitating the use of pet dogs in translational research on
Alzheimer’s Disease in humans. The third and fourth studies tested for similar cognitive
changes in wild canids and examined which ecological traits drive the evolution of
behavioral flexibility and species resilience.

Cognitive Aging in Dogs and Humans

In the first experiment, | designed and deployed an assessment for spatial working
memory (SWM) in which 26 pet dogs were required to recall the location of a treat
hidden behind one of two identical boxes following a delay. To efficiently measure the
duration and accuracy of the dog’s short-term memory, | used a response-dependent
testing procedure in which the dog was given trials with longer delays following correct
choices and trials with shorter delays following incorrect choices. This test was sensitive
to age effects but was hindered by a high rate of attrition. Thus, | modified the shaping
and testing procedures and retested the dogs. In this second experiment, | acquired
reliable evidence that dogs learned the rules of the assessment, that the test measured
SWM as intended, and that performance declined with age. This study demonstrated that
up-down psychometric staircase methods and adaptive testing procedures more broadly,
may be used to efficiently assess SWM and identify cognitive decline in pet dogs.
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Although designing a single-session assessment was an important step towards a widely
deployable test, the SWM task was complicated and lengthy (approximately one hour).
As aresult, in the next study | applied a faster and less complicated serial reversal
learning (SRL) procedure to the same two-box paradigm to assess cognitive flexibility
and behavioral inhibition in 80 pet dogs. In this assessment, an experimenter hid treats in
the same box until the dog learned to search for treats only in this box. Each time this
occurred, the experimenter began hiding treats in the other box. All dogs that completed
training also completed the assessment. Age did not predict how frequently the dog
learned the serially reversing reward contingency, but older dogs chose the incorrect box
more often and displayed longer streaks of perseverative errors. Importantly, this age-
related cognitive decline was detectable with a stand-alone score that could be easily
measured and interpreted. And as with the SWM test, this SRL assessment required only
two visually separated areas and two identical objects large enough to hide food treats.
Ultimately, this widely deployable test may aid in the diagnosis of CDS in dogs and as a
result, facilitate research on ARCDs in dogs and the use of dogs as an animal model of
AD in humans.
Cognitive Aging in Other Canids

Comparing cognitive, behavioral, and neurodegenerative changes between canid
species to determine whether ARCDs are a conserved or unique trait in dogs may be an
effective means of disentangling the genetic and environmental components of dementia
in dogs. Moreover, if wild canids and pet dogs are equally prone to cognitive, behavioral,

and neurodegenerative senescence, future studies on ARCDs in dogs should focus on the
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genetics underlying these changes rather than the dog-human environment. To this end, |
conducted a series of cognitive tests on captive North American canids.

First, | assessed cognitive flexibility in 20 coyotes using a modified version of the
SRL test. After the coyotes completed this assessment, | immediately tested their ability
to learn a color discrimination task which required that they stop following the obsolete
rules of the SRL test. In both tasks, multiple facets of performance declined with age
suggesting that coyotes, like dogs, may develop ARCDs.

In the next study, I slightly modified the SRL assessment to test for age-related
cognitive flexibility deficits in gray wolves. In addition, I successfully piloted the use of
this test for red and gray foxes so that future studies may test for ARCDs in these and
other small-bodied wild canids. As in dogs and coyotes, performance in wolves declined
in old age suggesting that ARCDs may be a conserved trait among canines.

Studies on the neuropathology and epidemiology of ARCDs in wild canids are needed to
confirm this hypothesis. Specifically, future studies must differentiate between (1)
moderate cognitive decline which occurs late in life in many species and (2) more rapid
and severe changes which begin earlier in life as a result of neuritic plague formation and
consequent cortical neurotrophy. This will likely require repeated, lifetime testing of the
same individuals and postmortem neurological assays. Testing for other cognitive and
behavioral changes in these individuals will also be valuable.

Future studies which compare populations of wild canids living in human-
modified and natural habitats may help to identify environmental pollutants that
contribute to cognitive aging. Coyotes and red foxes in particular may be ideal focal
species given their success in highly developed and densely populated human habitats.
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For example, it may be the case that populations of canids in these habitats are more
prone to AD-like senescence than are populations of canids in remote, undisturbed
habitats. Follow-up studies could then attempt to identify the specific anthropogenic
pollutants contributing to this phenomenon. Ultimately, the identification of ARCDs in
coyotes and wolves has paved the way for multiple promising avenues for research on
dementia.
Cognitive Aging in Other Species

Animal models that closely mimic the age-related cognitive decline that occurs in
humans are essential for understanding and designing more effective treatments for AD
in humans (Bizon and Woods, 2009). AD-like amyloid plaque and neurofibrillary tangle
accumulation has been observed in several diverse animals including Bactrian camels,
polar bears, degus, and woodpeckers (Youssef et al., 2016). However, the effects of these
neurotrophic changes on the cognitive function of these species are poorly documented
(Youssef et al., 2016). New cognitive tests which are known to detect age-related deficits
in diverse species are needed to remedy this limitation. Thus, the ability of the serial
reversal learning test developed in this dissertation to detect age-related cognitive
flexibility deficits in both domesticated and wild small- to large-bodied animals varying
greatly in neophobia and boldness suggests that this test may be valuable for assessing
and comparing cognitive aging in diverse species.

Cognitive Development in Dogs
Little is known about the development of non-social cognition in dogs (Bray et

al., 2021b). Thus, in addition to investigations into senescence, | also tested for cognitive
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changes early in adulthood. To this end, | examined both the linear and curvilinear
relationships between age and performance.

In both the spatial working memory and serial reversal learning assessments,
young dogs displayed performance deficits relative to middle-aged dogs, indicating that
executive functions like reversal learning, inhibitory control, and working memory may
develop beyond adolescence and then decline in old age. These insights are in line with
similar findings in other recent studies on cognitive aging in pet dogs (e.g., Watowich et
al., 2020).

Understanding such developmental changes may help owners and handlers to
better care for and train both pet and working dogs. Indeed, several aspects of trainability
including selective attention (Wallis et al., 2014), short-term memory (Chapter 2), and
behavioral inhibition (Chapter 3) appear to improve through much of adult life.
Working dogs are often expected to complete training and begin working in the field
around two years of age (e.g., Duffy and Serpell, 2010). The findings of this dissertation
and other recent studies suggest that these young dogs may be best suited for placement
with experienced handlers who may not require that their dogs have achieved peak
performance. In addition, working dogs are often released from training programs
between one and two years of age, at which point programs have already invested heavily
in their training (Bray et al, 2021a). If these decisions are based on behaviors which
involve slow-developing cognitive processes like attentiveness and flexibility, releasing
these young individuals may be premature. Moreover, future studies should assess
whether underperforming young dogs can ultimately achieve the necessary level of
proficiency if allowed more time to develop. Conversely, working dogs such as police
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and military dogs generally retire around eight years of age, usually due to physical
limitations resulting from musculoskeletal degeneration (Worth et al., 2013). However,
the findings of this dissertation suggest that middle-aged dogs may be in the prime of
their cognitive ability. Thus, transitioning middle-aged working dogs to less physically
demanding, but still valuable, tasks rather than fully retiring these individuals may
maximize their utility.

Clarifying when dogs reach peak cognitive performance should improve the
sensitivity of cognitive tests for ARCDs. For example, considering the longest streak of
perseverative errors made at any point during the SRL test, dogs under two years of age
committed as many or more consecutive errors than dogs over ten years of age. Thus,
had | used these young adult dogs as a baseline, 1 would have failed to detect the
substantial decline that was found when comparing middle-aged and elderly dogs. Most
studies on colony-living beagles have included only young dogs in baseline comparison
groups, have not tested middle-aged dogs, or have not tested for curvilinear age effects.
For example, Head et al. (1995) found a linear decline in SWM with age but tested no
dogs between three and seven years of age. These studies may have failed to detect
important cognitive changes or underestimated the magnitude of cognitive decline from
middle to old age. Ultimately, this updated view on lifespan changes in cognition may
improve our understanding of, and ability to detect ARCDs.

Cognitive Development in Wild Canids

Interestingly, middle-aged wolves were also better able to inhibit unproductive
behaviors and to flexibly switch between responses compared to young adult individuals.
However, performance declined linearly with age in coyotes, both in the serial reversal
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learning and discrimination learning tests. Initially, I attributed this to the restricted age
range of the coyote sample relative to the dog samples — many of the dogs I tested were
substantially older and younger than the coyotes I tested. Thus, I hypothesized that a
curvilinear relationship between age and performance in coyotes may be detected if older
and younger coyotes were tested. However, the age ranges of the wolf (three to ten years)
and coyote (two to nine years) samples were not substantially different. Thus, cognitive
flexibility may develop more slowly in dogs and wolves than coyotes. This may indicate
that flexibility yields fitness benefits earlier in development of coyotes, but additional
studies are needed to test this hypothesis.

In line with the findings of this dissertation, Wobber et al. (2010) found that the
development of social inhibition occurred more slowly in bonobos relative to
chimpanzees. Interestingly, social tolerance also decreased with age in chimpanzees but
not bonobos. Thus, aspects of cognition in adult bonobos may represent developmentally
delayed forms of traits in chimpanzees. Given that coyotes disperse within their first or
second year while adult wolves often remain with their natal pack for many years, social
tolerance may also decrease more rapidly with age in coyotes than wolves. Like bonobos,
dogs are also characterized by multiple paedomorphic traits (Frank and Frank, 1982).
Thus, differences in behavioral inhibition between these closely related canines may
mirror differences between closely related apes. Future studies which examine the
development of social inhibition, rather than non-social inhibition are needed to test this

hypothesis.
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Evolution of Cognitive Flexibility

Behavioral plasticity, which can arise through a variety of processes including
ontogenetic expression, individual variation, and cognitive flexibility, allows individuals
and populations to adapt to environmental changes. Thus, cognitive flexibility may
enable species to invade human habitats and to cope with anthropogenic habitat
modification. In turn, identifying the evolutionary drivers and ecological predictors of
cognitive flexibility may help practitioners and policy makers to identify and protect
species at risk of population decline. Canid species differ in their social, dietary, and
habitat ecology and have had markedly different levels of success in adapting to human-
modified ecosystems. Thus, canids are an ideal clade for testing competing hypotheses
about the evolutionary drivers of behavioral flexibility.

Coyotes and dogs thrive in almost every type of human habitat (Hill et al., 1987;
Kuijper et al., 2019) while stable populations of gray wolves are generally restricted to
areas with low densities of humans (Massolo and Meriggi, 1998). Wolves also rely less
on foraging and scavenging than do coyotes and dogs. In the SRL tests, wolves
demonstrated less flexibility than did coyotes and dogs, but performance did not differ
between coyotes and dogs. Thus, these findings support the hypothesis that behavioral
flexibility helps species to adapt to human-modified habitats as well as the hypothesis
that reliance on patchy food resources selects for greater behavioral flexibility. It follows
that species which do not rely on patchy resources may be ill-equipped to adapt to
anthropogenic environmental change. Although this hypothesis requires additional
testing, if supported this knowledge could help practitioners to identify species in need of
protection and help conservationist to garner support for the protection of these species.
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The ability of an animal to adjust to novel situations through win-stay lose-shift
rules should reflect the past selection pressures in which this species evolved (Sih, 2013).
However, the ability to make such adjustments may not generalize to all aspects of the
animal’s behavior. Moreover, species should display greater flexibility in the specific
aspects of their ecology which have been characterized by greater complexity and
unpredictability (Bond et al., 2007). For example, animals that have evolved in dynamic
or complex environments should exhibit greater perceptual and attentional flexibility. In
contrast, animals that have evolved to rely on fluctuating resources should exhibit greater
flexibility in allocating time and energy on acquiring spatially distributed resources.
These insights suggest that the findings of this dissertation may not hold when using a
different cognitive flexibility assessment. For example, coyotes may display less
flexibility than dogs and wolves in a paradigm which examines responses to different
social partners. In line with this prediction, previous studies have found that wolves
demonstrate greater flexibility than dogs in a cooperative context by appropriately
adjusting their behaviors to coordinate their actions with a partner (e.g., Marshall-Pescini
et al., 2017Db). In addition, Marshall-Pescini et al. (2015) found that dogs displayed
greater behavioral inhibition in a cylinder task while the opposite was true in a different
detour task.

Additional studies are needed to assess the extent to which the findings of this
dissertation generalize to other species. For example, it is possible that social complexity
is a better determinant of flexibility in primates, even in SRL tasks, given that most
primate species rely heavily on fruit. Few studies have used SRL assessments to compare
cognitive flexibility in closely related, non-primate species. Bond et al. (2007) compared
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performance in three SRL tasks between pinyon jays (Gymnorhinus cyanocephalus),
which are highly social, Clark’s nutcrackers (Nucifraga columbiana), which are mostly
solitary but have superior spatial memory, and western scrub jays (Aphelocoma
californica), which are ecological generalists. Pinyon jays outperformed nutcrackers and
scrub jays suggesting that in North American Corvids, the ability to respond to shifts in
reward associations evolved in response to social rather than ecological or spatial
complexity.

Importantly, cognitive flexibility is only one of several forms of behavioral
plasticity which have likely contributed to the success of both dogs and coyotes in
adapting to anthropogenic habitat modification. For example, Breck et al. (2019) found
that urban coyotes are bolder and more exploratory than rural coyotes, a product of
differential selection, lifetime learning, or perhaps both processes. In addition, the
domestication of dogs, an example of extensive adaptation to human environments, may
be largely attributed to behavioral plasticity. A defining feature of this process was the
evolution of a prolonged social critical period which afforded dogs more opportunities to
imprint on co-occurring humans, or to learn that humans need not be completely avoided
(Coppinger and Coppinger, 2002). In turn, this allowed free-roaming dogs to live in
densely populated human habitats. However, dogs are still capable of developing
avoidance behaviors consistent with wild canids if imprinting on humans does not occur.
Thus, domestication can be thought of as an expression of behavioral plasticity.
Ultimately, canids may be an ideal clade for examining multiple forms of behavioral

plasticity and their roles in adapting to human habitats.
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Conclusions

The studies described in this dissertation further our understanding of comparative
cognition and cognitive aging in canids. In the first two studies, | designed novel
cognitive tests for dogs which may aid in the diagnosis of CDS in clinical and in-home
setting. In the next two studies, | identified for the first time ARCDs in coyotes and
wolves. In addition, | created a cognitive aging assessment which can be used for diverse
captive animals. My hope is that future studies use these tests to advance veterinary care
for elderly pet dogs and to facilitate translational research on AD in humans.

Unexpectedly, I also detected cognitive deficits in young, adult dogs. | hope that
this insight will lead others to question the instantiated narrative that dogs are most
trainable and best able to perform in a working capacity as young adults. In turn, | hope
future studies on cognitive development in dogs may improve training and care for pets
and working dogs. Furthermore, | believe that better describing lifespan cognitive
changes will ultimately improve the sensitivity of cognitive aging tests. Interestingly, I
also observed delayed development of cognitive flexibility in wolves but not coyotes
which may reflect earlier selection for flexibility in coyotes.

Finally, | found that coyotes and dogs displayed greater flexibility than wolves
suggesting that species which have not evolved to forage or scavenge for unstable
resources may be unable to cope with human habitat modification. Ultimately, | hope that
this and similar research on the evolutionary drivers of cognitive flexibility will aid in

wildlife conservation.
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Table 2-1

Example of Training Progression in Experiment |

Trial 1 2 3 4 5 6 7 8 9 10 11 12
Level 1 1 2 2 2 2 3 3 3 3 3 3

Choice L R L

-
—
Py

-
-
-
Py

L R

PCC 10 10 10 50 .67 .75 00 00 033 .50 .60 .67

PCC = proportion correct at the level attempted. L = left box. R = right boxes.
Green letters indicate correct choices, red and underlined letters indicate
incorrect choices
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Table 2-2

Example of Training Progression in Experiment 11
Trial 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Level 1 1 2 2 2 2 3 3 3 2 2 3 3 3 3
Choice. L R L R r L R r r | R L R R L
PCC 10 10 10 50 67 .75 00 00 00 .80 .83 .25 .40 50 .57

PCC = proportion correct at the level attempted. L = left box. R = right boxes. Green letters indicate
correct choices, red and underlined letters indicate incorrect choices. Lowercase letters indicate

correction trials
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Table 2-3

Experiment I Analyses

Purpose Analysis Criterion Predictors n Tab./Fig.
Task Binomial PCC in Zero-delay Trials? 6-33° Fig. 2-6
Acquisition Tests (one test per dog) Appendix
& Retention C-4
Task Binomial PCC in Delays Trials® 8-29"  Fig.2-6
Acquisition Tests (one test per dog) Appendix
& Retention C-4
Age- Quadratic CMS AGE + AGE? 23 Fig. 2-7
Dependent Regression
Performance
Delay- Binomial Trial AGE + AGE? + Delay + Trial + 696 Tab.2-4
Dependent GLMM Outcome AGE*Delay + AGE?*Delay +
Performance 2 AGE*Trial + AGE?*Trial
+ (1 + Delay + Trial | Dog)
Head & Body Binomial Delay trial H.C.DI + B.C.DI + H.F.DI 426  Tab.2-5
Orientations ~ GLMM Outcome +B.F.DI + H.F.Dm + B.F.Dm
+ (1] Dog)
Binomial Delay trial AGE + AGE? + Delay + 426  Tab. 2-6
GLMM Outcome AGE*B.F.DI + AGE?*B.F.DI +
RSS B.F.DI + (1 + B.F.DI | Dog)
Perseveration  Quadratic |Side Bias| AGE + AGE? 23 Fig. 2-8
Regression
Delay 5 x Quadratic PCC in the AGE + AGE? 20-22¢ Tab. 2-7
Optimization  Regressions  15s, 30s, Fig. 2-9
45s, 60s, &
90s Delays

GLMM = generalized linear mixed model (logit error distribution). PCC = proportion or correct
choices. CMS = cumulative memory score. Predictors in the final GLMM of trial outcome are in bold
text. GLMM equation notation follows from the package Ime4 in R. For head and body orientations,
H = head, B = body, C = oriented towards the correct box, F = oriented forwards (towards the testing
room), DI = during the entire delay, Dm = during the entire demonstration
@ binomial tests compared observed to expected number of correct choices in a given number of

attempts

b number of trials differed among dogs
¢ number of dogs differed among delays
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Table 2-4

Delay Sensitivity — GLMM of Test-trial Outcome

Model Estimates Random Effects Mgitzel
Predictor Type R  SE RCI X2 p s?Cl X* p AIC BIC r(razf)
Full 614 682 .96
AGE F 246 0.13 [16,33] -- - -- -- --

AGE? F -2.25 051 [-3.1,-14] -- -- -- -- --
Delay FRS -061 014 [-9-3] - - [01,4] 0.17 .98
Delay* 081 054 [-0218] 22 .69 - -
AGE

Delay F 082 054 [-1.8,01] 23 68  -- S
*AGE?

Trial F,RS -0.10 0.13 [-.35,.2] -- -- [.01,.3] 0.99 .09
IK%IE F -1.57 047 [-2.1,-8] 93 .05 -- -- --
Tal © ¢ 485 047 [0826] 89 06 - -~ -
AGE

Intercept | 161 051 [1419] -- -- - -- -
Subject RI -- -- -- - - [.00,4] 0.09 .99
Final 608 635 .92
AGE F 2.78 0.87 [154.4] 117 <01 -- -- --

AGE? F -258 086 [4.2-13] 105 <01 - - -
Delay F -0.66 0.16 [-9-4] 209 <01 - -
Trial F 020 017 [-04,5] 13 26 - -
Intercept F 186 020 [1523] - - -- - -

Subject  RI _ - -~ -~  [0.8 048 50

F = fixed effect. RS = random slope. Rl = random intercept. B = estimate (predictor coefficient). s
95% CI = confidence interval of the random effect variance (values near zero are not significant). AIC
& BIC = Akaike & Bayesian Information Criterion (smaller values indicate better fit). r2/r(df) = sum
of squared Pearson residuals divided by residuals degrees of freedom (deviations from 1.0 larger than
|0.2| may indicate over/ underdispersion). Chi-square and p values were obtained from Likelihood
Ratio Tests of the difference in total prediction between the full model and the nested model without
the predictor. Profiled confidence intervals for B were calculated using parametric bootstraps
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Table 2-5

Predictive Value of Orientation Behaviors — GLMM of Delay Trial Outcome

Dimension Predictor Levels Group 1 (no) Group 2 (yes) LRT
N PCC PCC 2
(M £ SE) (M £ SE) P
Rehearsal Head correct Correct 454 0.78+0.02 20 0.70+0.11 111 0.29
(delay) Orientation
Bodycorect 089 360 075+002 112 085+003 245 012
(delay)
Engagement  Head forward Forward 380 0.77+0.02 94 0.77+£0.04 013 0.72
(delay) Orientation
(yes/no) -
Body forward 113 0.65+0.04 361 0.81+0.02 846 0.004
(delay)
Head forward 137 0.79+0.04 337 0.77+£0.02 123 0.27
(demonstration)
Body forward 74 074+005 400 0.78+0.02 029 0.59
(demonstration)
Individual g et Random —_ - 134 025
variation Intercepts

Group 1: trials in which the dog did not maintain the corresponding orientation. Group 2: trials in which
the dog did maintain the corresponding orientation. LRT = Likelihood Ratio Test of nested models. The
full model included all orientation behaviors and the random intercept. n: number of trials in which the

dog did or did not maintain the orientation. See Table 2-3 for remaining abbreviations
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Table 2-6

Engagement, Delay, and Age — GLMM of Delay-trial Outcome

Model Estimates Random Effects Model Fit
Predictor  Type R SE R CI X2 P 2cl X o AIC BIC r(%f)
Full 502 543 0.95
Age F 186 0.78 [0.5,3.4] -- -- -- - -

Age? -1.72 072 [-3.1,-05] - - - - -

BEDI FRS 076 028 [0.1,13] - - [0,0.8] 0.92 0.63

B.F.DI F -0.08 096 [-2.1,2.6] 0.01 0.94 -- - -

*AGE

B.F.DI F -0.14 092 [-1.8,1.7] 0.02 0.88 -- -- -

*AGE?

Delay F -0.26 0.14 [-050] 3.49 0.06 - - _

Intercept | 078 022 [0413] - - -

Subject N - - - ~ -~ [007] 019 091

See Tables 2-3 and 2-5 for abbreviations
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Table 2-7

Regression of Age on PCC in Each Delay Attempted by at Least 20 Dogs

Model Prediction AGE.CENT AGE.CENT?

Delay (s) n r2 F p t p t p
15 22 0.20 2.35 0.12 212 0.05 -2.16 0.04
30 22 0.15 1.63 0.22 1.80 0.09 -1.77 0.09
45 22 0.33 4.67 0.02 0.33 0.75 -3.06 0.01
60 22 0.35 5.11 0.02 -1.31 0.21 -2.71 0.01
90 20 0.28 3.38 0.06 0.90 0.38 -2.57 0.02

152



Table 3-1

Analysis of Trial Outcome

Coefficients (NI;thZ 9 Model Fit (Vs':ﬁz”) (VL-_F;I”)

Predictor R SE X? p AIC BIC r(Tri) X? p X? p
Null Model 3912 3918 1.004

Intercept 0.11 0.04 -- --
Full Model 3898 3952 0.978 29.70 <.01

Age 055 025 488 <.05

Age? -0.65 024 6.76 <.01

Trial 029 011 766 <01

REV -045 0.13 1239 <.01

Height 0.08 0.15 0.27 .60

Weight -0.19 015 155 .21

Sex -0.09 0.12 0.63 .43

Intercept 0.15 0.08 -- --

Rnd.Shj.Int - 0.07 6.96 <.01
Final Model 3898 3933 0975 2438 <01 533 0.15
Age 050 025 395 <.05

Age? -059 0.25 5.63 <.05

Trial 030 010 831 <01

REV -045 0.13 13.04 <.01

Intercept 0.10 0.06 -- --

Rnd.Shj.Int -- 0.05 919 <.01

The three sections of the table identify the three generalized linear mixed models of trial outcome
(correct or incorrect choice) with binomial error distributions. The first row of each section, in which the
model is named, provides information about the fit and significance of the overall model. Each
subsequent row provides information about a predictor in the model. The full model was constructed
based on a priori predictions and included fixed effects for test and subject variables, a fixed intercept,
and random subject intercepts (Rnd.Shj.Int). Likelihood Ratio Tests (LRTs) of nested models were used
to assess the significance of each predictor. The final model with only the significant predictors from the
full model was constructed to address potential overfitting. To determine whether these models
accounted for significant variation in trial outcome, each was compared to the null model using an LRT.
A third LRT was used to compare overall prediction between the full and final models. Akaike &
Bayesian Information Criterion (AIC and BIC) were used to compare model fit. The ratio of the sum of
the squared Pearson residuals to the residuals’ degrees of freedom (r?/r(df)) was used to assess
dispersion. REV: reversal number.
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Table 4-1

Individual Data for Coyotes: Covariates, Test Duration, and Acquisition Speed

Experiment | Experiment 11

DJr?chn Acquisition Criteria Du-ll—'zz[on F'il'nr?:;llzso
Age Sex Grp Trials Sess 10 WSLS Sess  Final Trials Sess \F{\liglp;.s
(m) Revs Revs  Sess Cret
25 M 1 107 7 93 --a -a 217 - - -
38 F 1 136 12 73 36 1 3:14 - - -
39 F 1 100 10 69 15 1 2:9 - - -
39.5 F 2 157 12 85 32 5 2:8 64 10 0.63
39.5 M 2 177 13 124 91 6 2:7 77 6 0.58
40 M 2 75° 10 73 38 1 1:5 - - -
53 M 2 124 10 83 64 10 312 136 6 0.50
53 F 2 171 11 107 30 5 2:13 - - -
62 F 1 120 7 87 61 3 2:9 - - -
76 F 2 135 12 103 67 5 27 182 10 0.53
76 M 2 150 10 139 86 6 28 134 9 0.42
86 M 1 150 10 128 145 10 2:7 - -- -
86 M 1 243 17 140 83 5 2:12 - - -
87.5 F 2 165 12 103 70 12 28 136 12 0.61
88 F 1 161 13 102 60 13 2:9 - - -
88.5 M 2 132 11 87 94 5 2:8 86 10 0.37
88.5 M 2 100 8 81 75 2 2.8 1079 12 0.45
98 F 1 206 20 144 ¢ -¢ 0:10 - -
99 F 2 131 12 87 71 8 26 172 15 0.56
99.5 M 2 130 9 97 128 9 27 259 12 0.50

110 F 1 147 7 137 138 7 3:16 -- -- --

10 Revs: trials to ten reversals. WSLS: trials to 9 of 10 correct win-stay and lose-shift choices.
Sess Revs: session in which the coyote first completed either two reversals in the first nine trials,
or three reversals in the first 17 trials. Final Sess: number of reversals (x) completed in the first
(y) trials of the final session given as the ratio of x to y. a: Test terminated prematurely due to a
scoring error later identified from video playback. b: Stopped participating before completing
100 trials. c: Failed to meet these criteria within 20 sessions. d: Did not satisfy the criterion of 17
correct choices in 20 trials before the end of the study but did chose correctly in 21 of 25 trials
(Binomial Test; p = .0009).
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Table 4-2a

Models of WSLS Trial Outcome in Experiment |

. Random :
Fixed Effects Effects Model Fit
2
Predictor R SE X2 p Type X2 p AIC BIC r(Trf) n
Full Model 3652 3717 1.004 2786
-0.13 0.04 9.02 3e-3 - - -
Age
Sex 0.02 0.08 0.05 0.82
TestTrial 0.15 0.04 12.80 3e4 SS 0 1
Sess.Rev  -0.26 0.06 1755 3e-5 SS 0
Intercept  0.54 0.05 - - Si 0

Reduced Model 3640 3669 1.002 2786

-0.13 0.04 9.48 2e-3 - -
Age
TestTrial 0.15 0.04 13.20 2e-4 -- - -

Sess.Rev  -0.26 0.06 21.66 3e-6 - - -
Intercept  0.55 0.04 - - Si 0 1

Rows are separated into two sections corresponding to two generalized linear mixed models of trial
outcome (correct or incorrect choice based on the win-stay, lose shift rule) with binomial error
distributions. The first row of each section provides information about the overall model. Each subsequent
row provides information about a predictor. The Full model was based on a priori predictions. The Reduced
model omitted non-significant predictors from the full model to address potential overfitting. Chi-square
and p values were obtained from Likelihood Ratio Tests of nested models. B: estimate (coefficient). AIC &
BIC: Akaike & Bayesian Information Criterion. r?/r(df): sum of squared Pearson residuals divided by
residuals degrees of freedom. SS: Subject slope. SI: Subject intercept. Sess.Rev: session reversal number.
Age was measured in months. Sex: binary dummy code (1 = male).
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Table 4-2b

Models of WSLS Trial Outcome Before and After the First Reversal of a Session

Fixed Effects Random Effects Model Fit
Predictor R SE X2 p  Type X P AIC BIC r(r;f) n
Before Reversal 1693 1714 1.003 1337
Age -0.11 0.06 3.57 0.06 -- - --
Test Trial 0.17 0.06 7.96 5e-3 -- - --
Intercept 0.72 0.06 - - SI 0 1
After Reversal 1957 1973 1.003 1449
Age -0.15 0.05 6.78 9e-3 -- - --
Test Trial 0.13 0.05 560 0.02 -- - --
Intercept 0.39 0.05 -- -- SI 0 1

Trials in which the coyote had yet to complete a reversal in the current session and trials in which the
coyote had already completed a reversal in the session were analyzed in separate generalized linear
mixed models of trial outcome (correct or incorrect WSLS choice). Rows in this table are separated into
two sections corresponding to these two models. The first row of each section provides information about
the overall model. Each subsequent row provides information about a predictor. Chi-square and p values
for predictors were obtained from Likelihood Ratio Tests of nested models. See Table 4-2a for additional
abbreviations.
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Table 4-3

Coyote-Dog Comparison: Models of WSLS Trial Outcome

Fixed Effects Random Effects Model Fit

Predictor R SE X2 p  Type X? p AIC BIC r(Tri) n
Full Model 2392 2517 1.00 1735

Species -0.03 0.16 0.03 0.87 - - -

Sex -0.06 0.11 0.28 0.60 -- -- --

Age -0.15 0.06 6.43 0.01 -- -- --

Reversal -0.33 0.14 1007 23 SS 0.98 0.96

Test Trial 0.30 0.19 261 011 SS 061 0.99

Sess. Trial -0.12 0.17 050 048 SS 050 0.99

Session 0.01 0.13 001 092 SS 013 0.99

Intercept 035 0.13 - - Sl 111 0.95
Reduced Model 2361 2394 1.00 1735

Species -0.10 0.10 0.90 0.34 -- -- --

Age -0.12 0.05 597 0.01 - - -

Reversal -0.20 0.07 7.84 5e-3 -- -- --

Test Trial 0.14 0.07 405 0.04 - - -

Intercept 0.39 0.08 - - SI 0 1

Rows are separated into two sections corresponding to two generalized linear mixed models of trial
outcome (correct or incorrect WSLS choice). Both models include only the first 30 trials of each canid’s
test. The full model was based on a priori predictions. The Reduced model omitted non-significant
predictors from the full model. Chi-square and p values were obtained from Likelihood Ratio Tests.
Species: binary dummy code (1 = coyote, 0 = dog). Reversal: test reversal number (cumulative across
sessions). Sess.Trial: Trial number within the session. See Table 4-2a for additional abbreviations.

157



Table 4-4

Models of Trial Outcome in Experiment Il — Full Model

Fixed Effects Random Effects Model Fit
2

Predictor 3 SE B95% CI Type s295% ClI AIC BIC rEd ' n
Full Model 1732 1773 1.006 1353
Sex .006 0.12 [-0.27,0.25] - -
Age -0.16 0.07 [-0.29,-0.03] - -
Test Trial 0.27 0.07 [0.12,0.42] SS  [0.00,0.19]
Age
*Test Trial -0.14 0.08 [-0.29,0.01] - -
Intercept 0.72 0.09 [0.53,0.92] Sl [0.00,0.16]
Reduced Model 1726 1752 1.004 1353
Age -0.16 0.07 [-0.29,-0.01] - -
Test Trial 0.27 0.07 [0.14,0.42] -- --
Age
*Test Trial -0.14 0.08 [-0.30,-0.01] - -
Intercept 0.73 0.06 [0.58,0.86] S| [0.00,0.16]

Rows are separated into two sections corresponding to two generalized linear mixed models of trial

outcome (correct or incorrect choice). The full model was based on a priori predictions. The final model
omitted non-significant predictors from the full model. Chi-square and p values were obtained from

Likelihood Ratio Tests. Profiled confidence intervals which include zero are not significant. s2: random
effect variance. See Table 4-2a for additional abbreviations.
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Table 5-1

Canine Comparisons: Models of WSLS Trial Outcome

Fixed Effects Random Effects Model Fit
2

Predictor R SE X? p Type X2 p AIC BIC r(?rf) n
Full Model 2726 2900 0.99 1975
Species -- -- 340 0.18 -- - --
Sex -0.08 0.12 047 0.49 - - -
Age -0.12 006 421 0.04 - -- -
TestTrial 032 0.17 391 0.05 SS 132 .97
Sess.Trial -0.07 0.15 0.25 0.62 SS 127 .97
Reversal -0.20 0.12 364 0.06 SS 002 1
Sess.Rev  -0.59 0.18 12.07 5e-4 SS 052
Sess -0.03 0.12 0.07 0.80 SS 0.89 .99
Intercept 048 0.25 -- -- SI 0 1
Reduced Model 2683 2722 1.00 1975
Species - -- 6.44 0.04 -- - --
Age -0.08 005 290 0.09 - - -

TestTrial  0.13 0.05 578 0.02 - - -
Sess.Rev  -0.55 0.12 21.23 4e-6 - - -
Intercept 039 0.15 -- -- Sl 0 1

Rows are separated into two sections corresponding to two generalized linear mixed models of trial
outcome (correct or incorrect choice based on the win-stay, lose shift rule) with binomial error
distributions. The first row of each section provides information about the overall model. Each subsequent
row provides information about a predictor. The Full model was based on a priori predictions. The Reduced
model omitted non-significant predictors from the full model to address potential overfitting. Both models
include only the first 30 trials of each canid’s test. Chi-square and p values were obtained from Likelihood
Ratio Tests.

R: estimate (coefficient). AIC & BIC: Akaike & Bayesian Information Criterion. r#/r(df): sum of squared
Pearson residuals divided by residuals degrees of freedom. SS: Subject slope. Sl: Subject intercept.
Species: categorical predictor with three levels (wolf, coyote, dog) and thus,  cannot be described as a
linear slope. Sex: dummy code (Female = 0, Male =1). Age: in months. Test Trial: total trial number
(cumulative across sessions). Sess.Trial: trial within the session. Reversal: test reversal number (cumulative
across sessions). Sess.Rev: dummy code (0 = before first reversal of session, 1 = after first reversal of
session). Sess: session.
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Table 5-2

Canid Comparisons: Models of WSLS Trial Outcome

Fixed Effects Random Effects Model Fit
2
Predictor R SE X2 p Type X2 p AIC  BIC r(Trf) n
Reduced Model 2856 2907 1.00 2095
Species -- -- 8.70 0.07 -- -- -
Age -0.08 0.05 2.96 0.09 - - --
Test Trial 0.09 0.05 299 0.08 -- -- -
Sess.Rev  -047 0.11 17.73 3e-5 -- -- -
Intercept  0.39 0.15 - - Sl 0 1

Abbreviations and additional information about the model structure can be found in Table 5-1. The
predictors included here were taken from the reduced model in the canine analysis (with foxes excluded).
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Table 5-3

Ecological Predictions about Behavioral Flexibility in Canines

Ecological Hypothesis Flexibility Predictions
Behavioral flexibility allows species to cope with anthropogenic Coyotes & Dogs > Wolves *
habitat modification
Foraging for spatially distributed food resources require more Coyotes & Dogs > Wolves *

flexibility than hunting

Behavioral flexibility is positively correlated with diversity of feeding Coyotes > Wolves > Dogs
strategies (e.g., foraging for seeds and berries, solitary hunting for

small vertebrates, cooperative hunting for large ungulates, scavenging

carrion or human waste, begging for scraps)

Behavioral flexibility is positively correlated with the diversity of Coyotes > Wolves > Dogs
habitats in which a species can survive (e.g., tundra, boreal forest,
deciduous forest, desert, montane, cities, rural)

Seasonally variable habitats should select for greater flexibility than Wolves & Coyotes > Dogs
should stable habitats

Behavioral flexibility is positively correlated with social group Dogs > Wolves > Coyotes
complexity, structural variability, and fission-fusion group dynamics

Behavioral flexibility is negatively associated with solitary activity Wolves > Dogs & Coyotes
Species typical cooperation in activities such as hunting, vigilance, Wolves > Coyotes > Dogs
defense, rearing young is positively correlated with behavioral

flexibility

* Supported by findings
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Figure 2-1. Schematic of the experimental layout. a View from north camera. b View
from south camera. ¢ Layout of the rooms in which the experiments were conducted. d
Picture of a treat box.
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Figure 2-2. Example of test progression in Experiment I. Green circles indicate correct
choices. Red squares indicate incorrect choices.
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Figure 2-3. Examples of test progression in Experiment Il. Blue and orange points
represent example dogs A and B, respectively. Dots indicate correct choices and triangles
indicate incorrect choices. Note that dog A attempted longer delays and therefore, fewer
trials within the hour-long test.
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Figure 2-5. Longest delay attempted in Experiment | by age. The regression line is fitted
only to data of dogs that completed the test (red dots). Blue squares indicate dogs that
never participated. Pink strikes indicate dogs that stopped participating. Blue crosses
indicate dogs that participated fully but failed to pass training. Green squares indicate
dogs that passed training but failed two consecutive blocks of refresher trials. One test
was ended prematurely due to an experimenter error (green triangle).
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Figure 2-6. Correct choices by trials attempted in Experiment Il. Each dog is represented
by three points. The red lines indicate the maximum and minimum number of correct
choices within the 95% confidence interval for random chance. Points within these lines
did not significantly differ from chance. Data for dogs that did not differ from chance in
either zero-delay trials (green squares) or delay trials (blue triangles) are provided in
Appendix C-4. Dogs were not required to exceed chance in training trials (yellow dots)
because T3 and refresher trials were identical assessments for task comprehension.
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Figure 2-7. Cumulative memory score (CMS) in Experiment Il by age. Each black dot
corresponds to one dog’s observed CMS — the total amount of time in the first 18 delay
trials that the dog remembered the correct location of the hidden treat. The equation for
the blue OLS regression line is, CMS = 292.31 + 21.02*AGE - 0.12*AGE?, where AGE
= age in months.
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Figure 2-8. Magnitude of box preference in Experiment Il by age. Each black dot
corresponds to one dog’s observed perseverative tendency to choose its preferred box
(i.e., side bias), which was calculated as the absolute value of the difference between the
proportion of correct choices (PCC) on Box 1 and PCC on Box 2. The equation for the
blue OLS regression line is, Box Preference = 0.03 - 0.004*AGE + 0.00002*AGE?,
where AGE = age in months.
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Figure 2-9. Multi-plot of the proportion of correct choices (PCC) by age for each delay in
Experiment I1. Each panel shows PCC in the delay indicated in the gray header
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Figure 3-1. Longest streak of perseverative errors by age. A square root transformation
was used for analysis. The displayed values and regression line are back-transformed.
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Figure 4-1. Materials and layout. a. example of an enclosure in which the experiments
were conducted. b. experimental layout. c. baited treat blind and adjacent smell control.
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Figure 4-2a. Predicted probability of choosing the correct side in Experiment | by test
trial number and age in months. Fitted values were calculated using the final model
summarized in Table 4-3a. Each coyote is represented by a single line and darker lines
indicate younger coyotes. The oscillations of individual lines depict the decline and
subsequent increase in performance following each reversal. Peaks & valleys of a similar
shade (color) which are close together (within approximately 8 trials or less of each
other) correspond to different coyotes of a similar age.
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Figure 4-2b. Proportion of correct WSLS choices by age before and after the first
reversal of the session in Experiment I. Each coyote is represented by two points. Blue
triangles and the top regression line correspond to trials before the first reversal of the
session. Red circles and the bottom regression line correspond to trials after the first

reversal of the session.
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Figure 4-3. Predicted probability of choosing the correct side in Experiment 11 by total
trial and age. Fitted values were calculated using the final model summarized in Table 4-
4. Darker points indicate younger coyotes. Three pairs of coyotes were the same age
(hence seven lines for ten coyotes).
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Figure 5-1. Proportion of correct WSLS choices in the first 10 trials.
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Figure 5-2. Proportion of correct WSLS choices in the first 20 trials.
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Table C-1

Study Subjects
Dog PSL? Age Predicted Height Weight Sex Breed

(yrs)P Lifespan (in)d (lbs)d

(yrs)®

Greta 0.15 2 13.41 12.00 19.5 F an"‘;]eudr:gh
Moses 0.79 8 10.06 27.50 102.0 M Akita
Miss Piggy 0.89 11 12.38 23.50 53.8 F Mix
Lucy 0.89 10 11.22 24.25 76.2 F Mix
Max 1.14 13 11.43 22.50 70.0 M Mix
Baby Blue 0.15 2 13.22 23.75 38.4 F Mix
Penny 0.15 2 13.15 24.00 40.0 F Mix
Brinkley 1.05 14 13.39 12.00 20.0 M Havanese
Beau 1.18 15 12.71 23.00 47.0 M Mix
Kukkula 0.53 6 11.41 28.25 78.0 F Yellow Lab
Basquiat 1.00 12 12.00 28.25 67.0 M Mix
Winston 0.52 7 13.42 15.50 24.0 M Mix
Aunika 0.37 5 13.41 20.00 30.0 F Mix
Auberon 0.37 5 13.38 31.00 45.0 M Standard Poodle
Ziggy 0.91 10 11.03 27.00 83.4 M Chocolate Lab
Xuxa 0.58 8 13.80 9.50 9.0 F Mix
Dodi 0.22 3 13.57 11.50 16.0 F Havanese
Tibbie 0.58 8 13.90 13.50 12,5 M Sg;?ﬁ;";‘”
Daisy 0.48 6 12.38 14.50 42.0 F Corgi
Kiba 0.62 8 12.89 11.00 28.0 M Corgi
Kona 0.94 13 13.79 20.00 23.0 F Mix
Ni 0.51 6 11.68 23.00 66.0 F Black Lab
Finn 0.45 6 13.45 13.00 20.2 M Cockalier
Cairo 0.15 2 13.18 27.50 44.0 F Mix
Dozer 0.90 10 11.16 22.50 75.0 M Mix
Flynn 0.38 4 10.53 28.00 94.0 M Sh‘ggg:ﬁj”

a Proportion of size-predicted lifespan
b Rounded to the nearest year to account for any inaccuracy in the dog’s initial age estimation
¢ Calculated using the following equation from Greer et al. (2013):
size-predicted lifespan =13.62 + (0.0702*Height) - (0.0538*Weight)
d Height and weight were measured in inches and pounds to conform to Greer et al. (2013)
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C-2 Assumption Tests, Case-wise Diagnostics, and Violations
Quadratic Regressions

To test for homoscedasticity and linearity, Non-constant Variance Score Tests
were conducted and residual vs. fitted, residual vs. AGE and residual vs. AGE? plots
were inspected. To assess whether residuals were normally distributed, standard normal
quantile plots and residual density plots were inspected. To test for multicollinearity,
predictor correlation plots and matrices, tolerances (T > 0.1), variation inflation factors
(VIF < 5), eigenvalues (< 0.5) and condition indices (> 10) were assessed.

To test for outliers, leverage (hii > 2p/n), externally studentized residuals
(SDRESID > t(n-p-1)), standardized DFFIT (DFFITSi > 1), and Standardized DFBETA
were examined. For all outliers, the AGE of the dog and the values exceeding preset
cutoffs for case-wise diagnostics are reported. When outliers were identified, the analysis
was rerun with the corresponding data omitted to confirm that the model was not
dependent on individual test subjects. Notation for regression diagnostics follows Cohen
et al. (2003).

Cumulative Memory Score.

Two potential outliers were identified (AGE = 56: SDRESID = 2.68; AGE = 181
DFFITS = 1.70, SDBETAace2 = 1.27). With the outliers removed, overall prediction of
CMS improved, F(2,17) = 9.16, p = .002; r? = 0.52. Again, the effect of AGE.CENT was
not significant, b1 = -0.10, SEb1 = 1.56; t(17) = -0.06, p = .95, but AGE.CENT?
significantly predicted CMS, bz = -0.15, SEn2 = 0.04; t(17) = -4.27, p = .0005. Memory

scores were higher in middle-aged dogs than in young and old dogs.
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Perseveration.

A Non-Constant Variance Score Test and visual inspection of a residual vs. fitted
plot suggested that this model did not meet the assumption of homogeneity of variance,
X?(1) = 8.89, p =.003. Moreover, variation was greater in young dogs than in middle-
aged and old dogs. Thus, the significance of the coefficients may be under-estimated as
the variances of the estimates were positively biased.

Two potential outliers were identified (AGE = 19: SDRESID = -3.30, DFFITS = -
1.84, SDBETAAce = 1.41, SDBETAAace2 = -1.17; AGE = 20: SDRESID = 3.05, DFFITS
=1.65, SDBETAAcE = -1.27, SDBETA ace2 = 1.02). With the outliers excluded, the
model’s overall prediction of side bias slightly increased, F(2,18) = 6.92, p = .006; r =
0.43. The linear effect of AGE.CENT was not significant, b1 = 0.0005, SEp1 = 0.0003;
t(18) = -1.84, p = .08, but AGE.CENT? significantly predicted CMS; b2 = 0.00002, SEx>
= 0.00006; t(18) = 2.87, p = .002. Box preferences were stronger in young and old dogs
than in middle-aged dogs.

Delay Optimization.

For each delay, visual inspection of the standard normal quantile plot and residual
density plot indicated that residuals were not normally distributed. For samples of
moderate size (n = 25), the effects of nonnormality of error on significance testing are
small (Cohen et al. 2003). However, the significance of the coefficients may be slightly
under-estimated as the variances of the estimates may be positively biased.

Although potential outliers were identified in each delay, re-running the analyses

without these outliers did not change the outcome of the larger delay optimization
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analysis. Moreover, AGE and AGE? still accounted for far more variation in PCC at the
45s and 60s delays than in the 15s, 30s, and 90s delays.

15s Delay.

One potential outlier was identified (AGE = 91: SDRESID = -2.39). With the
outlier removed, AGE and AGE? accounted for a significant proportion of variation in
PCC at the 30s delay, F(2,18) = 4.03, p = .04; r? = 0.30. Both AGE, t(18) = 2.78, p = .01,
and AGE?, t(18) = -2.83, p = .01, predicted PCC. Thus, delays shorter than 45s may in
fact be used to detect ARCD in future SWM assessments for pet dogs if larger sample
sizes, which are more robust to outliers, are used.

30s Delay.

Two potential outliers were identified (AGE = 63: SDRESID = -2.42; AGE = 20:
DFFITS =-1.11, SDBETAAace = -1.07). Removing the outliers did not change the
outcome of the analysis. Moreover, model fit and overall prediction were nearly
unchanged (r? = 0.17, p = .20 compared to r?> = 0.15, p = .22 with potential outliers).
45s Delay

Three potential outliers were identified (AGE = 20: SDRESID = -2.52, DFFITS =
-1.44, SDBET Alintercept = -1.39, SDBETAace = 1.10; AGE = 19: SDRESID = 2.29,
DFFITS = 1.35, SDBET Aintercept = 1.30, SDBETAace = 1.05; AGE = 123: SDRESID = -
2.17). With the outliers removed, overall prediction of PCC improved, F(2,16) = 8.06, p
=.004; r? = 0.50. Both AGE, t(16) = 3.57, p = .003, and AGE?, t(16) = -3.90, p = .001,

predicted PCC.
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60s Delay.

Three potential outliers were identified (AGE = 20: SDRESID = -3.07, DFFITS =
-1.75, SDBET Alintercept = -1.69, SDBETAace = 1.34, SDBETAace2 = -1.07; AGE = 181:
SDRESID =2.62, DFFITS = 2.86, SDBETAAce = -1.61, SDBETAxace2 = 2.14; AGE =
123: SDRESID = -2.27). With the outliers removed, overall prediction of PCC improved,
F(2,16) = 17.84, p < .0001; r? = 0.69. Both AGE, t(16) = 3.47, p = .003, and AGE?, t(16)
= -4.58, p =.0003, predicted PCC.

90s Delay.

Two potential outliers were identified (AGE = 63: SDRESID = -3.86, DFFITS = -
1.12; AGE = 181: SDRESID = 2.34, DFFITS = -2.61, SDBETAAace = 1.40, SDBETAacE2
= -1.88). With the outliers removed, the curvilinear effect of AGE? was not significant,
t(15) = -1.72, p = .11.
GLMMs

To test for linearity and homogeneity of variance, fitted vs. residual plots, fitted
vs. predictor (transformed by the logit link function), and predictor vs. residual plots were
inspected. To assess whether random intercepts were normally distributed, normal
quantile plots and density plots of fitted intercepts were inspected. To test for
overdispersion, the sum of the squared Pearson residuals was compared to the chi square
distribution (see r?/r(df) in Table 2-4 and 2-6), and standardized residual plots were
inspected.

Test-trial Outcome by Delay, Trial, Age, etc.

The full model did not converge but met all other assumptions. The maximal
model that converged met all assumptions.
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Delay-trial Outcome by Head and Body Orientations.

Fitted vs. predictor plots indicated that variance in delay-trial outcome was greater
when the dog’s body did not remain oriented towards the correct box during the delay.
Thus, the variance of this estimate (coefficient) may be positively biased. All other
assumptions were met.

Delay-trial Outcome by B.F.DI, Delay, Age, etc.

Fitted vs. predictor plots indicated that variance in delay-trial outcome was greater
when the dog’s body did not remain oriented towards the testing room during the delay.
Thus, the variance of this estimate (coefficient) may be positively biased. All other

assumptions were met.

1. Cohen J, Cohen P, West SG, Aiken L (2003) Applied multiple

regression/correlation analysis for the behavioral sciences, 3rd Edn. Lawrence

Erlbaum, Mahwah.
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C-3 Sex Effects

Sex did not predict performance in any analysis. Barring two minor exceptions in
the delay optimization analysis, sex did not affect the overall model or the other
predictors in the model. Given the small sample size of each sex and that we did not
strictly age-match male and female dogs, our study was not well equipped to detect sex
effects. Thus, future studies are needed to test whether age-related deficits in SWM and
other cognitive functions are sex dependent in dogs.

Table C-3a summarizes the ages of the female and male dogs which were tested,
and which completed the test. For each analysis, we provide sex-specific summary
statistics followed by the equation(s) of the model(s), a brief description of any changes
caused by the addition of the coefficient for sex, and then a detailed description or table

outlining the outcome of the analysis with sex included.

Table C-3a
Age by Sex
All Dogs Test Completed
Sex n AGE n AGE
Females 13 69.7 + 45.6 12 11543+ 375
Males 12 111.1 £ 36.0 11 111.1£36.0

n = number of dogs. AGE = age in months; mean and standard
deviation (x + SD).
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Cumulative Memory Score
Table C-3b

Summary statistics for CMS by sex

Sex n AGE CMS
Females 11 575+349 1315.5 + 460.8
Males 11 111.1 £ 36.0 1565.5 + 764.1

n = number of observations (dogs). CMS = Cumulative
Memory Score

OLS Quadratic Regression: CMS = Sex + AGE.CENT + AGE.CENT?

Sex did not predict CMS and accounting for sex had no effect on the analysis.

The model significantly predicted CMS, F(3,18) = 4.57, p = .02; r> = 0.43. AGE.CENT?

significantly predicted CMS, bz =-0.12, SEb2 = 0.03; t(18) = -3.53, p =.002, but

AGE.CENT, b1 =-0.37, SEbn1 = 2.0; t(18) = -0.19, p = .86, and Sex did not, bz = -4.54,

SEbs = 179; t(18) = -0.03, p = .98.
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Test-trial Outcome

Table C-3c

Summary statistics for test-trial outcome by sex

Sex n AGE yi (Full Model) yi (Final Model)
Females 396 65.9 £ 43.4 0.81+0.11 0.81+0.10
Males 295 102.3 £ 30.3 0.86 +0.08 0.86 +0.08

n = number of observations (trials). y; = predicted probability of choosing the
correct box

Full GLMM (logit-link): Test-trial Outcome = Sex + AGE + AGE? + Delay + Trial +

AGE*Delay + AGE?*Delay + AGE*Trial + AGE?*Trial + (1 + Delay + Trial | Dog)

Final GLMM (logit-link): Test-trial Outcome = Sex + AGE + AGE? + Delay + Trial + (1 |

Dog)

Sex did not predict test-trial outcome in either the Full of the Final model. Accounting for

sex had no effect on the analysis. The full models failed to converge with, but not without

the coefficient for sex included.
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Table C-3d

GLMM of test-trial outcome with a coefficient for sex

Model Estimates Random Effects Model Fit
Predictor Type B SE R ClI X2 p s Cl X? p AIC BIC r(%f)
Full 616 688 .99
AGE F 237 058 [1533] - -- -- -- --
AGE2 F 218 055 [3.1-14] - - - - -
Sex F 011 031 [-4,8] N N N

Delay ~ FRS -061 014 [-9-4] -

[01,4] 012 .99

Delay

aaey  F 082 054 [019] 230 068 - o
Delay = ¢ 085 055 [18-03] 242 066 - -

AGE

Trial  FRS -010 013 [4.2] - - [0L.4] 004 1

Tmal o 457 046 [-23-8 936 005 - - -

*AGE

IKZ'EZ F 157 047 [0.7024] 9.00 006 - S

Intercept | 157 018 [1.312] -- - - - -

Subject  RI - - ~ -~ [004] 008 .99

Final 610 642 .92
AGE F 272 092 [L044] 970 002 - S

AGE2 F 254 088 [42-1] 936 .002 - -

Sex F 007 041 [7.8] 227 013 - - -

Delay F -0.66 0.16 [-09-4] 209 <.001 -- - -

Trial  F 020 017 [-0205] 1.30 025 - S

Intercept F 183 026 [1324] - -- - - -

Subject  RI - - -~ 048]

See Table 2-4 of the main article for abbreviations
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Delay-trial Outcome (B.F.DI Analysis)

Table C-3e

Summary statistics for delay-trial outcome by sex

Sex n AGE Yi
Females 248 63.5+42.4 0.76 £ 0.11
Males 226 111.7 £ 345 0.79+0.10

n = number of observations (trials). y; = predicted probability of
choosing the correct box

GLMM (logit-link) Equation: Delay-trial Outcome = Sex + AGE + AGE ? + Delay +

AGE*B.F.DI + AGE2*B.F.DI + RSS B.F.DI + (1 + B.F.DI | Dog)

Sex did not predict delay-trial outcome. Accounting for sex had no effect on the analysis.

The model failed to converge with, but not without the coefficient for sex included.
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Table C-3f

GLMM of delay-trial outcome with a coefficient for sex

Model Estimates Random Effects Model Fit
2
Predictor Type B SE R ClI X? p s2Cl X2 p AIC BIC r(%f)
Full 504 549 0.95
Age F 1.77 080 [0432] - - - - -
Age? F -1.66 0.72 [-2.9,05] -  -- - - -
Sex F 0.14 0.33 [-0.6,09] 0.18 0.68 - - -
B.F.DI F,RS 0.77 0.28 [0.2,14] - - [0.0,0.7] 0.98 0.61
BFDI F -0.07 097 [-1.7,16] 0.01 0.95 - - -
*AGE
BFDlI F 015 092 [-1.8,14] 0.3 0.87 - - -
*AGE?
Delay F -0.26 0.14 [-0.5,0.0] 3.43 0.06 - - --
Intercept F 0.71 0.28 [0.2,1.4] -- -- --
Subject Rl - - -- - -~ [0.0,0.6] 0.16 0.92

See Tables 2-3 and 2-4 of the main article for abbreviations
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Perseveration

Table C-3g

Summary statistics for side bias by sex

Sex n AGE |Side Bias|
Females 12 64.3 +43.3 0.14+0.10
Males 11 111.1 +£36.0 0.09 +0.07

n = number of observations (dogs). |Side Bias| = the absolute value
of the difference in the proportion of correct choices made at the
left and the right boxes

OLS Quadratic Regression: |Side Bias| = Sex + AGE.CENT + AGE.CENT?

Sex did not predict side bias and accounting for sex had no effect on the analysis.

The overall model, F(3,19) = 3.40, p = .04; r = 0.35, and the coefficient for AGE.CENT?

significantly predicted side bias, b2 = 2e-5, SEp2 = 8e-6 ; t(19) = 2.70, p=.01. The

coefficients for AGE.CENT, b1 = -8e-4, SEn1 = 5e-4; t(19) = -1.72, p = .10, and sex, bs

= -0.001, SEns = 0.04; t(19) = -0.03, p = .01, were not significant.
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Delay Optimization

Table C-3h
Summary statistics for PCC by sex in each delay attempted by at least 20 dogs
Females Males
Delay (s) n AGE PCCq n AGE PCCq

15 11  66.5+447 0.91+0.16 11 111.1+36.0 0.89+0.15
30 11  66.5+447 0.88+0.17 11 111.1+36.0 0.90 +0.14
45 11 66.5+447 0.88+0.17 11 111.1+36.0 0.90 + 0.16
60 11  66.5+447 0.80+0.23 11 111.1+36.0 0.79+0.22
90 10 71.2+442  087+0.17 10 109.9+37.8 0.83+0.27

PCC,4 = proportion of correct choices at a given delay

OLS Quadratic Regression (separate model for each delay): PCCq = Sex + AGE.CENT +

AGE.CENT?

Sex did not predict PCC in any delay. The effects of Sex on the significance and
predictive strength of the overall model and the other predictors in the model were
negligible save for two potential, albeit minor, exceptions. The 45-s delay model was
significant without (p = .02), but not with (p = .06) a coefficient for Sex. In addition, the
overall prediction of the 90-s delay model was substantially lower without a coefficient

for Sex (r? = 0.28) but neither model was significant (p = .06).
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Table C-3i

Models of PCC by sex and age and in each delay attempted by at least 20 dogs

Model Prediction AGE.CENT AGE.CENT? Sex
Delay (s) n r F p t p t p t p
15 22 0.23 1.80 0.18 0.83 0.42 -2.30 0.03 -0.88 0.39
30 22 0.15 1.05 0.40 0.61 0.55 -1.72 0.10 -0.21 0.84
45 22 0.33 3.00 0.06 0.42 0.68 -2.96 0.01 -0.28 0.78
60 22 0.35 3.24 0.05 -1.15 0.27 -2.53 0.02 0.12 0.91
90 20 0.37 3.11 0.06 1.51 0.15 -2.91 0.01 -1.46 0.17
AGE.CENT = centered age in months
Table C-4
Dogs below chance on zero-delay or delay trials
Zero-delay Trials Delay Trials

Binomial Test:

Age Correct Binomial Test: Correct
(months) Attempts p(Correct | Attempts) Attempts %ﬁg;:gg)l

101 7/8 0.07 19/20 0.00004
56 5/7 0.45 18/19 0.00007
95 5/6 0.22 21/22 0.00001
20 26/30 0.0001 14/24 0.54
181 22/25 0.0002 12/17 0.14
19 20/21 0.000022 17/24 0.06
29 16/16 0.00003 17/24 0.06

8 This dog made incorrect choices in 10/12 trials before the side bias counter-training procedure. It still

exceeded chance when accounting for these trials
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Table D-1

Study Subjects
Dog Age Height Weight Sex Test Owner-Reported
(months) (cm) (kg) Completed Breed
Olive 10 48.26 13.61 F Y Mix
Booster 10 66.04 34.93 M Y Mix
Sterling 13 43.18 9.98 M Y Mix
Hamilton 15 58.42 19.41 M Y Mix
Buddy 15 71.12 36.29 M Y Yellow Lab
Summer 16 50.80 19.05 F Y Mix
Taryn 18 48.26 11.79 F Y Mix
Chomsky 19 63.50 24.77 F Y Golden Retriever
Finn 30 48.26 15.88 M Y Mix
Finley 33 40.64 19.50 F Y Mix
Ty 36 33.02 10.89 M Y CKC Spaniel
Gizmo 36 41.91 9.62 M Y Mini Australian Shepherd
Quest 37 53.34 23.59 F Y Black Lab
Oliver 37 24.13 3.54 M Y Chihuahua
Kristoff 47 58.42 29.94 M Y Black Lab
Radar 48 62.23 42.55 M Y German Shepherd
Chai 51 60.96 26.13 F Y Mix
Bodhi 52 35.56 8.62 F Y Mini Autralian Shepherd
Lacey 52 53.34 20.41 F Y Mix
Florence 52 63.50 35.83 F Y Golden Retriever
Calvin 55 25.40 4.17 M Y Mini Poodle
Shadow 56 48.26 14.88 M Y Mix
Sam 58 56.90 25.49 M Y Golden Retriever
NikKi 59 63.50 29.03 F Y Golden Retriever
Collins 60 55.88 20.41 F Y Mix
Misha 60 49.53 19.23 F Y Portuguese Water Dog
Tara 65 60.96 32.84 F Y German Shepherd
Winston 66 33.02 11.07 M Y Pug
Chase 72 53.34 22.23 M Y Mix
Truffles 73 63.50 36.29 F Y Golden Retriever
Maggie 73 58.42 19.50 F Y Border Collie
Rocky 73 53.34 22.86 M Y Portuguese Water Dog
Lilly 83 29.97 4.99 F Y Mix
Nubi 84 50.80 12.70 F Y Mix
Bandit 86 54.61 19.23 M Y Border Colllie
Hapa 87 34.29 9.07 F Y Mix
Bixby 90 60.96 34.47 F Y Mix
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Dog Age Height Weight Sex Test Owner-Reported
(months) (cm) (kg) Completed Breed
Rinzler 93 55.88 22.86 M Y Mix
Cleo 96 54.61 19.78 F Y Mix
Syd 104 76.20 51.53 M Y Rottweiler
Sadie 107 50.80 25.85 F Y Mix
Gizmo 108 26.67 7.62 F Y Mix
Pita 111 60.96 27.22 M Y Mix
Dex 112 58.42 28.21 M Y Mix
Nutella 113 22.86 4.08 M Y Mix
Duke 120 53.34 24.49 M Y Mix
Rosie 121 27.31 4.08 F Y Mix
Rosita 122 24.13 3.18 F Y Mix
Moezie 126 55.25 19.87 F Y Mix
Marley 129 71.12 37.65 M Y Mix
Harold 132 35.56 8.62 M Y Mini Poodle
Obie 132 30.48 6.89 M Y Mix
Murphy 132 60.96 25.04 M Y Wheaton Terrier
Daisy 132 53.34 25.67 F Y Blue Heeler
Chaco 134 66.04 34.02 M Y Mix
Devyn 134 45,72 14.51 F Y Border Collie
Barleigh 135 66.04 25.40 F Y Mix
Venzy 147 58.42 25.85 F Y Golden Retriever
Odie 147 58.42 25.67 M Y Mix
Kate 165 38.10 9.89 F Y Tibetan Terrier
Jin 170 68.58 37.42 F Ya Akita
Klev'r 173 33.02 8.26 M Y Border Terrier
Reese 18 62.23 22.68 M N Standard Poodle
Clarabelle 28 53.34 19.05 F N Mix
Pumpkin 28 53.34 21.14 M N Brittany
Bear 35 76.20 49.90 M N Great Pyrenees
Otis 47 71.12 36.29 M N Mix
Zelda 50 83.82 65.77 F N Great Dane
Beulah 51 53.34 24.95 F N Mix
Toshiko 71 41.91 9.98 M N Shiba Inu
Repede 72 58.42 27.94 M N Siberian Husky
Miley 72 48.26 27.22 F N Mix
Tegan 79 53.34 1941 F N Mix
Tipper 90 48.26 13.61 F N Mix
Bo 96 67.31 31.30 M N Poodle
Soba 114 55.88 36.29 F N Mix
Cody 129 55.88 25.85 M N Australian Shephard

199



Dog Age Height Weight Sex Test Owner-Reported

(months) (cm) (kg) Completed Breed
Baxter 135 30.48 7.26 M N Pug
Indie 144 55.88 20.41 F N Mix
Hershey 170 66.04 30.21 F N Standard Poodle

a. See supplementary material D-3 for analysis of LSPE with Jin included.
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D-2 Materials and Procedures
D-2.1 Materials and Layout

Throughout the test, a demonstrator (E1) remained in a testing room, an assistant
(E2) remained in an adjacent holding room, and the dog moved between these rooms
(Fig. D-2.1). The dog’s owner sat at the back of the holding room facing away from and
ignoring the dog. One-meter tall collapsible, plastic fencing was used to restrict the dog
to a 5 by 5m area in the testing room and a 2 by 1m area in the adjacent holding room. E2
slida 1.5 x 1.0 x 0.04m piece of foam insulation board into the doorway between rooms
to block the dog’s view of, and access to the testing room.

Treats were hidden in one of two identical boxes on the ground of the testing
room, set 2m apart and 2.5m from both the doorway and E1. Plastic dog fencing
surrounding a tripod and camera created a semi-transparent barrier between the left and
right box. Treat boxes consisted of a 0.2 x 0.2 x 0.1m wooden base filled with sand upon
which E1 placed treats and a 0.1 x 0.2 x 0.2m shield facing the holding room which
blocked the dog's view of, and access to treats from this direction (Fig D-2.3). The shield
consisted of a transparent plastic face housed in a wooden frame which contained a slot
for an opaque plastic sheet (an occluder). The base contained a hidden compartment for
smell controls: treats placed in the boxes before each session to prevent dogs from

locating treats by smell.
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D-2.2 Acclimation and Shaping Procedures

To prevent satiation, dogs were fasted for six hours before the test. Prior to
shaping, each dog was allowed to freely explore the testing and waiting areas. This
acclimation period concluded when the dog ceased all exploratory behaviors and at least
five minutes had elapsed.

After acclimating, each dog was required to complete four steps of shaping. As in
testing, only one location was baited in any given trial. In shaping Steps 1 and 2 the foam
board was not used so that the dog could observe where E1 placed treats. In Step 1, the
treat was placed on the ground 1 m in front of the holding area. For the remainder of
shaping, treats were placed on a box but only one box was set out in each trial. The box
that was baited followed a pseudo-randomized order (L, R,L,R, L, L, R, L, R, R; L=
Left, R = Right). In Steps 2 and 3 the occluder was not placed in the box shield so that
the dog could see the treat through the Plexiglas window. In Step 4, the box occluder was
added so that the dog was required to walk past the front of the box in order to see the
treat.

To progress to Step 2, the dog was required to immediately retrieve the treat in
two successive trials. To progress to Steps 3 and 4, the dog was required to retrieve the
treat within two minutes in four consecutive trials. If the dog failed to retrieve the treat,

the trial was repeated at the same box.
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Figure D-2.3. Coding choices. The dog’s choice was operationally defined as the box the
dog first turned its head towards once its eyes were beyond the side of the box shields.
Dog A) In almost all trials the dog walked directly toward and brought its snout to within
a few centimeters of the chosen box. Dog B) The dog has not made a choice because it
has not turned toward one of the boxes. Dog C) The dog has not made a choice because
the treat is not yet in view. The distance between boxes was great enough that a treat on
the closer box would become visible long before a treat on the box across the room. Thus,
the closest box would be scored as the dog’s choice if it continued on its current
trajectory.
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D-3 Analyses of the Dog’s Longest Streak of Perseverative Errors (LSPE)

With all 62 dogs included in the analysis, the model still significantly predicted
LSPE, F(2,59) = 4.57, p = .01; r? = 0.13, and the effects of both AGE, R =-9.90, SE
=.004; t(59) = -2.37, p = .02, and AGE? were still significant, B = 6.58¢"%°, SE = 2.38e"%;
t(59) = 2.76, p = .008. Again, perseverative streaks were longer in middle-aged dogs than
in young and old dogs. However, this model failed a Non-Constant VVariance Score Test
of fitted values, ncvTest: X?(1) = 5.25, p = .02. Case-wise diagnostics revealed that this
was a result of a single outlier, Jin (SDRESID = -2.80; DFFITS =-1.39, SDBETAAcGE2 = -
1.07; notation follows from Cohen et al. 2003). Jin was the second oldest dog tested
(AGE = 170) but never committed more than two consecutive perseverative errors, which
was the second lowest LSPE displayed by any dog. With this outlier removed the ncvTest

was not significant, X?(1) = 0.13, p = .72.

Cohen J, Cohen P, West SG, Aiken L (2003) Applied multiple regression/correlation

analysis for the behavioral sciences, 3rd ed. Lawrence Erlbaum, Mahwah.
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D-4 Analyses of Age-Weight Interactions
D-4.1 Trial Outcome

To test whether the relationship between age and performance varied as a function
of body size, we repeated the analysis of trial outcome (main text) but included additional
fixed effects for the interaction between weight and age, and the interaction between
weight and age?. The model did not converge (due to overfitting) and thus, the estimates
may not be reliable.

Likelihood ratio tests of competing models cannot be used test the significance of
main effects included in interactions. Therefore, we calculated 95% profiled confidence
intervals of each fixed-effect estimate and random-effect variance using parametric
bootstraps to assess the significance of each predictor. Coefficients with confidence
intervals that did not overlap with zero were considered significant (o = .05).

The overall model significantly predicted trial outcome, X?(10) = 31.86, p
=.0004. Neither the interaction between age and weight nor the interaction between age?
and weight were significant. The linear effect of age was not significant. All other effects
were nearly identical to the model without age-weight interactions (see main text). In
summary, including age-weight interactions in the model did not change the outcome of

the analysis.
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Table D-4.1

Model of Trial Outcome with Age-Weight Interactions

Coefficients Model Fit (vslfﬁ-llill)
Predictor B SE 95% ClI AIC BIC r(Trz X2 p
3900 3966 0.98 31.86 0.0004
Age 045 025 [-0.01, 0.93]
Age? 053 025 [-1.00,-0.07]"
Trial 028 011 [0.13, 042]"
REV -0.43 013 [-0.58,-0.26]"
Height 001 015 [-0.28, 0.36]
Weight -0.13 015 [-0.44, 0.16]
Sex -012 012 [-0.34, 0.11]

Age*Weight -0.01 024 [-0.50, 0.41]
Age**Weight 0.10 0.25 [-0.36, 0.62]
Intercept 0.17 0.08 [0.01, 0.32]
Rnd.Shj.Int - 0.10 [0.12, 0.40]"

LRT: Likelihood Ratio Test. AIC and BIC: Akaike & Bayesian Information Criterion (smaller
values indicate better fit). r?/r(df): sum of squared Pearson residuals divided by residuals
degrees of freedom (deviations from 1.0 larger than |0.2| may indicate over/ under-dispersion).
REV: cumulative reversal number. Rnd.Sbhj.Int: Random intercepts for study subjects (dogs).
Asterisks indicate significant predictors (note the fixed effect intercept is not a predictor).

D-4.2 Total Reversals

To test whether the relationship between age and the total number of reversals
completed during the test varied as a function of body size, we repeated the analysis of
total reversals (main text: section 2.3.2) but with additional effects for the interaction
between weight and age, the interaction between weight and age?, and the main effect of
weight. However, we did not have sufficient degrees of freedom to include these
additional covariates and thus, tests of all predictors in this model were likely
underpowered.

As in the original analysis, the goodness-of-fit test was not significant, X2(59) =
70.58, p = .09. Neither age, R = 6.73e°%, SE = 1.59¢%4; p(>|Z|) = .67, nor age?, B = -6.81¢"
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% SE =1.00e%; p(>|Z|) = .50, predicted total reversals. The main effect of weight was
not significant, 8 = -1.91e%; SE = 2.37e%; p(>|Z|) = .42. The interaction between age
and weight, B = -9.98%, SE = 6.26e%; p(>|Z|) = .87, and the interaction between age? and

weight, B = 1.74e, SE = 13.63e°%; p(>|Z|) = .63, did not predict total reversals.

D-4.3 Longest Streak of Perseverative Errors

To test whether the relationship between age and bouts of poor performance
varied as a function of body size, we repeated the analysis of the longest streak of
perseverative errors committed by the dog during the test (main text: section 2.3.3) but
with additional effects for the interaction between weight and age, the interaction
between weight and age?, and the main effect of weight. Again, we did not have
sufficient degrees of freedom to include these additional covariates and thus, tests of all
predictors in this model were underpowered.

The overall model significantly predicted the longest streak of perseverative
errors, F(5,55) = 3.73, p = .005; r? = 0.25. The linear effect of age was not significant, 8 =
-0.012, SE =.009; t(55) = -1.34, p = .19. However, the curvilinear of effect of age? was
nearly significant, B = 9.62e%, SE = 4.98e°%; t(55) = 1.93, p = .06. Middle-aged dogs still
tended to display shorter perseverative streaks than did young and old dogs. The main
effect of weight was not significant, 3 = 0.01, SE = 0.02; t(55) = 0.72, p = .47. Neither the
interaction between weight and age, B = -3.64e"%, SE = 4.13e"%; t(55) = -0.08, p = .93,
nor the interaction between weight and age?, B = -5.85e"%, SE = 2.48 e'%; t(55) = -0.24, p

= .81, did not predict the dogs longest streak of perseverative errors.
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Figure D-5. Fitted values of trial outcome as a function of trial number and reversal number. Fitted values
for the likelihood of choosing the correct box were estimated from the full model of trial outcome
(generalized linear mixed model with a binomial error distribution) described in the main text. Darker
points indicate higher reversal numbers (i.e., that the dog had completed more reversals). Different lines of
points with the same reversal number (stratified points of the same color) correspond to different
individuals. After accounting for reversal number and individual variation, dogs were more likely to choose
the correct box with increasing trial number indicating that they did not complete reversals by simply
choosing at random. After accounting for trial number and individual variation, dogs were less likely to
choose the correct box after each reversal indicating that previous reward contingencies interfered with the
current reward contingency and that this interference was additive across repeated reversals.
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APPENDIX E

SUPPLEMENTARY MATERIAL FOR CHAPTER 4
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E-1 Supplementary Analyses

Experiment I

To test whether age predicted cumulative serial reversal learning speed, we
conducted a linear regression analysis of the number of errors committed before the
coyote completed ten reversals. To test whether age predicted speed of acquisition of the
win-stay and lose-shift rules, we conducted a linear regression analysis of trials to nine
correct WSLS choices in ten consecutive trials (natural log-transformed). To test whether
age predicted acquisition of rapid reversal learning within a single session, we
constructed a generalized linear mixed model (GLM) of sessions to meet the Session
Reversals criterion with a zero-truncated negative binomial error distribution. To confirm
that accounting for overdispersion was necessary, we compared the overall prediction of
this model to that of GLM with a zero-truncated Poisson error distribution (which
assumes dispersion is equal to one). In all models, age in months was the only predictor.

Older coyotes made significantly more errors before completing ten reversals,
F(1,19) =6.39, p=.02; r>= 0.25, B =0.25 (Fig. E-1), took significantly longer to reach
the WSLS threshold, F(1,18) = 24.1, p =.0001; r> = .57, B = 0.02, and took significantly
longer to satisfy the Session Reversals criterion, Z = 3.1, p =.002; B = 0.02.
Overdispersion in the GLM of session to complete the Session Reversals criterion was

significantly greater than one, X?(1) = 7.89, p = .005.
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Figure E-1. Errors to complete ten reversals by age in months.
Experiment 11

To test whether age predicted speed of task acquisition in Experiment Il, we
conducted a linear regression analysis of trials to 17 correct choices in 20 trials. Older
coyotes took significantly longer to acquire the task, F(1,7) =6.23, p=.04; r>= 0.47,R =
1.77.
Assumption Tests, Case-wise Diagnostics, and Violations

To test for homoscedasticity and linearity, Non-constant Variance Score Tests
were conducted and residual vs. fitted and residual vs. age plots were inspected. To
assess whether residuals were normally distributed, standard normal quantile plots and

residual density plots were inspected.
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To test for outliers, leverage (hii > 2p/n), externally studentized residuals
(SDRESID > t(n-p-1)), standardized DFFIT (DFFITSi > 1), and Standardized DFBETA
were examined. When potential outliers were identified, the analysis was rerun with the
corresponding data omitted to confirm that the model was not dependent on individual

test subjects. Notation for regression diagnostics follows Cohen et al. (2003).
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E-2 Experiment 11 Method
Although color discrimination tasks have historically used inanimate objects of

different colors as the S+ and S-, coyotes are highly neophobic and would have found
novel, colored objects/ stimuli aversive. Though it is possible that habituation procedures
could have been used to overcome such aversions, these procedures would have been
time-consuming (likely would have spanned weeks) and would have interrupted the
necessary continuity between Experiments 1 and 2. In contrast, coyotes had already
overcome aversions to the experimenters through hundreds of shaping, training, and

testing trials for Experiment 1 (at least to the extent necessary for participation).
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E-3 Differences in the Procedures Used to Test Coyotes and Dogs

The procedures used to test dogs and coyotes were designed for different
purposes. The aim of Van Bourg et al. (2021) was to design a clinical assessment for age-
related deficits in inhibitory control which could be administered rapidly within a single
session. As in the present study, dogs were asked to learn which of two locations
contained a hidden food treat, and each time the dog chose the correct location in three
consecutive trials the procedure was repeated using the other location. The purpose of the
present study was not to design a rapid clinical assessment for coyotes. Whereas
cognitive deficits in elderly dogs are well documented, it was previously unknown
whether coyotes develop similar age-related deficits. Thus, the present study used an
extensive multi-session protocol to examine behavioral flexibility and cognitive aging in
more depth than was necessary for the purposes of Van Bourg et al. (2020).

Furthermore, the previous serial reversal learning procedure used to test pet dogs,
could not be used to test these captive coyotes. Coyotes were neophobic, fearful of
humans, and could not be safely handled or herded away from a given location within a
small room.

The fact that some coyotes required multiple session to complete 30 trials may
have hindered the performance of these individuals if continuity between trials was
beneficial for learning the reversing reward contingencies. Alternatively, pauses between
testing sessions may have provided the advantages of reducing recent interference from
prepotent behaviors and interrupting streaks of perseverative choices. However, the
inclusion of session number as a covariate in the species comparison model should have
addressed this procedural difference.
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The two food blinds were 2m apart for dogs but were roughly 15m apart for
coyotes. Thus, the shorter distance between food blinds may have made inhibiting
incorrect choices more difficult for dogs. In addition, the cost of an incorrect choice may
have been greater for coyotes given that more time and energy were required to search
either location for food. This may have provided a stronger incentive for coyotes to
choose the correct side. Furthermore, coyotes may have been more motivated to learn the
task because their treats were composed of portions of their daily food rations rather than
supplementary treats. However, it is also possible that the high-value treats used for dogs
(hot dogs) were more rewarding than typical coyote feed.

Incorrect locations may have been more salient for coyotes than for dogs given
that coyotes watched an experimenter walk to each of the blinds in every trial while dogs
watched only one experimenter walk to only one blind in each trial. Moreover,
experimenter-induced stimulus enhancement of the incorrect location may have increased

the difficulty of the task for coyotes.
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APPENDIX F

SUPPLEMENTARY MATERIAL FOR CHAPTER 5
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Table F-1

Study Subjects
EID Name Species Age Sex  Facility Test Total Total
(months) Date Trials  Reversals

1 Mani Gray Wolf 36 M WP 3/20 20 2
2 Khewa  Gray Wolf 36 F WP 3/20 31 2
3 Sparrow  Gray Wolf 36 F WP 3/20 145 8
4 Aspen  Gray Wolf 36 M WP 3/20 7 0
5 Niko Gray Wolf 36 M WP 3/20 16 0
1 Mani Gray Wolf 50 M WP 6/21 12 1
2 Khewa  Gray Wolf 50 F WP 6/21 78 3
3 Sparrow  Gray Wolf 50 F WP 6/21 149 6
4 Aspen  Gray Wolf 50 M WP 6/21 35 2
5 Niko Gray Wolf 50 M WP 6/21 37 3
6 Timber  Gray Wolf 86 F WP 6/21 98 9
7 Nikali Gray Wolf 89 M WCC 10/21 222 17
8 Zephyr  Gray Wolf 125 M WCC 10/21 256 16
9 Alawa  Gray Wolf 125 F WCC 10/21 40 4
10 Scarlette  Red Fox 86 F WP 6/21 165 7
11 Joker Red Fox 110 M WP 6/21 76 5
12 Kestrel Gray Fox 25 M WP 6/21 107 7
13 Lark Gray Fox 25 M WP 6/21 56 4

EID: Experiment identification number. WP: Wolf Park. WCC: Wolf Conservation

Center
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F-2 Assumptions Testing
OLS Regressions Analyses

To test for homoscedasticity and linearity, Non-constant Variance Score Tests
were conducted and residual vs. fitted and residual vs. predictor plots were inspected. To
assess whether residuals were normally distributed, standard normal quantile plots and
residual density plots were inspected.

To test for outliers, leverage (hii > 2p/n), externally studentized residuals
(SDRESID > t(n-p-1)), standardized DFFIT (DFFITSi > 1), and Standardized DFBETA
were examined. When potential outliers were identified, the analysis was rerun with the
corresponding data omitted to confirm that the model was not dependent on individual
test subjects. Notation for regression diagnostics follows Cohen et al. (2003).
Proportion Correct

The model of the proportion of correct WSLS choices in the first 10 trials met all
assumptions and no outliers were identified. The model of the proportion of correct
WSLS choices in the first 20 trials met all assumptions but several potential outliers were
identified. With some of these outliers omitted, the model was no longer significant.
However, the multiple R squared remained high with any individual omitted. The model
of the proportion of correct WSLS choices in the first 75 trials met all assumptions but
three potential outliers were identified. With two of these potential outliers omitted the
model was unchanged. With the third removed the model yielded no prediction.

LSPE

In the model of the longest streak of perseverative errors made in the first 10

trials, the Non-constant Variance Score Test was nearly significant (p = .05) suggesting
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that homoscedasticity may be present. Thus, the significance of this model may be
underestimated. Four potential outliers were identified in this model. Removing two of
these data points had minimal effects on the model. Removing the third potential outlier
substantially improved prediction and removing the fourth potential outlier substantially
reduced prediction.

In the model of the longest streak of perseverative errors in the first 20 trials, the
Non-constant VVariance Score Test was significant (p = .02) suggesting that
homoscedasticity may be present. Thus, the significance of this model may be
underestimated. Four potential outliers were identified. Four potential outliers were
identified. Removing three of these had no effect on the model. Removing the fourth data
point reduced prediction and the model was no longer significant. However, the multiple
r square remained high (r? = .45).

The model of the longest streak of perseverative errors in the first 75 trials met all
assumptions. Three potential outliers were identified in this model. Removing two of
these had no effect on the model. Without the third outlier omitted, the model yielded no
prediction.

GLMMs of Trial Outcome

We examined trial-by-trial performance using generalized linear mixed models
(GLMMs) of trial outcome (correct or incorrect choice) with binomial error distributions
(logit-link functions).

We first fit a full model with fixed effects for the predictor of interest and all
potential covariates, random intercepts for subjects, and all possible random subject
slopes (see Barr et al. 2013; Schielzeth and Forstmeier, 2009). To address potential
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overfitting and underpowering of these maximal models (see Bates et al., 2015a;
Matuschek et al., 2017), we then removed non-significant random subject slopes and
non-significant fixed effects for covariates beginning with the effect which accounted for
the least variation in trial outcome. We continued this stepwise elimination process until
all remaining covariates added significant prediction to the final (reduced) model.
Because random slopes did not add prediction to any model in any analysis, the random-
effects structure of each reduced model included only subject intercepts.

To test the significance of individual effects, we conducted Likelihood Ratio
Tests of nested models (i.e., compared models with and without each predictor). To test
for homogeneity of variance and linearity, we inspected boxplots and scatterplots of fitted
values and residuals as a function of each predictor. To test for normality, we examined
density and quantile plots of fitted values and each random effect. To test for
overdispersion, we compared the sum of the squared Pearson residuals to the degrees of
freedom of the residuals. All data were analyzed in R version 3.4.1. GLMMs were
constructed and tested using the package “lme4” (Bates et al. 2015b).

All models met all assumptions.
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