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Across mammals, increased body size is positively associated with lifespan. However, within
species, this relationship is inverted. This is well illustrated in dogs (Canis familiaris), where larger
dogs exhibit accelerated life trajectories: growing faster and dying younger than smaller dogs.
Similarly, some age-associated traits (e.g., growth rate and physiological pace of aging) exhibit
accelerated trajectories in larger breeds. Yet, it is unknown whether cognitive performance also
demonstrates an accelerated life course trajectory in larger dogs. Here, we measured cognitive
development and aging in a cross-sectional study of over 4000 dogs from 66 breeds using nine
memory and decision-making tasks performed by citizen scientists as part of the Dognition
project. Specifically, we tested whether cognitive traits follow a compressed (accelerated)
trajectory in larger dogs, or the same trajectory for all breeds, which would result in limited
cognitive decline in larger breeds. We found that all breeds, regardless of size or lifespan, tended
to follow the same quadratic trajectory of cognitive aging—with a period of cognitive development
in early life and decline in later life. Taken together, our results suggest that cognitive performance
follows similar age-related trajectories across dog breeds, despite remarkable variation in
developmental rates and lifespan.
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Introduction

Across mammals, larger species tend to live longer than smaller species (Healy et al. 2014).
Yet, within species, this pattern is reversed (Metcalfe and Monaghan 2003; Austad 2010;
Bartke 2017). This pattern is well documented in domestic dogs (Galis et al. 2007; Kraus et
al. 2013; Fan et al. 2016) where larger dog breeds (e.g., Bernese Mountain Dog, mean
lifespan = 7 years) have an expected lifespan that is approximately half that of smaller
breeds (e.g., Chihuahua, mean lifespan = 13 years; Jones et al. 2008). While large breeds
take longer to mature than small breeds, they weigh disproportionately more, and, therefore,
have faster growth rates and an accelerated pace of physiological aging (e.g., cellular
damage; Fick et al. 2012; Kraus et al. 2013; Fan et al. 2016). Domestic dogs have been
under strong artificial selection for at least 15,000 years (vonHoldt et al. 2010), which has
driven extensive diversity in physical and life history traits (i.e., size, growth rate, and
lifespan). The large variation in these life history traits, in particular, has made dogs an
invaluable model species for studying the underpinnings of age-related changes in health
(Hoffman et al. 2018).

Domestic dogs also provide a powerful model in which to explore intraspecific patterns of
cognitive aging. In humans and other animals, including dogs, cognitive abilities, such as
learning and memory, change throughout aging (Craik and Bialystok 2006; Bizon and
Woods 2009; Harada et al. 2013; Chapagain et al. 2018). However, for some cognitive
processes, dogs may even provide a better model for human cognition than rodents and
nonhuman primates, potentially due to convergent evolution between humans and dogs
(Miklosi et al. 2004; Hare and Tomasello 2005; Hare 2017; MacLean et al. 2017). For
millennia, humans have selected dogs for both behavioral (i.e., herding and hunting) and
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physical traits (Ostrander et al. 2017; Parker et al. 2017), contributing to the extensive
diversity seen across modern breeds. While the association between domestic dog cognition
and other life history traits (e.g., age) remains largely unexplored, there is evidence that
absolute brain size is associated with breed differences in executive function (Horschler et
al. 2019)—a cognitive domain responsible for inhibitory control, mental flexibility, and
decision-making (Alvarez and Emory 2006; Jurado and Rosselli 2007).

Executive functions typically include inhibition (i.e., self-control and selective memory),
working memory, and cognitive flexibility (Diamond 2013). In humans, executive function,
learning, and long-term memory have largely been found to increase in early life and
decrease in late life (Craik and Bialystok 2006; Harada et al. 2013; but see Verhaeghen
2011). Other cognitive abilities (e.g., vocabulary and general knowledge) increase steadily
throughout life (i.e., linearly) or increase rapidly and then plateau (i.e., resembling a positive
logarithmic curve; Harada et al. 2013). Similar to humans, domestic dogs experience
changes to critical cognitive functions across life (Chapagain et al. 2018). Recent studies
from laboratory and pet dogs have demonstrated that learning, memory, and cognitive
functions under executive control decrease in older dogs (Adams et al. 2000; Tapp et al.
2003; Szabo et al. 2016; Wallis et al. 2016). Older dogs also show greater variability in the
extent of cognitive decline with age (Adams et al. 2000). One source of this variability may
be lifelong behavioral training, which has been associated with greater sustained and
selective attention in older dogs (Chapagain et al. 2017). Although domestic dogs exhibit
age-related cognitive changes, we still know very little about how cognition changes with
age, in large part due to sample size: collecting data from enough very young and very old
dogs has been challenging (Szabé et al. 2016). To date, most studies of dog cognitive aging
have focused on one breed or a small number of breeds, which, due to the limited variability
in life history within individual breeds, has limited our ability to examine associations
between cognitive aging and physiological pace of aging. Consequently, the extent to which
cognitive changes throughout aging are associated with life history traits that covary with
physiological pace of aging (as measured by average breed lifespan) remains unknown.

Here, we investigated the associations between lifespan and cognitive traits in dogs, to test
the hypothesis that animals with faster life histories also exhibit earlier onset of and/or more
rapid cognitive decline. We addressed two questions using a cross-sectional dataset of more
than 4000 dogs from 66 breeds collected from participants of the Dognition project, a citizen
science initiative in which owners perform simple cognitive tests with their dogs at home
(Stewart et al. 2015). First, we tested how cognition changes across the lifespan of domestic
dogs. To date, many studies of dog cognition have modeled cognition as a linear process
throughout the lifespan, yet data from humans, apes, and several within-breed studies of
domestic dogs suggest the likelihood of non-linear changes across development and
senescence (Craik and Bialystok 2006; Harada et al. 2013; Wallis et al. 2014; Manrique and
Call 2015). Second, we tested if and how a key life history trait, expected breed lifespan,
affected the trajectory of cognition across the lifespan. We explicitly tested two alternative
hypotheses: (1) truncation: that all breeds have similar cognitive trajectories throughout
aging with larger breeds having a limited period of cognitive decline (Fig. 1a), and (2)
compression: that changes in cognitive abilities scale with lifespan such that larger dogs
have a compressed (i.e., accelerated) cognitive trajectory (Fig. 1b).
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Methods

Data sources

Cognitive performance data were collected from Dognition. com, a citizen science website
which provides users with video instructions for completing simple cognitive experiments at
home with their dogs. Owners entered data into the website by answering simple questions
about their dog’s behavior during the cognitive tests (e.g., which location did your dog
approach?). Importantly, results from citizen scientists using Dognition recapitulate results
from professional scientists working in controlled laboratory settings (Stewart et al. 2015).
Here, we restricted our analysis to data collected prior to April 2018 from purebred dogs
with known sex, age, reproductive alteration status (i.e., spayed/neutered vs. intact), and
breed (7=4419). Dogs in the study represented 66 breeds and ranged in age from < 1 to 14.2
years with a mean age of 4.78 years (standard deviation + 3.13; Supplemental Fig. 1). To
ensure representative sampling, only breeds with ten or more individuals were retained for
analysis (Supplemental Table 1). We used data from purebred dogs to ensure that we could
estimate mean breed lifespan and to control for relatedness among breeds based on breed-
averaged genotypic data (Parker et al. 2017; Supplemental Table 2). We used estimates of
mean breed lifespan from Jones et al. (2008; Supplemental Table 3). Because recent studies
have found behavioral modifications correlated with reproductive alteration (Hart 2001;
Mongillo et al. 2017; Scandurra et al. 2019), we also included reproductive alteration status
as a covariate in all models.

We included data from nine cognitive tasks measuring diverse processes involving aspects of
executive function, such as memory, reasoning, decision-making, self-control, as well as
measures of social cognition (Stewart et al. 2015; Horschler et al. 2019; Table 1). Sample
size varied across tasks due to participant attrition across the series of experiments. We
focused our analyses on tasks involving executive function, as it is one of the cognitive
domains most susceptible to effects of aging (Jurado and Rosselli 2007). Seven of the
Dognition tasks involved an object-choice paradigm in which the dog had to choose one of
two possible options, across a series of trials (range = 1-6, mode=4; Table 1). One of the
other two tasks was the eye contact task, in which the owner held a piece of food up to their
face and recorded the time until the dog broke eye contact (up to 90 s). This task was
designed as a measure of dog’s social engagement. In the remaining task, the owner set a
treat before the dog, instructed the dog not to take a treat, and recorded the time until the dog
took the treat (up to 90 s) while the owner (1) was visibly watching the dog, (2) had their
back turned to the dog, or (3) faced the dog with their eyes closed (detailed in Stewart et al.
2015). Although originally developed as a measure of social cognition (sensitivity to cues
about the human’s visual perspective), recent analyses have focused on the executive
function component of this task, which requires dogs to delay gratification (Horschler et al.
2019). Following this approach, we considered the latency to take the forbidden treat as a
measure of executive function in our analyses. To summarize performance in this task, we
performed a principal component analysis on the latencies to take the treat across conditions.
This analysis yielded one principal component which explained 88% of the variance and is
subsequently referred to as ‘delay of gratification’. The Dognition battery also includes a
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contagious yawning task which we did not include because preliminary analyses showed
minimal evidence for contagious yawning in this sample.

Statistical analysis

To address the questions of (1) how cognitive performance changes across domestic dog
lifespan (Egs. 1, 2, and 3) and (2) whether cognition scales with mean breed lifespan (Egs. 3
and 4), we compared the fit of all four mixed effects models for each of the seven tasks with
a binomial response and the two linear response variables (eye contact and the principal
component scores reflecting delay of gratification; Supplemental Tables 4, 5). Because many
cognitive abilities in humans exhibit a negative quadratic relationship (an inverted U-shape)
with age (in particular those associated with executive processes), while others tend to
increase throughout life or increase quickly during development and then plateau (Craik and
Bialystok 2006; Harada et al. 2013; Wallis et al. 2014), we tested if cognitive performance
followed these trajectories by modeling age as a quadratic, linear, and logarithmic predictor
(Egs. 1, 2, 3; Supplemental Table 4).

Linear trajectory : Cognitive measure ~ sex + reproductive alteration + age

+ mean breed lifespan &)
Logarithmic trajectory : Cognitive measure ~ sex + reproductive alteration + log ®
(age) + mean breed lifespan
Quadratic trajectory (additive) : Cognitive measure ~ sex + reproductive @)
alteration + age + age?® + mean breed lifespan
Quadratic trajectory (interactive) : Cognitive measure ~ sex + reproductive alteration
+ age X mean breed lifespan + age? x mean breed 4

lifespan

Equations 1, 2, 3, and 4 Eqgs. 1, 2, and 3 represent hypothesized trajectories of cognitive
aging, based on previously described patterns of cognitive aging. Equations 3 and 4
represent the truncation and compression hypotheses.

In all models, the age and mean breed lifespan predictors were mean centered and scaled to
a standard deviation of one. Age and mean breed lifespan were in units of years and,
therefore, one order of magnitude larger than the predictors of sex and reproductive
alteration. Scaling the predictors of age and mean breed lifespan made them similar in
magnitude to the predictors of sex and reproductive alteration, facilitating interpretation of
the model results (Harrison et al. 2018). All models of the quadratic trajectory included
orthogonal linear and quadratic predictors of age. Mixed-effects models of the seven
binomial measures were carried out using the ‘PQLseq’ package, which implements the
mixed modeling framework MACAU in the R environment (Lea et al. 2015; Sun et al.
2019). This allowed us to model a binomial outcome variable (i.e., number of times dog
chose the left cup out of six) while controlling for background genetic similarity among the
breeds, which was calculated from a recent genomic analysis of 150,067 SNPs in 1346 dogs

Anim Cogn. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watowich et al.

Page 6

representing 161 breeds (Parker et al. 2017; Supplemental Table 2). The eye contact and
delay of gratification measures were modeled controlling for breed relatedness using the
‘EMMREML’ package (Akdemir and Okeke 2015) in the R environment. Only breeds for
which we had both cognitive and genetic data were included in our analyses (Supplemental
Table 1). Model fits were compared using Akaike information criterion (AIC; Akaike 1974).
To test the sensitivity of our models, we also repeated these analyses excluding
overrepresented breeds, which were breeds which each constituted over 5% of the dataset
(Supplemental Table 6). Five breeds fit this criterion (Australian Shepherds, Border Collies,
German Shepherd Dogs, Golden Retrievers, and Labrador Retrievers) and together
comprised over 45% of the dataset. For models of the three tasks involving gesture following
(arm pointing, foot pointing, and memory vs. pointing), we included behavioral training
history as a predictor in the truncation and compression models to ensure that our results
were not confounded by the correlation between dog size and training history (training
history was rated on a scale of 1 [none] - 4 [substantial]; 7s=0.12, p < 0.001; Supplemental
Table 7; Horschler et al. 2019).

Delayed memory task

Results

We considered the delayed memory task to be the clearest test of basic memory because
other tests involving memory measured preferences and biases, where memory was pitted
against other information sources (e.g., memory of treat location vs. owner’s pointing,
memory of treat location vs. scent of the treat). Although designed and interpreted as a
measure of memory, it is possible that the delayed memory task also reflects variation in
sustained attention, since the hiding locations were not out of the dog’s view during the
delay. However, unlike traditional sustained attention tasks, there was no cue provided at the
end of the delay, and thus subjects would most likely have been reliant on memory to
motivate their search for food at the baited location. We modeled all trials from this task to
test the truncation and compression hypotheses; however, we focused our analyses on the
150 s trial, as this trial was the longest time delay and likely the most cognitively
challenging. Importantly, the results of the 60, 90, and 120 s delayed memory trials were
very similar to the 150 s trial (Supplemental Table 8).

Cognition across the lifespan

For all tasks, the best models (AAIC > 2) included the quadratic predictor of age, compared
to linear or logarithmic, meaning that cognitive performance followed the expected inverted
U-shaped trajectory—increasing in early life and declining in late life (Figs. 2, 3;
Supplemental Fig. 2; Supplemental Table 4). Although the best models included quadratic
functions of age, the coefficient for the quadratic term was significant in only six tasks (eye
contact, delayed memory, memory vs. pointing, memory vs. smell, and inferential reasoning
tasks, as well as the delay of gratification score; Figs. 2, 3; Supplemental Tables 4, 5, 8).
Models without a significant age? term (arm pointing, foot pointing, and physical reasoning
tasks) showed an increase in cognitive performance throughout aging (Supplemental Table
5).
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Truncation vs. compression models

Models testing the truncation hypothesis fit the data better than or as well as models of the
compression hypothesis for seven of the nine tasks (Table 2; Supplemental Table 5). The two
tasks for which the model of the compression hypothesis had a better model fit were the eye
contact task and delay of gratification score. However, neither of these models had
significant interactions with mean breed lifespan, between age and mean breed lifespan, nor
between age? and mean breed lifespan. For models of the compression hypothesis, only the
arm pointing (B =2.196, SE = 0.996, p= 0.028, m/=4367) and foot pointing tasks (8= 2.018,
SE =1.028, p= 0.049, 7=4071) showed significant interaction effects between age? and
mean breed lifespan, while the memory vs. pointing task had a significant effect of mean
breed lifespan in models of the truncation and compression hypotheses (8= 0.087, SE =
0.042, p=0.037, n=2346; Supplemental Table 5). These associations would support the
compression hypothesis; however, interactive models of these tasks did not fit the data better
than additive models representing the truncation hypothesis (AAIC < 2; Table 2;
Supplemental Table 5). Our sensitivity analyses that excluded overrepresented breeds
generally recapitulated results of the comparison between truncation and compression
hypothesis models (Supplemental Table 6). In these analyses, fewer tasks had significant
effects of age and age?, likely due to reduced power; however, the results were very similar
to analyses with the entire dataset and did not suggest that our results were being driven by
breeds that were overrepresented in the data. While we focused our analyses on the 150 s
delayed memory trial, we evaluated how age affected cognitive performance across all
delayed memory trials by modeling delay-specific accuracies in young (0-5 years), middle-
aged (6-10 years), and old dogs (11 + years). Comparing the slope of the delay function, we
found that dogs 11 years and older performed lower across all delayed memory trials
(Supplemental Fig. 3).

Gesture following

We observed associations between predictors involving breed mean lifespan for the three
tasks involving gesture following (arm pointing, foot pointing, and memory vs. pointing),
supporting the compression hypothesis, although model fit did not differ substantially
between models of the truncation and compression hypotheses (Table 2; Supplemental Table
5). Additionally, in all models of gesture following, the age coefficient indicated increases in
performance with aging, rather than late-life deterioration of cognitive performance,
suggesting that these associations are not likely to support accelerated cognitive
deterioration in faster aging breeds. To ensure that our results were not confounded by the
correlation between dog size and training history, we included training as a predictor in the
truncation and compression models for all gesture following models. The proportion of dogs
in each category of training history was similar between intact and spayed and neutered
individuals, males and females, and across dogs of all ages (in 1-year age groups). Effects of
breed lifespan were reduced to statistically indistinguishable from zero when we included
training history in the models of gesture following tasks (arm pointing [mean breed lifespan
x age?]: B = - 0.64, SE = 0.915, p=0.485, n= 1105; foot pointing [mean breed lifespan x
age? ]: B=10.275, SE = 0.936, p= 0.769, n= 1057; memory vs. pointing [mean breed
lifespan]: g=0.071, SE = 0.083, p=0.394 n=720; Supplemental Table 7). However,
because not all owners reported their dog’s training history—resulting in reduced power for
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this analysis—we could not rule out the possibility that this reduction in significance was
due to a smaller sample size. We, therefore, compared this analysis to an analysis of the
same subsample excluding training history as a predictor (Supplemental Table 7) and found
that the effects of mean breed lifespan were not significant.

Associations of reproductive alteration vary across gesture following tasks

Reproductive alteration was associated with decreased gesture following throughout aging
(Fig. 4; arm pointing: =-0.117, SE = 0.039, p< 0.01, 7= 4367; memory vs. pointing: 8=
0.379, SE = 0.097, p< 0.001, n=2346; Supplemental Table 5). After controlling for training
history in analyses of the arm pointing and memory vs. pointing tasks, reproductive
alteration was still significantly associated with decreased gesture following (arm pointing: 8
=-0.272, SE = 0.073, p< 0.001, 7= 1105; memory vs. pointing: 8= 0.527, SE = 0.164, p<
0.01, n=720), indicating that spayed or neutered animals were less likely to follow social
cues from their owner, even after controlling for training history (Supplemental Table 7).

Sex differences

In the eye contact task, males maintained eye contact with the experimenter longer than
females (8= 2.26, SE = 0.738, p=0.002, 7/=4359), but this effect size was small (males held
eye contact for an average of 2.26 s longer than females; Supplemental Table 5). In the
delayed memory task, males were more likely than females to locate a treat after the 150 s
delayed memory trial (8= 0.204, SE = 0.101, p = 0.043, 7= 2124), but not any other
delayed memory trial; again this effect was small, but statistically significant (males had
22% higher odds of choosing the cup with the treat; Supplemental Table 8). After
performing our sensitivity analyses by excluding overrepresented breeds, males still showed
longer social engagement in the eye contact task (8= 2.323, SE = 1.008, p=0.021, n=
2318) but sex differences for the 150 s delayed memory trial were no longer significant
(Supplemental Table 6).

Discussion

We investigated age-related changes in dog cognition and found that all cognitive measures
changed across the lifespan, with most measures following a clear negative quadratic
trajectory across the lifespan. For each of the nine cognitive tasks we evaluated, models with
a quadratic term for age better fit the data than linear and logarithmic terms and six of these
cognitive tasks showed a distinct inverted U-shape across aging (Fig. 2; Supplemental Fig. 2;
Supplemental Tables 4, 5), indicating that a broad suite of cognitive processes in domestic
dogs increase in early life, peak in midlife, and decrease in late life. Additionally, we found
that cognitive performance in tasks testing physical reasoning and the propensity to follow
owners’ pointing gestures (without competing sources of information) increase throughout

aging.

Tasks directly testing memory and self-control were the clearest tests of executive function
and had particularly robust quadratic curves throughout aging (Figs. 2, 3; Supplemental
Table 5). In humans, executive function follows a similar negative quadratic trajectory
throughout the lifespan and is one of the cognitive domains most susceptible to aging.
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Declines in executive function greatly impact daily life by reducing cognitive performance
in domains such as decision-making, memory, and self-control (Jurado and Rosselli 2007;
Alvarez and Emory 2006; Bizon and Woods 2009; Harada et al. 2013). Similar declines have
been reported in nonhuman primate and rodent models (Moore et al. 2006; Rodefer and
Nguyen 2008; Beas et al. 2013), and recently described for domestic dog attention (Wallis et
al. 2014). Our findings extend these similarities to dogs across a range of cognitive
processes, thus building on previous laboratory work with dogs (Milgram et al. 1994; Head
et al. 2001; Tapp et al. 2003) and advancing companion dogs as a useful model for human
cognitive aging.

To assess associations between cognition and aging, we tested models representing what we
have termed the ‘truncation hypothesis’, in which all dogs have similar cognitive
trajectories, and the ‘compression hypothesis’, in which the timing of decline is accelerated
in shorter lived breeds. Models representing the truncation hypothesis fit the data better than
or as well as models representing the compression hypothesis across seven of the nine
cognitive tasks (Table 2; Supplemental Table 5). The two tasks for which models
representing the compression hypothesis fit the data better than models representing the
truncation hypothesis did not have significant associations of mean breed lifespan or
between mean breed lifespan and linear or quadratic terms of age. Additionally, all models
representing the compression hypothesis lacked significant interactions between age and
mean breed lifespan after controlling for training history. Thus, we conclude that there is not
sufficient evidence for the compression hypothesis, and that these results most strongly
support the truncation hypothesis. Together, our results suggest that all dog breeds,
regardless of average breed lifespan or rate of physiological aging, exhibit similar cognitive
aging trajectories such that larger dogs may experience a limited cognitive decline at the end
of their shorter lives.

Although the pace of physiological aging varies with lifespan, there is evidence that the age
of onset of senescence does not differ among breeds, except, perhaps, in very large breeds
(Kraus et al. 2013). If general onset of senescence is similar among breeds, larger breeds
will tend to have an abnormally shortened senior period, while smaller breeds will likely
undergo a protracted decline. Our findings indicate a similar pattern in cognitive
performance and are concordant with recent work finding similar prevalence of canine
dementia across breeds of varying size (Salvin et al. 2010, 2012). However, Kraus et al.
(2013) suggest that large breeds physiologically deteriorate rapidly, which we did not detect
for cognitive aging. Together, these results may suggest that the pathways which influence
cognitive aging may be partially decoupled from those which affect the pace of
physiological aging. While further investigation is clearly warranted, these findings have
important implications for dog owners considering the quality of life during the senior
period in terms of both cognitive and physiological health.

We also observed effects of reproductive alteration on tasks involving responses to pointing
gestures. Intact dogs were more likely than spayed and neutered dogs to follow owners’ cues
across two tasks involving arm pointing even after controlling for training history
(Supplemental Table 7). These findings are consistent with results from a recent study that
demonstrated reduced tendency of gonadectomized female dogs to follow human pointing
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gestures compared to intact females (Scandurra et al. 2019). Neutering increases food
motivation and decreases metabolic rate, which can lead to lower energy levels and
increased risk of obesity (Duffy and Serpell 2006; German 2006). It is, therefore, possible
that neutered dogs had a greater motivation to obtain the food than intact dogs and were less
attentive to the cue given by the owner. It is unclear how sex hormones alter cognition and
behavior in dogs; however, there is some evidence that intact male dogs may exhibit slower
cognitive decline than neutered males (Hart 2001) which may be due to neuroprotective
activity of sex hormones (Zarate et al. 2017). Additionally, our findings demonstrated few
and inconsistent sex-related differences in cognitive performance. Sex was significantly
associated with performance on two measures, duration of eye contact, in which male dogs
held slightly longer eye contact than females, and the 150 s delayed memory trial, in which
males had a greater propensity than females to remember treat location after this time delay
(although this effect was not detected for the sensitivity analyses with reduced sample size;
Supplemental Tables 5, 6). Sex differences in dog cognition have been reported across a
variety of measures including looking times in violation of expectation tasks, gaze at human
faces following oxytocin administration, and speed and accuracy in spatial memory tasks
(Muller et al. 2011; Nagasawa et al. 2015; Mongillo et al. 2017). However, these studies
found that female dogs tended to show longer looking times compared to males, and better
performance on spatial memory, effects in the opposite direction to those we observed.
Given the inconsistency across studies, it will be important for future research to assess the
robustness of sex differences on these measures, as well as specific factors that may
determine the nature of these effects (Miller and Halpern 2014).

One limitation of this study stems from a lack of very old dogs in our sample. We had
relatively few dogs of very old age: dogs aged 11 and older comprised 5% of our dataset. We
observed greater variation in cognitive performance in older dogs, particularly among the
oldest dogs in the study. For many tasks, the performance of the oldest aged dogs in our
study ranged greatly, often spanning the full spectrum of the dependent variable’s range. The
relatively small number of very old dogs means that assessing cognitive performance in this
group is more susceptible to the influence of a small number of individuals. Future studies
further establishing how cognition changes and varies among this demographic would be
valuable. We suspect that the limited number of very old dogs may result from a selection
bias in which owners of older, potentially highly impaired dogs, may have been less likely to
pursue participation in these activities. Thus, active recruitment of the oldest dogs will be an
important priority for future research. While collecting self-reported data from dog owners
enabled the relatively large sample size of this study, we had variation in the reporting of
information such as training history, which decreased power to detect effects of aging and
possible associations with mean breed lifespan within this group. It will be important to
generate larger datasets in the future that can include other potentially relevant covariates.
We also collected data from dog owners at a single time point which limited the degree to
which we could evaluate individual variation in cognitive performance throughout aging.
Lastly, the cognitive assessment we used included diverse tasks, but the particular cognitive
processes measured by each specific task were not unambiguous.

Due to extraordinary intraspecific phenotypic diversity, dogs present a unique model for
investigating how age-related traits vary with cognition across the lifespan. Our findings
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suggest that age-related changes in executive function in domestic dogs follow patterns
similar to those in humans and provide insight regarding the relationships (or lack thereof)
between life history and cognitive trajectories in a species characterized by extensive
intraspecific diversity. An important priority for future work will be to determine whether
dogs and humans share similar aging trajectories in other cognitive domains such as long-
term memory, cognitive processing speed, and episodic-like memory. Using consistent and
readily deployable cognitive assessments, such as the ones presented here, future studies
could evaluate longitudinal changes in cognitive performance of the same cohort of dogs
across various timepoints to gain a finer grained understanding of dog cognitive aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Alqternative models of cognitive aging in dogs. a Schematic of the truncation hypothesis in
which larger and smaller dog breeds have similar cognitive trajectories throughout aging.
Under this hypothesis, large dog breeds experience limited cognitive decline because they
typically die before the more precipitous cognitive decline experienced by longer-lived,
smaller breeds. b The compression hypothesis in which cognitive performance scales with
lifespan, such that larger breeds will have an accelerated cognitive trajectory
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Eye contact
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Delayed memory 150 second
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Age has both linear and quadratic associations with cognitive function. Effect sizes and
estimated confidence intervals (beta + 1.96 X SE) of age and age? predictor variables for the
additive (truncation) models for each cognitive task. Estimated confidence intervals that do
not cross the line of null effect (x = 0) are statistically significant. For ease of interpretation
and visualization, and to keep all variables on a similar scale, we converted the beta for the

eye contact task to minutes
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Fig. 3.
Self-control changes with age. Delay of gratification principal component 1 values for 2-

year age groups. The delay of gratification task measures the time until the dog takes a treat
(latency) under conditions of the owner watching, closing their eyes, and turning their back.
Increasing y-axis values indicate greater performance in prolonging gratification (i.e.,
increased latency to take the treat)
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Fig. 4.
Gesture following differs between intact and spayed and neutered dogs. Predicted cognitive

trajectory for the memory vs. pointing task throughout aging (years) of an average dog in the
dataset whether spayed or neutered (green) or intact (blue), with bootstrapped 95%
confidence intervals

Anim Cogn. Author manuscript; available in PMC 2021 May 01.



Page 18

Watowich et al.

Buruoseal [enuaiayul

sayoeo.dde 15114 Hop ay) uonedIo|
Yo1ym spJodal pue Jes st Jaded Jayio ayp ajiym Jeall ayl Aq parens)s si Jaded ay 1ey os Jaded auo Japun

or ¥S9T % JATesned [edIsAyd 1ea.) e saoe|d JaUMO By '100] 8y} uo Jaded pap|oy Jo sadard omi saoeld Jaumo ayl ‘MalA s,Bop ayy Buisoolg Buiuoseal [eaisAyd
uoisn|axa Aq Buluosess sayoeo.idde 15114 Bop ay) uo1IEIO| Ya1ym Spiodal pue Aidwa Si 3 MOYs

FA4 1€1T ¥ /Buluoseal [enualagu] 01 dno Adwie ay) sesiel Jaumo ay | “auo Bunreq Ajuo ajiym ‘sdnd omy Japun sjeas) ade|d o) sieadde Jaumo ayl  Buluoseal jenuaiaju|
uonuane pautelsns  saydeoidde 3si1y Bop 8y UOIFRIO] YIIYM SPI0I3J Jaumo 8y} uay L “Bop ay) Buises|al a10jaq (S[ell Inoy Ssode)

v vZ12 v JAlowaw wWisl-HoyS S OGT PUe ‘0ZT ‘06 ‘09 SHEem uay) pue sdnd oM JO BUO Japun Jeal} e sade|d Jaumo ay ‘Bop ayl J0 MaIA [N} U] AKlowaw pakejag
UoI9ey|0 ‘SA Alowaw sayoeoldde 1511} Bop ay1 UOIEIO| YIIYM SPI0IaJ JBUMO 8] “Teali ay Jo uonisod ayy Buiyonms

I 1812 v WoJj uoeWIO}UI IO} Selg 3]lym MalA s,60p 8y} $%20]q uay} ‘sdnd oM} JO aUo Japun Jeas e sade|d Jaumo ay ‘aas 0} Bop ayy Buimol |y 118WS "SA AJowsy
UOITRIIUNWWIOY "SA Alowaw sayoeoudde 15114 Bop ayy UOIEIO| YIIYM SPI0I3I JBUMO 3Y |

8 oveZ 9 WoJy UoljewIoUl Jo) selg *dna Jaypo ay) 01 Jutod 03 spasdoid usy) ‘sdnd oMy JO aUO Japun Jeall e saoe|d Jaumo ay) ‘Bop syl Jo malA up  Bunuiod ‘sA Alowa

uonIpuod

T8 9¢8¢ 4 39eq J13y} Buiuiny JsUMO 8yl YlIM ‘BA0qe Se awes 3oeq pauing

uonIpuod

15 9282 2z $9A3 4183 BUISO[D JBUMO B} YIIM ‘DNOCE Se sWes $9Ad paso|D
S 06 01 dn ‘Jeal) 8y} saxel Hop 8y} [1UN W1 JO UOITRINP Y} SPI0J3I JAUMO

15 9282 2z 3L "1eal) ay} axe) 0] Jou Hop sy} spuewLod Ajjeqlan pue Bop ay) 40 JuoJ) Ul Jeal) ayl saoe|d Jaumo ayl uonipuod Buiyorepmy

uoneaelh

18 9z8¢ 9 1013U02-§|3s/uoniqiyul jo Aejp@
uoIEIIUNWWO09 sayoeo.dde 1s114 Bop ay) uo1edIo|

€9 T.0V 9 Juoinubod [e190S By} SPJ0JaJ pUB ‘UOITEJO0] Jeal} BUO PJema) 100y 1By} SPUBIXa ‘Ya| pue JybL 118y} 03 1eal} auo sade|d Jaumo ay L Bunuiod 004
uoIEIIUNWWO0I sayoeolidde 15114 Bop

59 198y 9 Juoniuboo [e100s 3} UOITRI0] 8y} SPJ0J3I pUR ‘UOITRIO] Jeal] duo 03 sjulod ‘Ya| pue Jybi J18y} 01 1eal) auo sadejd JBUMO By | Bunuiod wiy

59 6SEY € Juswabebus [er1oos S 06 UIYNM 19B1U0D 943 Syeaiq Bop ay) usym pue }1 SpI0daJ pue 8.} J1ay} 0} 1eal} & SPjoy Jaumo ay L 198JU09 343

spaaiq sbop
le10l [elol  S[euL sassa204d annubod uondiisaq Msel

Author Manuscript

sisAJeue Ul papnjoul spaalq JO Jaquinu pue ‘sisAeue
Ul papnjoul S[enpIAIPUL JO Jaquunu ‘yse) Jad Palonpuod s[et Jo Jagquinu ‘1sal 0] paulisap sem yse) ayl sassaooud aAnIubod ‘sysel aanubod Jo uonduosag

T alqeL

Author Manuscript Author Manuscript

Author Manuscript

available in PMC 2021 May 01.

ipt;

Cogn. Author manuscri

Anim



Page 19

Watowich et al.

S]apoW UoIssaIdWwod pue uoITeIUNIY USBAIBT 11 [POW Ul 30USISHIP B 310U3P PIOg Ul SISQUINU YL "M [9POW Ul 3DUBI3HIP © PaIapISU0d SI Z < DIVV 34 [3POW Ja1Iag B Sa1edlpul anfeA DY JamoT]

30UBJaIP ON LT Buluoseal [eatsAyd
sisaylodAy uoreount). 2 Buluoseal |enuaiayu|
30UBJaIP ON 20—  S0ST Alowaw pakejag

32UBIAHIP ON 80 J18Ws "SA AJows N

30UaIaIp ON T0 Bunuiod ‘sa AlowsN
sisayjodAy uoissaidwo) G/l - uoneaynelb jo Aejag
30uaIaYIp ON €0 - Bunuiod 1004

30UaIaYIp ON 1 Bunuiod wiy
sisayjodAy uoissaidwo) 0'€T - 10BIU0D 943
114 19138q YUM [8polN  (uorresunai—uoissaadwod) sjapow sisayrodAy uoissaadwiod pue sjapow sisaylodAy uoireounul Jo D1V Msel

3se1 aAubo9 yaes 1oy sisayrodAy uoissaidwod ayl pue sisaylodAy uoneauns] ay 4o sjapoul Jo 114 ay) Buredwo)d

¢ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Anim Cogn. Author manuscript; available in PMC 2021 May 01.



	Abstract
	Introduction
	Methods
	Data sources
	Statistical analysis
	Delayed memory task

	Results
	Cognition across the lifespan
	Truncation vs. compression models
	Gesture following
	Associations of reproductive alteration vary across gesture following tasks
	Sex differences

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2

