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A B S T R A C T 

Exposure to social environmental adversity is associated with health and survival across many social 

species, including humans. However, little is known about how these health and mortality effects vary 

across the lifespan and may be differentially impacted by various components of the environment. Here, 

we leveraged a relatively new and powerful model for human aging, the companion dog, to investigate 

which components of the social environment are associated with dog health and how these associations 

vary across the lifespan. We drew on comprehensive survey data collected on 21,410 dogs from the Dog 

Aging Project and identified five factors that together explained 33.7% of the variation in a dog’s social 

environment. Factors capturing financial and household adversity were associated with poorer health 

and lower physical mobility in companion dogs, while factors that captured social support, such as living 

with other dogs, were associated with better health when controlling for dog age and weight. Notably, the 

effects of each environmental component were not equal: the effect of social support was 5× stronger 

than financial factors. The strength of these associations depended on the age of the dog, including a 
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stronger relationship between the owner’s age and the dog’s health in younger as compared to older dogs. Taken together, these findings 

suggest the importance of income, stability and owner’s age on owner-reported health outcomes in companion dogs and point to poten-

tial behavioral and/or environmental modifiers that can be used to promote healthy aging across species.

Lay summary Exposure to adversity is linked to poor health and survival in many social species. Using data from 21,410 companion dogs, 

we identified which components of the social environment are associated with health, mobility, and disease. More social companions and 

better household stability predicted better health outcomes.

Keywords: social determinants; health and disease; companion dogs; aging

INTRODUCTION

The social environment is one of the strongest predictors of 
health and mortality in many mammals, where exposure to less 
social adversity is associated with a lower risk of disease and 
death [1]. In humans, higher socioeconomic status (SES) can 
lead to access to more resources, including healthcare, and a 
more predictable, less stressful environment that is associated 
with lower morbidity and mortality [2, 3]. Additionally, social iso-
lation—another component of the social environment—has a 
stronger association with mortality than heavy smoking, heavy 
drinking and lack of exercise, when controlling for SES [3, 4]. 
These sociality-health links appear to be deeply rooted in evo-
lutionary history: having been identified in species ranging from 
mice to primates [5–7].

How social adversity impacts older individuals is less clear 
and may vary based on timing, severity and perceived impact 
of exposure to adversity [8]. Environmental stability, which is 
composed of positive socioeconomic, built and natural environ-
mental factors—such as higher household income, more social 
connections and access to greenspace, patterns overall health 
and disease risk in both early and late life [9]. In humans, urban 
environments with high residence turnover, high pollution levels 
and low economic status are associated with reduced physical 
mobility, increased disease risk and poor health outcomes [10] 
that can also worsen with age [11]. However, researchers are 
only beginning to explore how health and mortality associations 
with environmental factors vary across the lifespan in humans 
[12, 13]—knowledge that is necessary to optimize the distribu-
tion of resources and interventions to those who would benefit 
most. This gap in our knowledge is largely due to the long lives 
of humans and confounding factors that may be linked to other 
environmental factors (e.g. smoking).

To address this gap, we can turn to animal systems with sim-
ilar biology, recent co-evolutionary history and environments 
to humans, but compressed into a much shorter lifespan. 
Companion dogs (Canis familiaris) offer a unique opportunity to 
look across the lifespan at how and when aspects of the social 
and physical environment may alter aging, health and survival. 
Dogs have been shown to be a powerful comparative model 
due to our shared biology, shared environment and significantly 
shorter lifespan [14–18]. Similar to humans, the major causes of 

death and disease in older dogs are cancer, cardiovascular inci-
dences and immune-mediated diseases—making them a partic-
ularly important model for understanding the biology of aging in 
mammals [18–20]. Dogs are also genetically and phenotypically 
diverse due to hundreds of years of selective breeding [21, 22], 
and this genetic history and architecture have also made them a 
powerful model for investigating the genetic factors underlying 
complex traits, including many human diseases—many of which 
are associated with aging [23, 24].

Yet, despite our shared environments and passion for our 
companion dogs, we still know relatively little about the health 
impacts of the social environmental factors on companion ani-
mals, such as dogs. This gap in our knowledge is in large part 
due to a dearth of detailed social-environmental data available 
for large samples of dogs of all ages. We, therefore, have a lim-
ited understanding of how lived experiences might affect health 
and aging in dogs, which could: (1) inform how environmental 
factors impact human health and aging across the lifespan, and 
(2) help our companion animals live longer, healthier lives.

In humans, older individuals are often more vulnerable to 
adverse risk exposures due to a decreased ability to recover from 
exposures (‘resilience’), and a limited capacity for withstanding 
these exposures (‘reserve’) [25, 26]. For example, older individu-
als who experience a stressor such as infection or surgery are at 
increased risk of adverse outcomes later in life [25]. This associa-
tion  extends to companion dogs, who have been shown to have 
poorer outcomes for relatively common conditions at older ages 
as compared to younger ages even when medical and surgical 
treatments are provided [27, 28]. Additionally, in humans, social 
adversity such as social isolation and undernourishment early 
in life can have far-reaching effects on development and, sub-
sequently, on adult health, reproduction and survival [29–33]. It 
is likely that social adversity such as reduced social companion-
ship, less time spent outdoors and other exposures to environ-
mental risk factors identified in human populations can impact 
adult dog health and aging as well. In fact, it has been shown 
that early-life malnutrition in dog populations can lead to long-
term behavioral effects, like showing increased levels of fear and 
aggression, in addition to affected physical health in adulthood 
[34]. Thus, broader research into the impacts of social adversity 
on health and aging in companion animals is warranted.
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Here, we examined factors related to the social environment 
of companion dogs to determine if there were associations 
with health and disease outcomes, as well as a measure of 
frailty (mobility), using data collected by the Dog Aging Project 
(DAP). We focused on these outcome measures because they all 
exhibit age-related changes (declines in health and mobility and 
increases in disease occurrences) in humans and other animals. 
In particular, mobility is a key phenotypic signature of frailty—
the age-related increase of vulnerability to adverse outcomes. 
Mobility is associated with overall health [35, 36] and declines 
with age [37, 38] in both human and dog populations, suggesting 
that it can be used as a potential biomarker for aging and age-re-
lated disease risk. We hypothesized that exposure to higher levels 
of social environmental adversity in early adulthood would pre-
dict poorer age-associated health outcomes in this population of 
dogs, and that the strength of this effect would vary across the 
lifespan. Specifically, we predicted that dogs living in environ-
ments associated with adversity (i.e. low social integration, less 
stable environments and lower SES) would be less mobile, in 
poorer health and have more disease than more socially advan-
taged dogs within the population.

METHODS

Study population and recruitment

The Dog Aging Project (DAP) is a community science project that 
aims to understand how genes, lifestyle and the environment influ-
ence aging and disease outcomes [39, 40]. Study participants are 
recruited to DAP through word-of-mouth, mainstream media and 
social media. For this study, we drew on the first year of survey data 
released on 10 May 2021, from 27,541 dogs completed by owners 
on or before 31 December 2020. Study data were collected and man-
aged using REDCap (Research Electronic Data Capture) electronic 
data capture tools hosted through the DAP [41, 42].

Dog Aging Project survey data

The Health and Life Experiences Survey (HLES) includes a number 
of small surveys that collect information about dog demographic 
characteristics, physical activity, environment, dog behavior, diet, 
medications and preventatives, health status and owner demo-
graphic characteristics. The DAP Environment Dataset contains 
geographically defined data from secondary sources pertaining 
to the dog’s external environment. Environmental data are based 
on respondents’ primary and (where applicable) secondary 
address information, provided in the HLES owner contact form. 
Environmental metadata was generated from the US Census 
Bureau (2019) and the 2015–2019 American Community Survey 
5-year Public Use Microdata Samples. Respondent addresses 

are geocoded and linked to existing data that characterize vari-
ous aspects of the dog’s external environment. A total of 56,285 
Environment data records (two per dog) are included in the 
2020 Curated Data Release, reflecting all study participants who 
became DAP pack members on or before 31 December 2020, 
and released on 10 May 2021 (n = 27,541). We selected only the 
data corresponding to the primary residence information for the 
year 2020. We removed participants under 2 years of age in order 
to only include dogs that are fully grown, following the American 
Animal Hospital Association life stages guidelines [43]. After 
applying all these criteria, 21,410 dogs remained for downstream 
analysis. We excluded variables that were less than 98% com-
plete and redundant variables that captured similar metrics (e.g. 
swimming/aerobic activity which was captured by overall activity 
level). Variables that were excluded due to missingness either 
lacked census data or the question did not apply to the owner 
(i.e. potential follow-up questions associated with a specific type 
of home heating method).

Mobility 

We generated a composite metric that could roughly capture 
age-related decline without someone carrying out an in-person 
physical examination of the dog. This metric was calculated by 
taking the z-score for each activity-related variable in the HLES 
(activity level, average activity intensity, on-leash walk frequency, 
aerobic activity frequency, physical games frequency, average 
daily activity and on leash walk average) then assigning each dog 
a score that corresponded to the average of their z-score on the 
activity-related variables.

Disease instances 

The disease instance outcome metric was generated by sum-
ming the number of owner-reported diseases for each dog. We 
excluded diseases that did not have a severe effect on overall dog 
health as described in [44] and detailed in SI Table 5.

Stability 

The stability metric is a combined variable that encompasses 
the percentage of the population in a census tract that was 
in the same home 1 year ago, the percent of homes that are 
owned by the occupant, and the percentage of the population 
born in the USA. Each dog received a stability score calculated 
from taking the z-score of these variables and averaging them. 
These data were collected from the US Census Bureau (2019). 
Some of the variables included in this metric are human-cen-
tric measures that will also capture the stability of a dog’s local 
environment.
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Factor analysis

For this study, we focused our analysis on the responses to 33 sur-
vey questions in the HLES. These 33 questions were selected a priori 
based on their link to at least one of the axes of the social determi-
nants of health (e.g. financial, environmental, social connection; see 
SI Table 2 and methods). We then reduced the 33 survey questions 
into a smaller set of latent variables using exploratory factor analysis 
and following well-established guidelines [45]. Briefly, we first per-
formed parallel analysis to determine the number of factors to retain 
then conducted factor analysis using the Psych package (version 
2.0.8) in R [46]. After determining the optimal number of factors 
to retain, we then performed exploratory factor analysis using the 
default settings for the fa() function.

Modeling of health-related variables

We modeled each of our health metrics (owner-reported health, dis-
ease instances and mobility score) as a function of all environmen-
tal factors, age and weight, as well as the interaction between age 
and each factor (Supplementary Fig. 4). We included weight in the 
model to control for variance in the health-related variables associ-
ated with breed ancestry, due to large inter-breed differences in dog 
size [20, 47]. We do not have genotypic data from the mixed-breed 
dogs, so could not control for breed ancestry directly. Due to their 
distributions and variable types, each health metric required a dif-
ferent linear modeling framework. We used an ordinal regression 
to model owner-reported health, which was scored on a Likert scale 
from 1 to 6. We modeled the count-based owner-reported disease 
instances using a generalized linear model with a Poisson link func-
tion. Mobility was modeled using a standard linear model. For all 
outcomes, we conducted sensitivity analyses that included model-
ing a dataset that only included mixed-breed dogs which was mod-
eled in a mixed-effects framework that included breed as a random 
effect (SI Table 4, Supplementary Fig. 4).

SEM confirmatory factor analysis

Confirmatory factor analysis was performed on a manually 
curated set of variables (described below)  for use in the struc-
tural equation modeling analysis. This analysis was used to 
verify the structure of our observed set of variables. This was 
performed using the cfa() function under the Lavaan package 
(version 0.6-9) in R [48].

Model specification

The latent factor structure was defined based on known rela-
tionships in the literature studied primarily in humans ([49, 50], 
SI Table 6). To specify the model for this study, we chose mea-
sured variables based on the following criteria, they: (1) had 

clear individual interpretability, (2) were likely to capture different 
aspects of the latent factor, (3) were continuously distributed, (4) 
did not have missing data and (5) together maximized sample 
variance as recorded in factor analysis. Our latent factor of finance 
was informed using measures from the census median income, 
percent living below the poverty line and percent of households 
making less than $100,000 US per year as well as owner-reported 
annual income range. The latent factor of the local environment 
was informed by census-tract population density, neighborhood 
walk score, percent of individuals in the same household 1 year ago, 
and percent of the population that was born in the USA. These vari-
ables were selected as measures that capture unique information 
about the dog’s neighborhood environment. Lastly, our social envi-
ronment latent variable was informed by the measurable variables 
of routine hours per day with dogs, children and adults. We defined 
the structural equation model (SEM) using the Lavaan (version 0.6-
9) package in R [48]; structural equation meta-models and model 
syntax were adapted from guidelines for a graph-theoretic imple-
mentation of structural equation modeling [51]. Prior to the imple-
mentation of the SEM, thirteen variables were standardized to a 
mean of zero and standard deviation of 1 to account for scale dif-
ferences among variables, and models were run using unweighted 
least squares. Two models were tested, with the difference being 
the addition of a pathway in model two from finance to the environ-
ment. Fit for each of the two models was assessed through several 
metrics and associated cutoffs for ‘good’ agreement between data 
and model: root mean squared error of approximation (RMSEA, 
<0.08), comparative fit index (CFI, >0.9), standardized root-mean-
squared residual (SRMR, <0.08) and the Tucker–Lewis index (TLI, 
>0.9) [52]. Comparative model fit was assessed using the corrected 
Akaike information criterion (AICc). Confirmatory factor analysis 
on both latent and indicator variables was conducted using the cfa 
function in R. All structural model visualizations were generated 
using the TidySEM and SEMplot packages in R. We generated two 
models; the first model (M1) describes direct paths from the latent 
factor of finance, environment and social interactions to our out-
come of health (Supplementary Fig. 2). The second model (M2) 
describes all direct paths indicated in M1 but with the added indi-
rect path between finance and environment (Supplementary Fig. 
3). These two models were both hypothesized to reliably describe 
the system and were tested for model fit before interpreting the 
structural equation modeling analysis.

RESULTS

Owner survey data from a large cohort of companion dogs

Our dataset included survey and health data from 21,410 dogs 
between the ages of 2 and 25.5 years old (Fig. 1a), that weighed 
between 2 and 210 lbs (Fig. 1b). We had a similar proportion 
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of male (50.1%) and female dogs (49.8%; Fig. 1c), as well as 
purebred (52.3%) and mixed-breed dogs (47.7%; Fig. 1d). 
Given the low percentage of intact male and female dogs (4% 
and 2%, respectively), we chose to include them in our analy-
ses. Additional demographic information on the dogs and their 
owners can be found in Supplementary information (SI Table 1, 
Supplementary Fig. 1).

Social, financial and demographic factors

We identified five factors, based on parallel analysis (see 
Methods), that collectively explained 33.7% of the variance in 
responses to the 33 survey questions, and then labeled the fac-
tors based on the survey questions that primarily contributed 
to each factor (loading >|0.4|): neighborhood stability (factor 
1: 10.6% variance explained), total household income (factor 
2: 9.7% variance explained), social-children (factor 3: 5.1% 
variance explained), social-animals (factor 4: 4.4% variance 
explained) and owner age (factor 5: 3.9% variance explained; 
Fig. 2).

Household environment is associated with dog health, dis-
ease and mobility

Owner-reported dog health.
Owner-reported dog health was reported as an integer on a scale 
from 1 (‘very poor health’) to 6 (‘excellent health’). Since this 
is an unrefined measure of health, we first assessed its internal 
validity to capture dog health. As expected based on previous 
literature, older and heavier dogs were rated by their owners as 
being in the poorest health (βage = −1.01, P ≤ 2 × 10−16; βweight = 
−0.13, P = 6.45 × 10−23; Fig. 3 [53, 54]).

We found that all five environmental factors were significantly 
associated with health outcomes (controlling for dog age and 
weight). Higher income was associated with better health (βincome 
= 0.037, P = 5.99 × 10−3), indicating that owners of higher SES 
rated their dogs as being healthier. Dogs with other dogs and/or 
other pets in their house were also rated as significantly healthier 
than dogs with fewer household companions (βsocial-animals = 0.044, 
P = 1.20 × 10−3; Fig. 4a). Dogs who lived in households with a 
higher stability score were reported to be healthier than those 
that did not (βstability = 0.044, P = 1.07 × 10−45; Fig. 4a). Dogs that 

Figure 1. Demographic characteristics of dogs included in this study. Distribution of (a) age and (b) weight of dogs included in this study. The sample was 

roughly balanced by (c) sex and (d) mixed vs. purebred ancestry. Data are from the Dog Aging Project Health and Life Experience (HLES) Survey, 2019–2020
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lived in households with more children were reported to be less 
healthy than those with fewer children (βchildren = −0.041, P = 2.72 
× 10−3; Fig. 4a). Finally, older owners reported their dogs were in 
better health compared to younger owners (βowner_age = 0.23, P = 
5.60 × 10−41; Fig. 4a).

Disease diagnoses.
We found similar associations between environmental factors 
and health when using an arguably more objective measure 
of health: the total number of disease diagnoses per dog over 
their lifetime (the total count of all reported diagnosed diseases; 
see methods). All five factors were significantly associated with 
disease diagnoses, controlling for age and weight. Specifically, 
income was positively associated with the number of reported 
diseases, while stability, time with other animals, owner age and 
time with children were negatively associated with the number 
of diseases reported. Dogs in more stable households or with 

older owners were reported to have fewer diseases (βstability = 
−0.03, P ≤ 2 × 10−16; βowner_age = −0.16, P ≤ 2 × 10−16). For the two 
measures of social integration and connectedness, we found 
that dogs with more nonhuman companions as well as those 
with more children in the house had significantly fewer reported 
diseases (βsocial-animals = −0.03, P = 9.09 × 10−6, βsocial-children = −0.09, 
P ≤ 2 × 10−16) (Fig. 4b). Paradoxically, we observed a positive 
association between income and reported disease instances 
(βincome = 0.04, P = 2.27 × 10−7), which stood in contrast to the 
negative association between higher income and better own-
er-reported health.

Mobility.
Given that mobility declines with age and can be used as a 
marker for exposures that might alter the rate of aging, we inves-
tigated associations between the environmental factors and 

Figure 2. Five factors capture much of the social-environmental variation in the Dog Aging Project cohort. (a) Exploratory factor analysis revealed five factors 

that together explained 33.7% of the variance in survey responses. We named each factor based on the survey questions that loaded the strongest onto each 

factor (loading > |0.4|). (b) Distribution of factor scores for individual dogs for each of the five factors in our sample
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composite mobility score that captured measures of physical 
activity duration, intensity and frequency [55–57]. In this metric, 
a higher score reflected higher levels of activity and mobility (see 
Methods for details on the calculation of the composite mobility 
score). As expected, older dogs were less mobile (βage = −0.12, P 
≤ 2 × 10−16; SI Table 3), and, when controlling for age, we found 
that dogs with higher mobility were in better health compared to 
less mobile dogs of the same age (β = 0.35, P ≤ 2 × 10−16; SI Table 
3). This suggests that, similar to humans, a more active lifestyle 
is associated with better health in dogs [58, 59]. We next found 
that the dog’s social environment—specifically stability, time 
spent with children and owner age—were significantly associ-
ated with dog mobility. Mobility was lower in dogs that lived in 
households with more children and higher for dogs that lived in 
households with older owners (βchildren = −0.04, P ≤ 2 × 10−16, βowner 

age = 0.03, P = 1.15 × 10−14, respectively), while it was higher in 
dogs in households that were more stable (βstability = 4.55 × 10-3, P 
= 4.52 × 10−12; Fig. 4c, SI Table 3).

Effects of environmental determinants of health can vary 
across the lifespan

To investigate whether associations between these factors 
and health, disease and mobility vary across the lifespan, 
we extended each regression model by including an inter-
action term between each environmental factor and age 
(Supplementary Fig. 4). We found five significant interactions 
between dog age and our environmental factors on own-
er-reported dog health (SI Table 3). The positive association 
between household stability and dog health was strongest 

Figure 3. Owner-reported health is worse in older dogs. (a) Dog age was significantly associated with owner-reported health, such that older dogs were reported 

to be in poorer health compared to younger dogs controlling for dog weight (βage = −0.421, P ≤ 2 × 10−16)

Figure 4. Social environment factors are associated with health, disease and mobility in companion dogs. Effect sizes of each environmental factor on (a) own-

er-reported dog health (ordinal model), (b) disease prevalence (cumulative number of diseases reported) (generalized linear model with Poisson link function) 

and (c) mobility (composite measure of activity level) (linear model). Points depict the effect sizes (β) of each factor and lines represent the 95% confidence 

intervals
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in the younger dogs, and weakest in older dogs (Fig. 5a, β = 
−0.03, P = 5.33 × 10−17). Time spent with other animals was 
more strongly associated with health when the dog was older 
rather than younger (Fig. 5b, β = 0.03, P = 4.18 × 10−2). We also 
found that owner age was more impactful for younger dogs 
compared to older dogs (Fig. 5c, β = −0.18, P = 5.91 × 10−26). 
Lastly, for older dogs, increased time spent with children was 
more impactful to overall general health than for younger dogs 
(Supplementary Fig. 6, β = −0.04, P = 1.01 × 10−2). We saw 
no significant interactions between environmental factors and 
age on disease instances.

We did find a significant interaction between dog age and four 
environmental factors on mobility. First, a significant interaction 
between neighborhood stability and dog age on mobility revealed 
that neighborhood stability is most strongly associated with the 
mobility of younger dogs compared to older dogs (β = −0.002, 

P = 6.0 × 10−4; Supplementary Fig. 5a; SI Table 3). Second, the 
effect of spending time with other animals on mobility signifi-
cantly interacted with dog age, where more time was consider-
ably more important for the mobility of older dogs (β = −0.01, P 
= 8.2 × 10−4, Supplementary Fig. 5b: SI Table 3). Third, the effect 
of spending time with children on mobility significantly inter-
acted with dog age, where more time with children was more 
important for the mobility of older dogs (β = −0.01, P = 0.01, 
Supplementary Fig. 5c; SI Table 3). Lastly, having an older owner 
had a stronger effect on a younger dog’s mobility (β = −0.01, P = 
7.9 × 10−5, Supplementary Fig. 5d).

Pathways linking social-environmental variables and own-
er-reported dog health

Environmental factors could have both direct and indirect effects 
on health. To examine these putative paths, we took an orthogonal 

Figure 5. Age-dependent associations between environmental factors and health. (a) Household stability was more strongly associated with health for younger 

dogs compared to older dogs. (b) The presence of more social companions was more strongly associated with health for older dogs compared to younger 

dogs. (c) The factor of owner age was more strongly associated with health for younger dogs compared to older dogs. (d) More time spent with children was 

more strongly associated with health for older dogs compared to younger dogs. All graphs show predicted trends using a linear model framework with 95% 

confidence intervals for a hypothetical population of dogs aged 4 (−1 SD, lightest purple), 7.9 (mean age, intermediate purple) and 11.8 (+1 SD, darkest purple) 

years old
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modeling approach, structural equation modeling (SEM), which 
can capture more complex relationships among the environmen-
tal variables and health. This approach can have more flexibility, 
the capacity to represent indirect relationships, and supports the 
integration of results into broader theory [51]. To do so, we first 
organized our variables into latent factors that represent con-
cepts known to fundamentally influence mammalian health and 
that were chosen to maximize the interpretability of the latent 
factors [60]. We chose the variables (i.e. survey items) that were 
identified as most informative in our exploratory factor analysis 
described above. The latent factor of health was informed by the 
same variables that we used as outcome variables in our linear 
models: health, disease instances and mobility.

Both showed good model fit according to established parame-
ters [52] (M1: CFI = 0.84, RMSEA = 0.06, SRMR = 0.05, TLI = 0.80; 
M2: CFI = 0.84, RMSEA= 0.06, SRMR = 0.05, TLI = 0.80). Here 
we will present results for M2, which includes a pathway from 
the financial factor to the environmental factor, which is a better 
representation of the system given the established literature [61, 
62]. In humans, we know that the quality of the environment is 
influenced by the finances of the household thus providing sup-
port for evaluating M2 as the more generalizable model [63].

As with our linear models, we found evidence for all three 
latent variables associated with the latent factor capturing 
health. However, the relative importance of the latent factors var-
ied: the effect of the social factor was ~5x larger than the effect of 
finance and the local environment on our health outcome (βSocial 
= 0.107, βFinance = 0.015, βEnvironment = −0.023; Fig. 6). In line with 
our linear models, we found that increased income and more 
social interaction with humans and other dogs both predicted 
better health. In contrast, a more urban environment with less 
stability was associated with worse health, pointing to the com-
plex relationship between overall health and the environment. 
These data capture a previously hypothesized indirect pathway 
from finance through the local environment that our linear mod-
els failed to identify, suggesting that the local environment might 
be an important mediator between finance and health.

DISCUSSION

Using the largest observational dataset of companion dog envi-
ronment and health, we identified measures of the social and 
lived environment that were linked to age-associated changes in 
health, mobility and disease. Unsurprisingly, age was the stron-
gest predictor of health deficits. However, not all dogs exhibited 
the same age-related changes in health, disease and mobility, 
and some of this inter-individual variation was linked to the 
environment. Health, mobility and disease measures were also 
associated with variations in household social environmental 
determinants. We also identified key changes in the environment 

that were associated with the health and mobility of dogs in an 
age-dependent manner within this cross-sectional dataset.

Similar to humans, we found that measures of income and 
social connectedness (i.e. presence of more potential social 
companions) predicted better health in dogs, although dogs 
from wealthier owners had more diagnosed diseases [64]. This 
counterintuitive association does not necessarily mean that 
dogs of wealthier owners had more diseases, especially given 
the fact that dogs from higher SES households were reported 
as healthier by their owners. Rather, this finding points to the 
role that finance plays in the opportunities for disease diagno-
sis, while also generating new questions on the directionality 
of the relationship between income and health as well as what 
we ultimately consider ‘health’ and how we diagnose diseases 
[60]. Dogs who live in households with wealthier owners might 
seek veterinary care more frequently and have the funds to pay 
for additional tests, resulting in more disease diagnoses even 
though the diseases are unlikely to be more prevalent in higher 
SES households. Owners may perceive their dogs to be in good 
health because they have more information and are more con-
fident that any disease would have been detected and treated 
or managed. Dogs who lived in households with other pets had 
higher reported health scores and fewer disease diagnoses than 
dogs who had fewer household companions, suggesting that 
this social enrichment confers health benefits, which outweighed 
the effects of finances five-fold (Fig. 6). These other companions 
are often other dogs—of homes with other animals present, 
70% of them had another dog—but could be other pets (e.g. 
cats, SI Table 7). This suggests that similar to humans, increased 
social enrichment in companion dogs is associated with health 
benefits, and also provides an example of an easily modifiable 
environmental intervention to improve dog welfare. These 
health benefits may also impact the owners. Indeed,  a recent 
study found that  interspecies companionship lowered frailty 
among older humans and may point to an effective intervention 
to improve the health of aging humans [65]. Dogs who lived in 
households with more children had fewer diseases, but tended 
to be in poorer health. This observation could be due to modified 
resource allocation (e.g. time and money) in households with 
more children. Mobility was also associated with environmental 
factors and showed unique age dependencies. This recapitulates 
what we see in humans, where individuals who live in lower-in-
come neighborhoods and experience adverse community-level 
factors, such as decreased access to green space, unequal 
resource distribution and access (e.g. healthcare or food), have 
poorer health outcomes [66, 67].

We found that owner age was significantly associated with our 
health-related outcomes, but why this pattern occurs is unknown. 
One possible mechanism is the link between owner age and dog 
activity levels, where a recent analysis in the DAP found that older 
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owners had more active dogs, which is linked to better health. 
Further answers to this question could elucidate the complex rela-
tionships between owner age and our other factors and their asso-
ciations with health [68]. This suggests that as the DAP continues, 
investigators will need to pay particular attention to owner age in 
our dataset, as it has a potential association with physical activity, 
cognitive function and now perceived health.

An important outstanding question is identifying the path 
through which the social environment impacts health. In 
humans, it has been hypothesized (and there is some support 
for the fact) that exposure to psychosocial stressors from unpre-
dictable environments (e.g. work-related stress, low SES, unpre-
dictable environments and low social integration) lastingly alter 
the stress-response pathway and, consequently, immune func-
tion and health [69]. Our findings fit within this framework and 
show that the negative health effects of unpredictable social envi-
ronments can extend to companion dogs. However, more work 
is needed to identify whether or not the physiological pathways 
(e.g. stress pathway) are shared among these two cohabitating 
species.

We also unexpectedly found that younger dogs with older 
owners experienced better health outcomes compared to older 
dogs who had older owners. These data suggest the impor-
tance of understanding how age impacts lifestyle, which could 
have knock-on effects for companions and companion animals. 
Specifically, the human social environment might contribute to 
dog health indirectly through variables like owner age that affect 
how often a dog might engage in social enrichment activities due 
to their owner’s activity budget and lifestyle. We also acknowl-
edge that the distribution of dog age is highly non-random with 
respect to owner age, which may explain some of this association. 
We found that younger dogs who lived in less stable households 
were in worse health than older dogs who lived in stable homes, 
suggesting that, similar to humans, environmental adversity 
plays a particularly important role in early life [70–72]. Older dogs 
who lived in higher-income households were found to be in bet-
ter health compared to older dogs in lower-income households, 
while the health of younger dogs was less impacted by income 
variation, suggesting that dogs may be more resilient to varia-
tion in this form of adversity earlier in life [73, 74]. Younger dogs’ 

Figure 6. Structural equation modeling captures a complex network of environmental effects on health. Structural equation model of how the social environ-

ment can influence general health. Path coefficients explain the effect sizes and directionality of each major path. Latent factors (circles) are informed by mea-

sured variables (squares) that were chosen via factor analysis, and the direction of the effect of each measured variable on the latent variables is indicated next 

to or below the variable (+: positive association; −: negative association)
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mobility experienced a larger age-associated increase when living 
in more stable neighborhoods compared to older dogs, suggest-
ing that the benefits of living in a more stable household, while 
important across the lifespan, are more impactful in earlier life. 
Older dogs who lived in less stable neighborhoods were much 
less mobile than older dogs in more stable neighborhoods, sug-
gesting that, similar to older people in lower SES neighborhoods, 
dogs experience a reduction in activity that could ultimately be 
linked with poorer health outcomes [75, 76].

Our environmental and health measures are not independent 
of one another, suggesting a more complex network among envi-
ronmental factors and their association with health outcomes. 
We used SEM to capture direct and indirect effects of each 
variable in one model. The results of our SEM supported the 
independent models of each health variable, but allowed us to 
propose a holistic model for the environmental impacts on com-
panion dog health and aging that is generalizable to similar work 
done on humans. The model points to direct effects of finance 
and the local environment on dog health, in addition to an indi-
rect contribution of finance on health through its effect on the 
local environment. This indirect path is supported in the human 
literature, where we see that SES dictates where a person will 
live and thus their environment as well as access to healthcare 
and both of these contribute to both positive and negative health 
outcomes [68, 77]. This indicates the latent structures affecting 
health outcomes in dogs and humans are similar, and may be a 
product of aspects of modern society as well as the deeper evolu-
tionary history of dogs being selectively bred alongside humans 
for thousands of years.

While the strengths of this dataset include the large sample 
size (n = 21,410) of the study cohort and the breadth of the HLES 
survey data, there are some limitations. First, our dataset com-
prises both mixed-breed and purebred dogs, and genetic back-
ground and dog breed are both known to be associated with 
dog health and disease [20, 53]. However, our results remained 
largely consistent when we examined pure and mixed breed 
dogs independently, as well as when we controlled for individ-
ual breeds based on owner reports (SI Table 4). The Dog Aging 
Project is currently sequencing the genomes of 10,000 dogs in 
the project [16], which will allow us to more accurately control for 
the genetic background as well as identify putative gene-by-en-
vironment interactions that impact health, disease, or mobility.

Second, all data in the HLES are owner-reported and can thus 
be affected by subjective error, bias and/or misinterpretation of 
survey questions. Further investigation of biases in owner-re-
ported responses will be needed to verify our findings in the 
future. The strong association between dog age and all three of 
our outcome measures—health, disease incidence and mobil-
ity—suggests that the survey is an instrument that, on average, 
accurately captures the variables we cannot objectively measure. 

All measures could be improved by an owner-independent mea-
sure or veterinarian-informed measure of frailty and health. In 
future research, we will draw on electronic veterinary medical 
records, molecular and immunological measures and at-home 
physical tests to generate more accurate measures of health and 
frailty in the companion dog.

Third, there is a limitation due to the average household 
income being well above the U.S. median income (U.S. median: 
$67,521 in 2020, DAP median: $100,000–$119,999 [78]) and 
biases our knowledge away from lower-earning households. This 
underscores the need to recruit a diverse set of human partici-
pants to better account for the variation of environmental expo-
sures a dog is subject to [16].

Fourth, given the observational nature of the data, we were 
not able to determine causality or directionality among vari-
ables; we instead drew a causal structure in the SEM based on 
a critical evaluation of the literature (SI Table 6). For instance, 
owners who have dogs in poorer health might limit exposures to 
demanding activities or social enrichment compared to owners 
who have dogs who are in excellent health, which would also lead 
to an association between health and social companionship and 
activity.

Given the above limitations, the results of this analysis should 
not be used to influence medical decisions, behavioral inter-
ventions, or policy changes related to the care of companion 
dogs, but rather encourage the continued investigation by vet-
erinary professionals and research scientists on best practices 
for increasing companion welfare. Some of these relationships 
can be evaluated in the future with randomized, controlled 
experiments.

Overall, our study provides further evidence for the strong 
link between the social environment and health outcomes that 
reflects what is known for humans. From this knowledge, we pro-
pose the companion dog to be a novel model for human aging. 
This highlights the need for more attention to the role of the 
social environment on health and disease and continued investi-
gation of how each environmental factor can contribute to more 
years of healthy living (i.e. ‘healthspan’) in both companion dogs 
and humans. A holistic understanding of environmental effects 
on both humans and dogs may offer insight into what factors 
are important for health—independent of confounding factors 
that complicate human studies (e.g. smoking). Results highlight 
the need to study how differences in resource allocation among 
households contribute to the health and well-being of all mem-
bers of the household. A future use of longitudinal data will allow 
a stronger inferential capacity to identify putative causal factors 
that affect trajectories of health and aging in both dogs and 
humans, driving new insights into what factors promote healthy 
aging and potential lifestyle modifications that can increase time 
spent free of disease.
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