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BACKGROUND: The social environment shapes

human health, producing strong relationships
between social factors, disease risk, and survival. The strength of these links has drawn
attention from researchers in both the social
and natural sciences, who share common
interests in the biological processes that link
the social environment to disease outcomes
and mortality risk. Social scientists are motivated by an interest in contributing to policy
that improves human health. Evolutionary
biologists are interested in the origins of sociality and the determinants of Darwinian
fitness. These research agendas have now
converged to demonstrate strong parallels
between the consequences of social adversity
in human populations and in other social
mammals, at least for the social processes that
are most analogous between species. At the
same time, recent studies in experimental

animal models confirm that socially induced
stress is, by itself, sufficient to negatively affect
health and shorten life span. These findings
suggest that some aspects of the social determinants of health—especially those that
can be modeled through studies of direct
social interaction in nonhuman animals—
have deep evolutionary roots. They also present
new opportunities for studying the emergence
of social disparities in health and mortality risk.
ADVANCES: The relationship between the social environment and mortality risk has been
known in humans for some time, but studies
in other social mammals have only recently
been able to test for the same general phenomenon. These studies reveal that measures
of social integration, social support, and, to
a lesser extent, social status independently
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A comparative perspective on the social determinants of health. Social adversity is closely linked to
health and mortality outcomes in humans, across the life course. These observations have recently been
extended to other social mammals, in which social integration, social status, and early-life adversity
have been shown to predict natural life spans in wild populations and molecular, physiological, and disease
outcomes in experimental animal models.
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OUTLOOK: Although not all facets of the social
determinants of health in humans can be effectively modeled in other social mammals, the
strong evidence that some of these determinants are shared argues that comparative studies
should play a frontline role in the effort to
understand them. Expanding the set of species
studied in nature, as well as the range of human
populations in which the social environment
is well characterized, should be a priority. Such
studies have high potential to shed light on the
pathways that connect social experience to life
course outcomes as well as the evolutionary
logic that accounts for these effects. Studies
that draw on the power and tools afforded by
laboratory model organisms are also crucial
because of their potential for identifying causal
links. Important research directions include
understanding the predictors of interindividual
and intersocietal differences in response to
social adversity, testing the efficacy of potential interventions, and extending research on
the physiological signatures of social gradients
to the brain and other tissues. Path-breaking
studies in this area will not only integrate
results from different disciplines but also involve cross-disciplinary efforts that begin at
study conception and design.
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Social determinants of health and survival in humans
and other animals

predict life span in at least four different
mammalian orders. Despite key differences
in the factors that structure the social environment in humans and other animals, the
effect sizes that relate social status and social integration to natural life span in other
mammals align with those estimated for
social environmental efON OUR WEBSITE
fects in humans. Also like
humans, multiple disRead the full article
tinct measures of social
at https://dx.doi.
org/10.1126/
integration have predicscience.aax9553
tive value, and in the taxa
..................................................
examined thus far, social
adversity in early life is particularly tightly
linked to later-life survival.
Animal models have also been key to advancing our understanding of the causal links
between social processes and health. Studies
in laboratory animals indicate that socially
induced stress has direct effects on immune
function, disease susceptibility, and life span.
Animal models have revealed pervasive changes
in the response to social adversity that are
detectable at the molecular level. Recent work
in mice has also shown that socially induced
stress shortens natural life spans owing to multiple causes, including atherosclerosis. This
result echoes those in humans, in which social
adversity predicts increased mortality risk from
almost all major causes of death.
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I

n social mammals, including our own
species, social conditions powerfully shape
the environment that individuals experience from day to day. Adverse social
experiences, in particular, elicit biological
responses across social species that influence
health and aging across the life span (1). It is
therefore unsurprising that dimensions of the
social environment—particularly measures of
socioeconomic status, social integration, and
early-life adversity—are among the strongest
and most consistent predictors of health and
survival outcomes (Fig. 1). For example, differences in socioeconomic status in the United
States (as measured by income) can translate
1
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to differences of a decade or more of life expectancy (2), and low occupational status translates to ~2 years of reduced life span across
seven high-income countries (3). Similarly, low
social integration predicts a ~50% increase in
all-cause mortality risk in humans, an effect
that rivals or exceeds mortality risk associated
with obesity, alcoholism, moderate smoking,
or sedentary living (4).
These observations raise a natural question:
What are the biological processes that account
for the strong association between the social
environment, disease, and mortality risk? This
question is relevant to improving disease prediction, prevention, and targeting interventions;
understanding the causes and consequences of
social inequality; and investigating the evolution of social group living and its relevance
to health. It is also timely. In the past two
decades, socioeconomic disparities in mortality have become steeper in the United States
(5, 6). Aging populations have also highlighted
the negative effects of social isolation in the
elderly (7, 8); in response, the United Kingdom
appointed its first Minister of Loneliness in
2018, and the World Health Organization has
launched initiatives to focus attention on the
social determinants of health. Prospective studies have placed early-life conditions at the root
of some of these observations (9, 10). The increasing concern about social disparities in
health indicates that the current array of measures being used to study and mitigate social
gradients are incomplete. Understanding the
biology underlying social environmental effects
on health—especially physiological changes that
precede disease itself—promises to provide new
opportunities for effective intervention.
Addressing this question has been challenging for at least two reasons. First, considerable
evidence, drawn almost entirely from animal
22 May 2020
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The social environment, both in early life and adulthood, is one of the strongest predictors of morbidity and
mortality risk in humans. Evidence from long-term studies of other social mammals indicates that this
relationship is similar across many species. In addition, experimental studies show that social interactions
can causally alter animal physiology, disease risk, and life span itself. These findings highlight the
importance of the social environment to health and mortality as well as Darwinian fitness—outcomes of
interest to social scientists and biologists alike. They thus emphasize the utility of cross-species analysis
for understanding the predictors of, and mechanisms underlying, social gradients in health.

models, supports the hypothesis that social
interactions directly affect health outcomes
(the “social causation” hypothesis) (11, 12).
However, social gradients in human health
can also be explained by other environmental
mediators (such as diet, smoking, and health
care access) (13–15), and in some cases, poor
health can cause individuals to experience more
adverse social exposures (“health selection”).
In many studies of humans, including some
that have been foundational for characterizing the effects of social adversity, considerable
uncertainty surrounds the relative contribution of social causation versus health selection
(14, 16–19). This challenge arises because experimental studies of exposure to many sources
of social adversity are nearly impossible in
humans. The problem is further compounded
by the absence of information about social and
biological conditions before the start of many
key studies and by the interdependence between social gradients and health over time.
Longitudinal datasets that include baseline
measures partially address these challenges
(16, 20, 21) but still cannot unambiguously
disentangle causal pathways because of the
difficulty of excluding the effects of correlated
or confounding variables (such as time-varying
confounders) (6, 22). However, some quasiexperimental studies have found that modest
increases in measures of socioeconomic status
(income and/or neighborhood conditions) can
positively affect physical and mental health,
emphasizing the need for further study (23–25).
Second, associations between the social environment and health pose a challenge to typical
strategies for studying the biological mechanisms of disease. Social adversity is linked to a
remarkably broad set of conditions, including
diseases as distinct as tuberculosis, diabetes,
cardiovascular disease, and cancer (Fig. 1, D
to F). The fact that so many different physiological systems are socially patterned makes
choosing an appropriate animal, tissue, or cellular model difficult. This problem is further
complicated by the fact that studies of the social environment minimally require social interaction in groups or communities, meaning
that social cues cannot be readily modeled in
individually housed organisms or cell lines. Even
assuming a social causation model, the health
consequences of social adversity fit poorly into
classical host-agent-environment models, which
represent the typical biological approach to
studying disease causation (26, 27). Studies have
instead tended to discuss the social environment
in terms of a general “predisposing risk factor,”
“social exposure,” or source of “accumulated
wear and tear” (28–30). These are useful conceptual models but provide little guidance for
traditional studies of biological mechanisms.
Thus, despite broad interest in the biological
correlates and consequences of social adversity,
the mechanisms, processes, and pathways
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Fig. 1. Social adversity predicts morbidity and mortality in humans. (A to
F) The largest data sets on the health correlates of social adversity come from
human populations. Together, they demonstrate that high social adversity is a
major predictor of [(A) to (C)] life expectancy and [(D) to (F)] susceptibility to a
broad range of diseases. (A) Expected life span at age 40 for men and women in
the United States as a function of income at age 40 (n = 1.4 billion person-years)
(2). (B) Proportion of study subjects alive after a 9-year follow up, for adult men
and women in Alameda County, California, as a function of a composite index of
social relationships (n = 6298 individuals) (46). (C) Mean age at death as a function
of early adversity in the ACEs study on adult patients at the Kaiser Permanente

through which they arise have remained unclear. However, new evidence has been crucial
for moving toward clarity on these questions.
First, research in other social mammals indicate that social gradients in human health are
part of a long evolutionary legacy of social
living, at least at the level of local social interactions among coresident individuals (Figs. 2
and 3 and Box 1). These findings suggest that
the consequences of social adversity transcend
the effects of the modern human environment
and point to evolutionary comparative studies
as a source of important insight. Second, emerging data sets, especially controlled experimental
studies in other social mammals, strongly support direct social environmental effects on physiological function (social causation). Together
with the release of unprecedentedly large, integrated data sets from human populations
(2, 3, 31), these findings lay the groundwork
for understanding how social adversity makes
us vulnerable.
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San Diego Health Appraisal Clinic (n = 17,337 individuals, n = 1539 who had died
by follow up) (173). (D) Disease prevalence among adult Americans by income
based on the 2015 Centers for Disease Control National Health Interview Survey
(n = 242,501 individuals) (174). (E) Disease risk (log odds ratios adjusted for
age, sex, and race) as a function of a composite measure of social integration for
adult men and women in the United States in the National Health and Nutrition
Examination Survey III (n = 18,716 individuals) (31). (F) Disease risk (log odds
ratios adjusted for age, sex, race, and educational attainment) by number
of ACEs for patients visiting Kaiser Permanente’s San Diego Health Appraisal
Clinic (n = 9508 individuals) (9).

Here, we review key themes emerging from
this evidence, with an emphasis on recent work
that highlights the role of social experience
across the life course and findings of shared
interest across disciplines. Because this intersection necessarily links to multiple fields, we
do not attempt to summarize the full scope of
research on either the social determinants of
health in humans (which also involve socioeconomic structures not applicable to animal
models) or the fitness consequences of social
behavior in humans and other animals; instead, we refer readers to excellent reviews, with
a within-discipline focus here (6, 11, 32–36). Our
goal in this Review is to emphasize emerging
parallels and insights from studies of social
mammals, in the context of observations initially made in human populations. We focus
on social mammals—particularly those that
obligately live in groups—because of their close
evolutionary relationship to humans. However,
social environmental effects on health and fit22 May 2020
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ness have also been of interest in other species,
especially birds and social insects (37). The
degree to which these more distantly related
species can be used to understand the social
determinants of health in humans remains an
important question for future work.
Social adversity and mortality
in social mammals

In the social sciences, research on the social
determinants of health is motivated by an
interest in contributing to policy that reduces
health disparities and improves human health
span, life span, or life expectancy. This work
has a long tradition; social gradients have been
described in the sociological literature for at
least 120 years (38). In parallel, evolutionary
biologists and behavioral ecologists study social
interactions with an eye toward understanding
the origins of sociality and its consequences for
reproductive fitness. This research program
is also old; Darwin himself puzzled over the
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pathways that complicate interpretation in
humans—and a limitation, as not all aspects
of the social determinants of health can be
effectively modeled in nonhuman animals.
Nevertheless, as in humans, multiple, nonmutually exclusive pathways link social factors to each other and to health and fitness
outcomes (Box 1).
Social integration and survival

In humans, the evidence for a link between
social isolation and mortality risk is extensive
and remarkably consistent across geographically, temporally, and socioeconomically diverse populations (although the current data
are largely limited to societies in the developed
world) (4, 45). The earliest population-based
studies to investigate this relationship estimated that social integration increased the
odds of survival by 30 to 80% (odds ratio between 1.3 and 1.8) (46). Recent meta-analyses
have included several orders of magnitude
more study subjects but nevertheless encompass these original values, with odds ratios
ranging from 1.19 to 1.91 depending on measurement approach and inclusion criteria
(4, 8).
Emerging results from wild mammals are
strikingly similar to those in humans. The first
wild animal study to demonstrate a relationship between individual-based measures of
social integration and adult survival, in wild
baboons, was published a decade ago (47).
Since then, similar results have been reported
for a variety of other social mammals, including independent replication in a second
population of baboons (Fig. 2) (48). In some
species, juvenile survival may also be linked to
the ability to socially integrate into mixed-age
social groups (49, 50). An important caveat to
these studies is that some are based on very
small sample sizes, others do not control for
group size or population density (which could
affect survival through mechanisms other than
the opportunity for affiliative social interactions) (51), and the direction of causation
cannot be easily determined. Further, a few
exceptions stand out. For example, in yellowbellied marmots, females who were more wellintegrated into a social network died earlier;
this difference from other social mammals may
be linked to the fact that social group living is
not obligate in this species, unlike the others
that have been studied (52, 53). In other cases,
the results depend on specific measures of social integration: In blue monkeys, females who
maintained strong and consistent social bonds
with the same partners lived longest, but those
with strong and inconsistent bonds fared the
worst (54). Thus, caution should be exercised
in painting a homogeneous picture across all
social mammals. Nonetheless, the pattern of
greater survival with greater social integration
appears relatively consistent in studies of wild
22 May 2020

mammals thus far and is remarkably close to
the effect sizes in humans, with odds ratios in
the range of 1.23 to 1.72 (Fig. 2). These studies
include representatives from five mammalian
orders and capture multiple independent evolutionary transitions to social living (in primates,
rodents, odd-toed ungulates, even-toed ungulates, and hyracoids or their ancestors) (55).
These observations suggest a convergent relationship between affiliative social interactions
and survival that is detectable across tens of
millions of years of evolutionary time.
In keeping with studies in humans, this
pattern is evident despite substantial variation
in measurement approaches. Although all measures are based on direct observation of social
interactions, some have relied on social network analyses of affiliative interactions or proximity to “neighbors,” whereas others have
focused on pairwise interactions (such as bond
strength, consistency, or the relative frequency
of interactions). These studies represent a mix
of what are called, in studies of humans,
“structural” measures (such as the number of
social ties or the position of an individual in a
network) and “functional” measures (such as
the extent to which social ties provide particular resources, including perceived social support in humans). In humans, structural and
functional measures are only moderately correlated with each other but have similar associations with survival, and multidimensional
measures make the best predictors (4, 43, 56, 57).
No study has yet examined the relationship
between structural and functional measures
in wild mammals, although both types of data
have been analyzed. For example, the thermoregulatory benefit of social huddling in Barbary
macaques (58) and vervet monkeys (59) is a
functional measure; network centrality in bighorn sheep (60) and orcas (61) is a structural
measure (centrality is a measure of the contribution an individual makes to a social network’s
overall connectivity) (62). However, several
studies indicate that measures of affiliative
social relationships vary in predictive power
(63, 64), and a recent comparative analysis in
rhesus macaques points to the particular importance of bond strength and consistency, as
opposed to affiliative behavior (such as grooming) per se (65). As the number and power of
available studies grow, comparisons of structural and functional measures across species
should further refine the aspects of social integration that are most consistently important.
Social status and survival

Like social integration and support, the overall
link between socioeconomic status and survival
rates in human populations is well established
and cuts across cultural and national boundaries (66, 67). The earliest data on this phenomenon, from the United Kingdom starting in
1931, showed that the risk of death from heart
3 of 12

Downloaded from http://science.sciencemag.org/ on May 26, 2020

adaptive value of social behavior (39), which
is thought to have imparted strong enough
selective pressure to drive major morphological and physiological innovations, including
advanced cognitive abilities in humans and
other primates (40, 41).
Over the past decade, the historically distinct
agendas of social science and evolutionary biology have begun to converge. In particular, several long-term studies in wild social mammals
now contain enough data to support full life
course analyses and have revealed unexpectedly strong links between the social environment and mortality risk that parallel those
from long-term studies in humans (Figs. 2 and
3). These findings simultaneously connect
to the motivating questions for evolutionary
biologists—life span is often the most important predictor of Darwinian fitness (reproductive success, the determinant of an individual
genome’s representation in future generations)
in long-lived mammals (42)—and place observations in humans on a biological continuum
with other species. Together, they illustrate
several patterns that consistently shape social
gradients in humans and other social mammals and provide crucial justification for studying the biology of social gradients in other
species.
Below, we review the evidence for this convergence in connection with three dimensions
of the social environment: (i) social integration, defined as an individual’s ability to invest in and maintain affiliative or supportive
interactions (whether shaped by intrinsic ability or by the constraints of its environment)
(43); (ii) social status, a construct that captures stable or semistable differences in access
to resources, whether material (such as food,
health care or access to mates) or otherwise
(such as psychological capital or social support); and (iii) early-life adversity, with an
emphasis on social and familial adversity that
occurs during sensitive periods in development.
In animals, all three dimensions are captured
through observations of direct social interactions. This is an important point of divergence
from human studies, in which researchers
often measure engagement in larger social,
cultural, and economic structures that can knit
individuals into a shared socioeconomic framework, even if they never meet. Such structures
do not have a clear parallel in animal models;
for example, it is difficult to put animals from
different geographic locations on a single status scale because they do not interact (although it is possible to ask whether relatively
low-status animals in different groups do
worse on average, and some researchers have
investigated the relative “status” of distinct
social groups in relation to one another) (44).
The relative simplicity of nonhuman animal
societies is thus both an advantage—it rules
out some potential confounders and causal

disease was more than twofold higher for men
in the lowest social class than in the highest
(68). Fifty years later, the Whitehall studies
of British civil servants revealed more than a
threefold difference among white-collar
British workers (69). Today, we know that
low socioeconomic status is linked to increased mortality risk from nearly all causes,
including chronic disease and infectious disease as well as accidents and violent death
(Fig. 1) (2, 34, 66, 70, 71). The consistency of
this relationship over time and space has motivated some researchers to label socioeconomic
status inequalities as a “fundamental cause” of
disease (28).
Social status in other social mammals is
much simpler. Hierarchies do not extend beyond
the members of a coresident social group or
population, and a single measure of status—

typically dominance rank, which is commonly
defined as the ability to win social conflicts or
to displace conspecifics from resources (1)—is
usually sufficient to capture stable differences
in resource access (although within species,
dominance rank can be sex specific). However,
in other social mammals, too, social status is
often linked to survival and can predict physiological differences that strongly parallel
those observed in humans (32, 33, 72–74).
Despite long-standing interest in its causes
and consequences, the relationship between
social status and fertility has been more intensively studied than its relationship with survival (75–77), and the literature on social status
and life span remains somewhat biased toward
long-term studies of primates. Nonetheless,
results are generally consistent with those observed in humans; to date, studies of wild rab-
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Fig. 2. Social integration and survival in wild social mammals. All cases
shown are based on data from natural populations, with the exception
of rhesus macaques (65), for which data are from a provisioned free-ranging
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bits (78), meerkats (79), baboons (47, 80), rhesus
macaques (81), and long-tailed (cynomolgus)
macaques (82) all show a survival advantage to
higher social rank (although not always in a
linear fashion).
As with studies of social integration and
survival, comparative analyses may help identify factors that influence the link between
social status and survival. For physiological
outcomes, comparative studies in animals already emphasize that the costs of low status
are moderated by social context. Low-status
animals tend to exhibit higher levels of stressassociated glucocorticoid hormones when they
belong to strictly enforced hierarchies and lack
access to social support (83), suggesting that
social status and social integration may have
interrelated effects on health outcomes (Box 1).
One study of wild female baboons showed
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Barbary macaques, affiliative networks were unrelated to survival; for orca, social
integration predicted survival in males only in limited resource years. We
excluded several studies of wild mammals that focused on social group size as
the measure of social support and integration [cheetahs (176), wolves (177),
voles (178), and bats (179)] because the effects of social factors cannot be
disentangled from the effects of other density-dependent factors (such as degree
of resource competition and between-group competition). Data are from the
following sources: rock hyrax, (180); wild horse, (50); orca, (61); bottlenose
dolphin, (49); bighorn sheep, (60); human, (4); rhesus macaque, (65); Barbary
macaque, (181); chacma baboon, (47); yellow baboon, (48); blue monkey, (54);
yellow-bellied marmot, (53).
4 of 12

that social status did not directly predict survival, but social affiliation did. However, higherranking females were more socially affiliated
to males, suggesting an indirect effect of social
status on survival (48). The survival advantage
for dominant meerkats is also explained by the
effects of social status on social integration:
Subordinates were less well-integrated into the
group and hence more exposed to extrinsic
mortality risks, such as predators (79). Last,
studies in social mammals highlight how variation in the nature of social status attainment
and maintenance can produce distinct biological outcomes (84). For example, some hierarchies are determined by physical strength and
are therefore dynamic over time (such as male
baboons and male red deer), whereas others
are largely determined by the social status of
close kin (such as female baboons and female
spotted hyenas). In the latter case, hierarchies
can persist over multiple generations (85, 86),
providing what is perhaps the closest nonhuman analog to structurally embedded social
hierarchies in humans.

The long-term effects of early-life adversity

Early development is a period of substantial
sensitivity to environmental adversity, including
social as well as physical hardship. In humans,
extensive evidence supports a relationship between social adversity in early-life and later-life
health outcomes, including reproductive timing, cardiovascular disease, viral infection, and
premature mortality (87–90). For example, low
socioeconomic status in early life is associated
with a more than twofold increased probability
of early-onset coronary heart disease, even
among study subjects who achieved high socioeconomic status as adults (91). Similarly, racial
and ethnic minorities who climb the social ladder to higher status in young adulthood nevertheless experience early adversity-associated
costs to health (92–95). Such observations suggest that the social roots of later-life health gradients can be established many years earlier
and may be refractory to later life change, perhaps because of biological embedding (30).
Early-life effects are also well studied in
other animals [including in many nonmam-

A
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Mountain goat
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B

C

mals (96, 97)]. However, although the earlylife social environment has long been linked to
physiological, growth-associated, and cognitive traits (98), its relationship to adult health
and survival—especially after a long intervening period—has only recently been investigated
in natural populations. In the first study in
animals to use the adverse childhood experiences (ACEs) framework, which tallies the
number of discrete insults experienced early
in life (an ACE represents a potentially traumatic or developmentally disruptive environmental exposure in early life, such as physical
abuse or familial separation in humans), yellow
baboon females who experienced more earlylife adversity were shown to experience substantially shorter life spans (99). Females who
experienced three or more major insults (of six
studied, including low social status, maternal
social isolation, maternal loss, high resource
competition, a short interval until the birth of a
younger sibling, and early-life drought) died
approximately a decade earlier than those who
experienced none, an effect size even larger

D

E
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Fig. 3. Social status and survival in wild social mammals. All cases shown are based on data from natural populations. (A) The social status–survival
relationship has been evaluated in at least 12 species, including humans, which together represent multiple transitions from solitary to social living (in carnivores,
even-toed ungulates, primates, rabbits and hares, and rodents) (55). The mammal supertree is from (175), with modifications based on (182). (B) Sample sizes and
(C) sex studied. Sample size for humans is based on a meta-analysis of 48 studies. Where both sexes were investigated, significant results are shown in black
and nonsignificant results in gray. (D) Measure of social status tested. (E) Direction of the observed effect. Blue arrows correspond to improved survival with higher
social status or rank; dashes correspond to no relationship between survival and social status or rank, as reported based on the authors’ threshold for statistical
significance. Data are from the following sources: meerkat, (79); mountain goat, (183); chimpanzee, (184); human, (3); long-tailed macaque, (82); Japanese macaque,
(185); rhesus macaque, (81); olive baboon, (186); yellow baboon, (47); chacma baboon, (80); European rabbit, (78); alpine marmot, (187).
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than those documented in human populations
Early life adversity
(Fig. 1F). Most of the sources of early adversity
had a social component, and the two with the
largest predictive effects—maternal loss and
5
4
the birth of a close-in-age younger sibling—
specifically point to the importance of mothers
Social adversity
as a source of early-life social support. Recent
work in wild spotted hyenas, a highly social
Health,
1
Social
Social
fitness,
carnivore, corroborates these findings (100). In
integration
status
2
life span
hyenas, a cumulative adversity index incorporating maternal social status, maternal loss
in the infant–juvenile period, and an animal’s
own deviation from expected social status early
3
3
in life also strongly predicts life span, again on a
time scale of years.
Mediators
These results both fit with and enrich models
of early adversity developed for human popFig. 4. Pathways linking social factors to health in nonhuman primates.
ulations that attempt to account for ACEsrelated results (101). For example,
consistent with the accumulation of
health care access or health risk behaviors such as smoking, alcoholBox 1. Multiple pathways link social factors to health: Evidence
risks model (102, 103), they indicate
that sequential deleterious expoism, or illicit drug use (because these
from nonhuman primates.
are distinctly human variables). Insures combine to have especially
In humans, the social environment is influenced by a complex set of
negative effects. However, although
stead, these studies highlight alterfactors, including income, education, occupation, social prestige, and
native mechanisms with potential
sources of early adversity in humans
larger cultural and institutional structures. As defined by the World Health
relevance to human studies. For
are often correlated—for example,
Organization, the social determinants of health are “shaped by the disexample, female baboons who exchildren living in poverty are also
tribution of money, power and resources at global, national and local
perienced high levels of early adverlikely to live in households with a
levels” (188). Social status and social integration also intersect with, and
sity also tend to be more socially
missing parent (104)—in wild animal
can be influenced by, other social identities, such as race, ethnicity, and
isolated from other females later
populations, correlations between
gender. By comparison, social environments in nonhuman animals are much
in life (99). In parallel, orphaned
different sources of adversity may
simpler and are best studied—and probably most relevant to health, reproelephants have reduced social conbe weak or absent altogether (99).
duction, and survival—at the local level, where coresident individuals directly
tact with high-quality social partThis structure facilitates examiinteract. Social hierarchies can thus often be summarized by using singleners (mature adults) compared with
nation of the cumulative effects of
dimensional measures (189).
nonorphans (108). Given the strong
early adverse experiences as well as
Nevertheless, as in humans, multiple pathways connect social factors to
association between affiliative sodiscrimination between the effects
health and Darwinian fitness in other animals. Several of these pathways are
cial relationships and mortality risk,
of individual exposures. In some
analogous to those developed for human populations (16, 190–192). Social
these observations suggest that
cases, longitudinal animal studies
causation (Fig. 4, arrow 1) is strongly supported by studies that manipulate
early social adversity may influence
can also provide data to test the
exposure to chronic social stress while holding other aspects of the environlater-life outcomes in part through
sensitive-period hypothesis, which
ment constant (131, 132). By contrast, in species for which social status is
patterning social interactions in
posits that early-life social adversity
determined by physical competition, changes in body condition and physadulthood. Such a model is remaffects later-life health in a manner
iological measures of endocrine and immune function can precede changes
iniscent of the pathway model prothat is only partially modifiable by
in status (“health selection”) (Fig. 4, arrow 2) (84, 193, 194). Social environposed for humans: that childhood
later-life experience (105). Strong
mental links to life span can also be mediated through other environcircumstances affect adult health
tests of this hypothesis are diffimental exposures (Fig. 4, arrow 3). For example, by influencing huddling
risk indirectly by putting individcult to conduct in humans because
behavior, social integration affects winter thermoregulation in Barbary
uals on trajectories that structure
exposure to early adversity tends to
macaques (195). Last, early-life adversity can generate social gradients in
future exposure to later adversity
be correlated with later-life exposure
adulthood (Fig. 4, arrows 4 and 5). In wild female baboons, for example,
(87, 109).
to adversity (for example, because
early maternal loss predicts reduced social integration in adulthood,
of limited social mobility) (106). In
Biological pathways from social
lower-than-expected adult social status, and shortened life span (85, 99).
animal societies, however, social conadversity to health
As
in
humans,
social
status
and
social
relationships
can
also
be
inditions in adulthood are not always
terrelated in complex ways (Fig. 4, blue and purple circles). Social status
Cross-species comparisons thus
well predicted by social conditions in
can be relatively independent from social integration, as is the case
suggest that social environments,
early life or intergenerationally (99).
among wild female baboons (48). Alternatively, social status can
both in early life and adulthood,
This decoupling has been leveraged
structure affiliative social relationships (48, 196, 197); in these cases,
are key determinants of life span
in baboons to show that early adhigh status usually predicts increased social integration, and evidence from
variation in humans and other soversity in one generation predicts
captive primates indicates that the effects of status on health-related
cial mammals. These parallel findreduced juvenile survival in the next,
outcomes may be mediated in part by a path through increased integration
ings point to opportunities to draw
independently of the juvenile’s own
(131). Last, developing supportive social relationships can predict subseon data from other social mammals
early-life experience (107).
quent changes in social status. For example, male Assamese macaques that
to address outstanding questions
Last, studies in animals support
formed stronger social bonds with other males subsequently rose in the
about the social determinants of
the hypothesis that the effects of
dominance hierarchy and also fathered more young (198).
health in humans. Animal models
early adversity on life span among
for social gradients in human health
humans are not fully explained by
Snyder-Mackler et al., Science 368, eaax9553 (2020)
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can (i) reduce the complexity of human social
environments; (ii) open the door to prospective and intergenerational study designs that
can be executed on a much faster time scale;
and (iii) in some cases, allow for direct experimental manipulation and invasive sampling.
Below, we focus on several emerging themes
that draw on one or more of these features,
beginning with links between social adversity
and health across the life course, and then
potential proximate (mechanistic) and ultimate
(evolutionary) pathways that could account for
these observations. Because the relevant literature is broad, we also point interested readers
to taxon- and discipline-specific perspectives
reviewed elsewhere (33, 110–114).
Social adversity and health outcomes across
the life course

Snyder-Mackler et al., Science 368, eaax9553 (2020)

Molecular signatures of social adversity

If social causation contributes to the relationship between social adversity, health, and
mortality risk, what are the physiological and
molecular changes that mediate this relationship? Efforts to identify these mechanisms
have historically focused on neuroendocrine
signaling, particularly the contribution of the
hypothalamic-pituitary-adrenal (HPA) axis and
the sympathetic nervous system (73, 125). Experimental animal models generally support
the idea that these pathways are altered by
social adversity–induced stress (73, 125, 126),
with some corroborating evidence from studies
in wild mammals (83, 127). However, the purpose of social adversity–associated changes in
neuroendocrine signaling is to communicate
a threat to, and regulate the return to, physiological homeostasis. To explain pathophysiology (for example, as a consequence of chronic
signaling) (126), social adversity–associated
22 May 2020

changes must also lead to changes in target
cells and tissues. Understanding how social
adversity connects to molecular changes within
the cell has become an increasing focus of research, building on a broader sociogenomics
literature that shows that social interactions can
substantially alter gene regulation (128–130).
Thus far, we know the most about social adversity and gene regulation in peripheral blood
cells, which are the most commonly collected
sample type in humans and other social mammals. These studies yield a rapidly developing
picture of how social adversity causally alters
the regulation of the immune system in experimental animal models (131, 132). The most
consistent finding from experimental manipulations of the social environment in nonhuman
animals is that increased social adversity drives
increased expression of genes linked to inflammation, including those that regulate, code for,
or interact with biomarkers of chronic stress
[such as interleukin-6 (IL6) and IL-1b]. These
changes appear to be shaped by socially
patterned differences in the use of immune
defense–modulating transcription factors, especially nuclear factor kB (NFkB), a master
regulator of inflammation (131). In animal
models of early social adversity and social
status, predicted DNA binding sites for NFkB
are enriched near genes that are more transcriptionally active in socially stressed individuals (131). Further, in rhesus macaques,
regions of the genome that are more physically accessible to transcription factor binding in low-status animals also tend to contain
NFkB-binding sites (133). Because NFkB can be
prevented from interacting with DNA through
glucocorticoid signaling, this observation suggests a link between functional genomic studies
and previous work on stress neuroendocrinology (125). Glucocorticoid resistance—a hallmark of chronic stress—is also associated with
increased expression of proinflammatory transcription factors (126).
These patterns parallel those observed in research on social adversity in humans. Although
studies in human populations are necessarily
correlational, the animal-model work suggests
that socially induced stressors are also likely
to causally alter gene regulation and the HPA
axis in our own species. A growing body of research supports a link between exposure to social adversity and DNA methylation and gene
expression markers associated with glucocorticoid signaling and inflammation (134–136).
If so, gene regulatory signatures of social
adversity may be broadly conserved in social
mammals (137). Because relatively few species
have been studied at this point, this hypothesis requires data from a broader range of species to test; even in the species studied thus far,
often only one sex has been well characterized.
Nevertheless, it is notable that cross-species
analyses of other aspects of social behavior,
7 of 12
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Studies that relate the social environment to
health in humans are larger, better replicated,
and more representative than their counterparts in any other species (although studies
that investigate non-Western nations are still
lacking and may influence the types of social
conditions classified as “adverse”). However,
because they are largely correlational, questions about causal direction persist that can
only be partially addressed by using longitudinal or cohort designs (115). One of the most
important contributions of studies of social
adversity in other social mammals therefore
stems from their interpretive clarity, especially
in cases in which the social environment itself
can be manipulated in controlled experiments:
the “gold standard” for inferring causality.
Such studies have long supported a role for
social causation, not only for physiological
changes that are precursors to disease but also
for disease outcomes themselves. For example,
low social status more than doubles the rate
of coronary artery atherosclerosis and hyperinsulinemia in diet-controlled female longtailed (cynomolgus) macaques (116, 117). In
males, low status and/or social instability also
predicts increased prevalence of coronary artery stenosis, and low status (but not social
instability) increases susceptibility to experimentally administered adenovirus (118, 119).
Relevant to cancer outcomes, lower levels of
social reciprocity in female rats predict both
earlier tumor onset and shortened life span,
and social isolation leads to a 30-fold increase
in primary tumor metastasis in mice (120).
Thus, manipulation of the social environment
in captivity recapitulates social gradients in
the leading causes of death in humans, including heart disease, diabetes, and respiratory infections (121).
However, these studies have been short term,
relying on genetically predisposed strains or
environmental manipulations to accelerate
disease outcomes. Only recently have animal
studies attempted to model the pattern ob-

served in humans: social gradients that lead to
poorer health or elevated mortality from multiple causes, manifested over the life course.
In one case, researchers aggregated almost a
decade’s worth of data to demonstrate that
rhesus macaques randomized into an early
maternal loss treatment experienced poorer
health later in life, despite standardized housing conditions in adulthood (122). Similarly
broad effects have been observed in an experimental mouse model of social status. In
the first study to investigate the consequences
of chronic stress across natural life spans, persistent exposure to socially dominant animals
was shown to shorten the median life spans of
socially subordinate male mice by 12.4% (12),
an effect size comparable with that of dietary
restriction in the same strains (123). Lowstatus animals also experienced earlier onset
of multiorgan lesions, including tumors. In a
subset of 17-month-old mice, subordinates had
elevated p53 and p16Ink4a markers of cellular
senescence and, remarkably, 50% prevalence
of early-stage atherosclerotic lesions, which
generally occur only in genetically predisposed
strains exposed to highly atherogenic diets. By
contrast, no lesions were observed in dominant mice.
Replication of these findings will be crucial
for assessing their generalizability. Nevertheless, they strongly support the idea that chronic
social stress can be sufficiently toxic to explain
multiple pathological outcomes, including accelerated senescence (124). In the mouse life
span study, for instance, subordinates were
housed in proximity to, but physically separated from, dominant mice (12). However,
subordinates exhibited close to a twofold increase in glucocorticoid levels, suggesting that
simple exposure to threat from an aggressive
social partner can induce broad physiological
changes (12).
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Evolutionary frameworks for the social
determinants of health

The studies above focus on the proximate
physiological and molecular mechanisms that
explain the social determinants of health.
However, the congruence between findings
in humans and observations in other social
mammals not only suggests that nonhuman
species can serve as effective models for humans but also that social gradients in health
may be coupled with the evolution of social
living itself. Comparative studies can therefore also contribute by highlighting the evolutionary logic that explains social gradients
(83, 139, 140). Such studies have already been
key to understanding the evolutionary costs
and benefits of transitions to group living
(55, 141, 142).
Social gradients within species arise because
social costs and benefits are not equally distributed across individuals coresiding in the
same social group. Consistent, species-level
differences in the steepness of social hierarchies and the stability of social bonds emerge
from the need to resolve this tension, as discussed in a long history of comparative work on
the emergence of egalitarian versus “despotic”
animal societies (140, 143). However, individuSnyder-Mackler et al., Science 368, eaax9553 (2020)

als are likely subject to additional selection for
sensitivity to the quality of social relationships
within social groups (144). For example, the
concept of the “dominance behavioral system,”
developed in evolutionary psychology, argues
that humans and other social animals have
evolved finely tuned biological sensors to evaluate their and others’ relative social status
(145). In support of this argument, work in
mice has identified specific sensory and neural
substrates for assessing dominance and social
integration (146–149). However, we know of no
case to date in which the fitness consequences
of variation in social sensitivity has been evaluated in a natural social mammal population.
Doing so would require measuring interindividual differences in the response to a common social environment, accurately assessing
the “appropriate” social response, and potentially measuring subjective social experience.
The increasing availability of life course data
from wild mammals as well as new methods
for quantifying perceived social stress (such as
in captive rhesus macaques) (150) may make
such studies feasible in the near future.
By contrast, data from wild social mammals
have already brought clarity to evolutionary
hypotheses about the long-term health effects
of early adversity. For example, an extensive
body of theory has been developed to account
for observations of such effects in humans
(151–154). The most commonly invoked ideas
focus on predictive adaptive responses (PARs),
which propose that early-life effects evolved because natural selection favors organisms that
tailor their later-life phenotype to the environmental cues they experience in early life. PAR
models argue that it is the mismatch between
early adverse conditions and later, more benign conditions that produces the adverse
health effects of early adversity. However, because predictive models assume that early-life
environmental cues must be reliable indicators
of the later-life environment, theoretical work
suggests that PARs are unlikely to evolve in
long-lived species (155). In nonhuman animals,
the best empirical support for PARs comes
from short-lived species (156, 157). By contrast,
studies in long-lived mammals provide better
support for an alternative set of models: developmental constraints (158–161). Developmental
constraints models posit that early-life effects
evolve because they allow immediate survival,
at the expense of optimal development, even if
they incur later-life costs; they are the result of
natural selection on the ability to “make the
best of a bad situation.” If so, individuals who
experienced early adversity may perform quite
poorly when faced with adverse environments
in adulthood—a conclusion with substantially
different intervention and policy implications
than those of the PAR model.
Tests of more refined PAR models are ongoing (162, 163). However, the above work
22 May 2020

already illustrates the value of studies in nonhuman species for testing evolutionary arguments relevant to social gradients in health
(164, 165). It also highlights the challenges
in clearly discriminating adaptive from nonadaptive responses: Apparently costly responses
to social adversity can be favored by natural
selection if they are better than no phenotypic
adjustment at all (166).
Conclusions and new directions

The available evidence indicates that social
impacts on life span are a shared phenomenon
across humans and other social mammals and
that the health-related outcomes of social adversity in nonhuman animals parallel socially
patterned pathologies in humans. To some
degree, the mechanisms that underlie these
observations are also similar across species:
Social conditions that promote chronic stress
also predict increased inflammation, HPA axis
dysregulation, and changes to sympathetic
nervous system signaling (126). These findings suggest a shared biology underlying the
influence of social gradients and a coherent
evolutionary logic for when these gradients
tend to be shallower versus steeper—arguments
that have been made in various forms over the
years (32). Only recently, however, have they
been supported by both experimental tests
for causal outcomes and data on natural mortality, with correspondingly refined estimates
from very large studies in humans (4, 12, 99, 131).
A shared biology in turn suggests that integrating human and nonhuman animal studies
can help address longstanding questions about
the social determinants of health. Research at
this interface should open several new opportunities. First, the findings outlined here argue
that the social determinants of health should
be of central interest to biologists as well as social scientists. This is not yet the case for many
disciplines; for example, the field of genomics
was recently taken to task for ignoring the
literature on social gradients in health and,
as a consequence, redefining health disparities
in terms of population genetic diversity (a genetic explanation) instead of recognizing its
fundamental origins in the social environment
(167). Research with natural links to the social
determinants of health has been similarly limited in other disciplines; for example, recent
studies that compare genetic and nonheritable
predictors of immune function consider age,
sex, and past pathogen exposure as environmental factors but not the social environment
(168). Broadening this perspective presents an
opportunity to leverage new methodological
advances to understand the causes and consequences of social gradients, including scope for
potential intervention. Animal model studies
may be ideal for testing proposed interventions
because they ensure compliance and eliminate
other confounding factors.
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such as territorial aggression and social monogamy, have identified conserved roles for
the same gene regulatory pathways in taxa as
diverse as rodents, songbirds, frogs, and fish
(128, 129).
At the same time, social environmental effects on gene regulation are also context dependent. For example, in rhesus macaque females,
the effects of experimentally manipulated social status are magnified in immune cells after
exposure to lipopolysaccharide, which stimulates the innate immune response against
bacteria (131). Consistent with correlative studies
in humans, low-status animals up-regulate proinflammatory, NFkB-regulated pathways relative to high-status animals, whereas high status
predicts higher expression of antiviral genes.
This pattern has been interpreted as a stressmediated trade-off between antibacterial and
antiviral defense (137). However, recent work
indicates that this pattern is contingent on the
local cellular environment: Key regulators of
antiviral defense that are positively correlated
with social status after exposure to bacterial
compounds actually become negatively correlated with social status in the same animals,
after challenge with a viral mimic (138). Such
studies may provide a window into understanding why the effects of social adversity differ
across settings and into the basis of cumulative
risk and multiple hit models (102, 103). However, they also caution against the idea that
there is a simple map between social environmental effects on immune gene expression and
differential susceptibility to specific pathogens.
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the degree that it could shorten life span (169).
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the availability of coping outlets have all been
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across species—may suggest ways to decouple
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Social animals need connection
Much research over the past decade or so has revealed that health and lifespan in humans, highly social animals,
are reduced with social adversity. We humans are not the only animals that are social, however, and similar research has
shown that other social mammals are similarly influenced by isolation and adversity. Snyder-Mackler et al. reviewed the
relationships between social environment and many aspects of health and well-being across nonhuman mammals and
investigated the similarities between these and patterns in humans. They found many of the same threats and responses
across social mammals.
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