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through which they arise have remained un-
clear. However, new evidence has been crucial
for moving toward clarity on these questions.
First, research in other social mammals indi-
cate that social gradients in human health are
part of a long evolutionary legacy of social
living, at least at the level of local social inter-
actions 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, emerg-
ing data sets, especially controlled experimental
studies in other social mammals, strongly sup-
port direct social environmental effects on phy-
siological function (social causation). Together
with the release of unprecedentedly large, in-
tegrated data sets from human populations
(2, 3, 31), these findings lay the groundwork
for understanding how social adversity makes
us vulnerable.

Here, we review key themes emerging from
this evidence, with an emphasis on recentwork
that highlights the role of social experience
across the life course and findings of shared
interest across disciplines. Because this inter-
section 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 socio-
economic structures not applicable to animal
models) or the fitness consequences of social
behavior in humans and other animals; in-
stead,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 ini-
tially 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 fit-

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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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

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).
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clear. However, new evidence has been crucial
for moving toward clarity on these questions.
First, research in other social mammals indi-
cate that social gradients in human health are
part of a long evolutionary legacy of social
living, at least at the level of local social inter-
actions 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, emerg-
ing data sets, especially controlled experimental
studies in other social mammals, strongly sup-
port direct social environmental effects on phy-
siological function (social causation). Together
with the release of unprecedentedly large, in-
tegrated data sets from human populations
(2, 3, 31), these findings lay the groundwork
for understanding how social adversity makes
us vulnerable.

Here, we review key themes emerging from
this evidence, with an emphasis on recentwork
that highlights the role of social experience
across the life course and findings of shared
interest across disciplines. Because this inter-
section 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 socio-
economic structures not applicable to animal
models) or the fitness consequences of social
behavior in humans and other animals; in-
stead,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 ini-
tially 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 fit-

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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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

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).
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disease wasmore 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 in-
creased mortality risk from nearly all causes,
including chronic disease and infectious di-
sease as well as accidents and violent death
(Fig. 1) (2, 34, 66, 70, 71). The consistency of
this relationship over time and space has mo-
tivated 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 phys-
iological 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 inten-
sively studied than its relationship with survi-
val (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 ob-
served in humans; to date, studies of wild rab-

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 iden-
tify factors that influence the link between
social status and survival. For physiological
outcomes, comparative studies in animals al-
ready emphasize that the costs of low status
are moderated by social context. Low-status
animals tend to exhibit higher levels of stress-
associated 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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shown are based on data from natural populations, with the exception
of rhesus macaques (65), for which data are from a provisioned free-ranging
population. (A) The social integration-survival relationship has been evaluated in
at least 12 species, including humans, which together represent multiple
independent transitions to social group living (55). The mammal supertree is
from (175). (B) Sample sizes and (C) sex studied. Large symbols indicate adults;
small symbols indicate juveniles. Sample size for humans is based on a
meta-analysis of 148 studies. Where both sexes were investigated, significant
results are shown in black and nonsignificant results in gray. (D) Measure of
social integration tested. (E) Direction of the observed effect. Blue arrows
correspond to improved survival with greater integration and support; red arrow

corresponds to reduced survival with greater integration and support. For
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).

RESEARCH | REVIEW

IM
A
G
E
S
:T

H
E
N
O
U
N
P
R
O
JE

C
T/

C
O
B
Y
G
R
A
P
H
IC

S
/C

C
-B

Y
(O

R
C
A
);
T
H
E
N
O
U
N
P
R
O
JE

C
T/

M
A
T
T
H
E
W

S
.H

A
L
L/

C
C
-B

Y
(B

O
T
T
L
E
N
O
S
E
D
O
LP

H
IN

);
T
H
E
N
O
U
N
P
R
O
JE

C
T/

N
IC

K
N
O
V
E
L/

C
C
-B

Y
(B

IG
H
O
R
N

S
H
E
E
P
);

O
T
H
ER

IC
O
N
S
B
Y
N
.C

A
R
Y
A
N
D

A
.
K
IT
T
E
R
M
A
N
/S

C
IE
N
C
E

on M
ay 21, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

Snyder-Mackler et al 2020, Science



Submitted Manuscript: Confidential 

21 
 

 460 

 

Supplementary Materials: 
Materials and Methods 

Figures S1-S19  

Tables S1-S12  465 

References (26 – 68) 

 

 

Fig. 1. Longitudinal time-series data used to estimate microbiome heritability. (A) The 

dataset consisted of 16,234 microbiome samples collected from 585 unique baboons (median = 470 

28 samples / individual, range 1 – 177). The y-axis is ordered by number of samples per 

individual baboon. (B) All samples had social group-level diet information for the 30 days prior 

to the sample collection date. Each bar represents one sample. (C) Microbial composition is 

consistent with other baboon gut microbiome studies (17, 18). The most common phylum was 
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status group mates even when all animals are maintained on this diet (we will also test whether isoflavones 
mask or exacerbate rank effects on gene expression in Aim 1).  
 New social groups will be formed using the protocols we used in the 
previous funding period, which continue standard approaches in place at 
YNPRC for over 30 years92. Briefly, females will be sequentially 
introduced into their new groups towards the end of the breeding season 
(winter), a process that takes 1 – 2 weeks and that is highly predictive of 
subsequent dominance rank (individuals introduced earlier occupy 
higher rank positions)1,2,7,62. Groups will stabilize within 4 weeks. We will 
collect biological samples in May-August (nonbreeding season), when 
rhesus macaque females are anovulatory. During this period, peripheral 
levels of estradiol (E) and progesterone (P) are low and unvarying	93 
(Fig. 3), thus limiting biological variance due to seasonal differences or 
sex steroid hormone levels. To confirm low gonadal steroid status in our 
own samples, we will also perform LC/MS assays for E and P at the 
Yerkes Biomarker Core from plasma aliquots obtained during blood draws, allowing us to include them as 
statistical controls if necessary. Finally, to maximize comparability to studies in humans, we will measure pro-
inflammatory cytokine profiles (e.g., IL6, TNFa) and C-reactive protein (CRP) levels in these aliquots using 
validated, rhesus macaque-specific reagents from MesoScale Discovery (run at the Emory Multiplexed 
Immunoassay Core). Baseline values will be established prior to each female’s initial introduction into the 
study, for cytokine, CRP, PBMC gene expression, complete blood counts, and cell type composition levels. 
 Dominance ranks will be continually monitored via behavioral observations using focal sampling94, in which 
all of the behavior emitted and received by a target female will be coded for three 30-minute sessions every 2 
weeks. In total, we will thus perform ~80 hours of behavioral sampling per animal, including intensive 
monitoring throughout each day during group rearrangements to capture behavioral patterns and monitor 
animal welfare. Dominance ranks within each social group will be assessed using the outcomes of dyadic 
agonistic interactions, in which subordination will be determined by unequivocal submissive gestures to 
another animal (defined by an established ethogram). To capture social status, we will use Elo rankings5, a 
continuous measure that is updated following each agonistic interaction. Elo rankings thus reflect the true 
gradient in status observed within rhesus macaque social groups and avoid discretization of females into 
separate “dominant” or “subordinate” categories. We will also monitor 
physiological indicators of social stress. Measures of stress-induced HPA 
dysregulation will be derived from in vivo dexamethasone (Dex) suppression 
tests (2 months following group formation and every 4 months thereafter), 
which assesses the efficacy of glucocorticoid negative feedback62,63. 
Importantly, Dex suppression tests only involve 2 days of sample collection. 
They thus serve as brief but critical HPA assessments that can be embedded 
within longitudinal studies without disrupting other sampling goals1,2,95. Cortisol 
and Dex will be assayed by mass spectrometry; ACTH will be assayed by 
immunoradiometric assay at the Yerkes Biomarkers Core.   
D.1.2. Experimental intervention to reassign ranks.  
 Towards the end of the breeding season in year 2, we will conduct an 
experimental intervention to impose new rank positions on each female. Using 
our established approach, we will conduct the rank rearrangement by 
reforming 10 new, 5-member social groups. Each new group will be wholly 
composed of individuals who occupied the same rank position in the pre-
intervention social groups. Thus, five individuals of rank 1 in the original groups 
will be used to form a new group, five individuals of rank 2 will be used to form 
a second group, and so on (Fig. 4). All possible rank changes will be included 
in our sample in duplicate. Based on our experience with this method, we 
expect group hierarchies to stabilize within 4 weeks (see also Timeline in D.5).	  
D.1.3. Blood sample collection.  
 All study subjects will be habituated to handling by procedures used by PI Wilson and co-I Michopoulos for 
>37 years. Because habituated animals show minimal arousal in response to blood sampling96, samples will be 
collected without anesthesia. Samples will be obtained at the same time of day (0900 hours), thereby 
controlling for circadian rhythm-related changes in gene expression or hormone levels.  

Fig. 4. Rank intervention plan. Each 
new post-arrangement group will be 
composed of females who held the 
same pre-rearrangement rank 
(middle). A new rank hierarchy will 
rapidly emerge for each group (right). 

Fig 3. E/P are invariant from April through 
September (nonbreeding season). We will 
sample in this window to minimize effects 
of sex hormone signaling. 

Beth Archie Alyssa Arre
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Matthew Zipple

Zipple et al 2019, eLife

These effects are independent of the 
offspring’s own environment, and likely 
explained by reduced maternal viability

the pattern we observed when analyzing the full data set of offspring that survived to age 2

(N = 671) is completely driven by the offspring of mothers who experienced substantial early adver-

sity. This finding is consistent with the hypothesis that maternal early life adversity results in compro-

mised maternal condition in adulthood, which in turn results in both earlier death for adult females

and a reduction in their ability to successfully raise offspring towards the end of their lives (i.e., a

maternal effect on the offspring generation).

Discussion
We have demonstrated that adverse environmental conditions during the early life of a female

baboon, which are already known to negatively affect both her survival (Tung et al., 2016) and her

reproduction (Lea et al., 2015) in adulthood, also reduce the survival of her offspring. Importantly,

this effect is independent of the environment experienced by those offspring themselves (Figure 1).

The reduction in offspring survival is likely linked to reductions in maternal viability: mothers that

experienced early life adversity are significantly less able to successfully raise offspring born near the

ends of their lives, while the same is not true for mothers that did not experience early life adversity

(Figure 2). Together, these findings support the hypothesis that early life adversity produces con-

straints during development that lead not only to reduced adult survival and lifetime reproductive

success (Tung et al., 2016) but also to a reduced ability to successfully raise those offspring that are

produced (Figure 2a). We did not identify any sex-specific intergenerational effects of maternal early

adversity.
The results reported here help to fill a key gap in the literature concerning the intergenerational

effects of early life adversity on survival. Human studies have yielded inconsistent results on this topic

Figure 2. Effects of maternal adversity on offspring survival are explained by reduced maternal viability. (A) Among those offspring whose mothers

experienced significant early life adversity (maternal loss and/or a competing younger sibling), poor offspring survival from ages 0–2 (while the mother

was still alive) was predicted by maternal death in years 2–4 after the offspring’s birth. (B) In contrast, there was no relationship between offspring

survival in the first two years of life and maternal death in years 2–4 for the offspring of mothers who did not experience early life adversity.

DOI: https://doi.org/10.7554/eLife.47433.006

Zipple et al. eLife 2019;8:e47433. DOI: https://doi.org/10.7554/eLife.47433 7 of 14
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The immune system is a complex, multi-layered signaling network comprised of multiple modulating 

components and cell types.  This intricate system provides sensitive and specific responses to stimuli.  

Responses can vary greatly between individuals, yet patterns for a single individual have shown to be 

remarkably consistent. These patterns are sometimes masked by variables that can be attributed to 

sample collection and manipulation methods.    

Researchers require an in vitro model that preserves physiological cellular interactions, and allows for 

easy measurement(s) of the immune system with and without stimulation.   In order to ensure reliable 

data, the system must also be reproducible.

The TruCulture System is designed to capture immune cell activity without introducing sample 

collection and manipulation variables.  The system employs a single, self-contained tube for whole 

blood collection and culture.

Things should be made as simple as possible, but not any simpler

~ Albert Einstein
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easy measurement(s) of the immune system with and without stimulation.   In order to ensure reliable 

data, the system must also be reproducible.

The TruCulture System is designed to capture immune cell activity without introducing sample 

collection and manipulation variables.  The system employs a single, self-contained tube for whole 

blood collection and culture.

Things should be made as simple as possible, but not any simpler

~ Albert Einstein
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1,079 cases of past x current rank interaction 

88% biased toward greater “memory” with low past rank



Social status is causally 
implicated in altered immune 
function, including the immune 
response to bacteria and viruses

Even when social status 
changes, a genomic signature of 
social history remains

Lauren Brent
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