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BACKGROUND: Contagious pathogens can trig-
ger diverse changes in host social behaviors,
rewiring their social networks and profoundly
influencing the extent and pace of pathogen
spread. Although “social distancing” is now an
all too familiar strategy to manage COVID-19,
nonhuman animals also exhibit a suite of
pathogen-induced changes in social inter-
actions, either as precautionary measures by
healthy hosts or as physiological consequences
of infection in sick individuals. These diverse
changes in the social behaviors of both healthy
and infected hosts in response to pathogens
are widespread across taxa, but we still have
much to learn about their underlying mecha-
nisms and epidemiological and evolutionary
consequences. Studies of social distancing
behaviors in nonhuman animals have the

potential to provide important and unique
insights into ecological and evolutionary
processes relevant to human public health,
including pathogen transmission dynamics
and virulence evolution.

ADVANCES: We synthesize the literature on
pathogen-induced changes in sociality in
nonhuman animals and in humans. These in-
clude active and passive changes in pathogen-
exposed and -unexposed group members
occurring both before and after individuals
develop an active infection. Behavioral changes
that reduce social interactions—and thus path-
ogen spread—include changes driven by infec-
tious hosts, such as sickness behaviors and
active self-isolation, as well as changes driven
by healthy hosts, including active avoidance or

Social distancing in humans and nonhuman animals. (A) Pathogen-exposed forager ants self-isolate and their
nestmates increase social distance to each other (image: Timothée Britsch). (B) People social distance during
COVID-19 (image: Forest Simon). (C) Sick vampire bats reduce grooming non-close kin (image: Gerald Carter).
(D and E) Under certain conditions, Trinidadian guppies avoid parasitized individuals (D), (image: Sean Earnshaw,
University of St. Andrews) and house finches avoid sick conspecifics (E) (image: Jeremy Stanley).

Stockmaier et al., Science 371, 1007 (2021)

5 March 2021

exclusion of infectious individuals and proactive
social distancing in the face of pathogenic
threats. Although species have evolved behav-
ioral social distancing because it reduces in-
fection risk, these behaviors also incur costs by
limiting access to the many benefits of group
living, such as protection against predators
and cooperative food finding. Thus, many species
appear to have evolved the ability to alter the
expression of these behaviors in ways that
maximize benefits and minimize costs. The
most susceptible individuals of some species
show the strongest avoidance of sick con-
specifics, and social distancing behaviors are
sometimes foregone in interactions with close
relatives. Pathogen-induced changes in social-
ity also apply important selection pressures on
pathogens. Because social distancing reduces
transmission and thus fitness, pathogens may
evolve lower levels of virulence, presympto-
matic transmission, or the ability to disguise
cues that enable hosts to recognize their
presence. Finally, pathogen infection can also
increase social interactions when healthy indi-
viduals lend aid to pathogen-contaminated or
sick conspecifics. Helping sick individuals is
a major part of human and eusocial insect
societies but is less commonly observed in
other, nonhuman animals. Whether patho-
gens can evolve to elicit helping behavior in
hosts, thus augmenting their own transmis-
sion, remains unknown.

OUTLOOK: The structure and dynamics of
social contact networks fundamentally deter-
mine the fate of disease outbreaks, that is,
how fast and far they spread and who will be
infected. In the race to combat the COVID-19
pandemic, numerous studies have begun to
address the public health utility of unprece-
dented social distancing efforts. Nonhuman
animal systems, particularly those with social
structures similar to those of humans, pres-
ent unique opportunities to inform relevant
public health questions such as the effective-
ness, variability, and required duration of
social distancing measures. Further, the ex-
perimental tractability of nonhuman animal
systems allows study of the coevolutionary
dynamics generated by social distancing be-
haviors, which themselves have public health
implications. Selection for or against social
distancing behaviors has the potential to
create a conflict of interest and could in-
centivize selfish behaviors that are not in the
best interest of everyone.
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Spread of contagious pathogens critically depends on the number and types of contacts between
infectious and susceptible hosts. Changes in social behavior by susceptible, exposed, or sick individuals
thus have far-reaching downstream consequences for infectious disease spread. Although “social
distancing” is now an all too familiar strategy for managing COVID-19, nonhuman animals also exhibit
pathogen-induced changes in social interactions. Here, we synthesize the effects of infectious pathogens
on social interactions in animals (including humans), review what is known about underlying
mechanisms, and consider implications for evolution and epidemiology.

crucial issue for understanding the

spread of infectious diseases is deter-

mining how animal social networks

change through time as uninfected, ex-

posed, or sick individuals alter their
behavior in response to contagious patho-
gens (I-5). Compartmental epidemiological
models (e.g., susceptible-infected-recovered
models) often make simplifying assumptions
that hosts participate equally in contacts and
contacts remain constant through time (6).
However, contact rates clearly vary among
individuals and over time, and network-based
epidemiological models demonstrate that con-
tact variation substantially affects disease
dynamics (7-10). One key source of contact
rate heterogeneity lies in behavioral responses
to pathogens by infected, contaminated, or
susceptible individuals. Although some para-
sites famously manipulate the behavior of
their hosts to facilitate transmission to new
hosts [reviewed in (I1)], behavioral responses
to infection in social animals are more often
host driven (12). Here, we review the diverse
suite of host-mediated behavioral responses
to pathogens, which include sickness behav-
iors (immune-mediated lethargy and social
disinterest) by infected hosts and avoidance or
exclusion of potentially infectious conspecifics
by susceptible individuals, both of which likely
suppress population-level pathogen spread.
Conversely, infected individuals may receive
care from uninfected group members, facil-
itating transmission. Such social responses
to infection are commonly observed in non-
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human animals; therefore, considering the evo-
lutionary and epidemiological implications
of social distancing in nature could shed
important light on our understanding of
human outbreaks.

Pathogens change social cues, signals,
and behaviors

Pathogens induce a wide array of changes in
the behaviors of individuals that they suc-
cessfully colonize and their uninfected group
members. These changes arise at distinct stages
across systems, beginning as early as initial host
exposure to the pathogen (i.e., “contami-
nation”) or as late as symptomatic stages of
disease (Fig. 1). Some externally transmitted
pathogenic fungi in social insects elicit host
behavioral changes as early as 15 min after
exposure, when individuals are already poten-
tially infectious but not yet infected, which
requires fungal spores to pierce the cuticle
(13). For example, termites exposed to entomo-
pathogenic fungal spores produce immediate
vibratory alarm signals that trigger avoidance
or hygienic responses in nestmates (13, 14);
the same pathogen induces self-removal and
care responses in ants within hours of ex-
posure (3, 15-17), suggesting that social insects
detect cues associated with the pathogen itself
on the surface of the cuticle.

In other systems, changes in behavior are
triggered by modifications in social cues and
signals caused by infection itself or by chal-
lenges of the immune system with pathogenic
compounds either during the incubation period
while the host is not yet infectious or during
the symptomatic disease phase (Fig. 1). For
example, virus-infected or immune-challenged
mice produce specific olfactory cues (18), feces
of protozoa-infected mandrills have a distinct
smell (19), immune-challenged humans have
more aversive body odor (20), and fungus-
infected ant pupae produce chemical cues
that trigger hygienic behaviors in adult ants,
including destruction and disinfection of the
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cocoon (21). Visual cues can also be altered
by infection; for example, Trinidadian guppies
can avoid conspecifics using visual cues of ecto-
parasitic worm infection (22, 23), and humans
can identify immune-challenged individuals
by examining facial photos (24). Infection or
immune stimulation can also affect auditory
cues, as is the case for vampire bats challenged
with immunogenic lipopolysaccharide (LPS),
which reduce contact calling rates (25), and
LPS-challenged men, who experience audible
breathing changes (26).

In addition, innate immune responses to
pathogens typically stimulate physiological
(e.g., fever) and behavioral changes in the
infected host, including lethargy and reduced
social interactions, particularly early in infec-
tion (27-30). These “sickness behaviors” occur
widely across host taxa and in response to
diverse pathogens (27-31). Because the pre-
dominant physiological mediators of sickness
behaviors are the proinflammatory cytokines
that link the immune, endocrine, and nervous
systems (28, 29, 32), the consequences of these
behavioral changes for social interactions can
be experimentally explored by injecting hosts
with immunogenic substances such as LPS or
cytokines (2, 28, 33). Given how common they
are across taxa, sickness behaviors could also
serve as a relatively universal cue for recogniz-
ing infected conspecifics. Detecting sickness
behavior may be easier when the observer is
familiar with the baseline behavior of the
sick individual. Therefore, such recognition
mechanisms could be more common in species
that live in close-knit groups. However, the
sensory and neural mechanisms responsible
for the recognition of such indirect cues are
still poorly known.

How individuals detect, recognize, and re-
spond to disease-related cues, especially chem-
ical cues, has received much attention (e.g.,
18, 19), and changes in appearance, smell,
vocalizations, or behavior are known to in-
duce “social distancing” (i.e., reductions in
potentially transmission-causing contacts)
in both animal and human societies. However,
natural selection can also lead to seemingly
altruistic behaviors such as helping infected
conspecifics, which may instead increase
disease transmission. Here, we focus on six
pathogen-induced physiological or behavioral
changes in hosts that cause changes to social
interactions in groups and can be driven by
conspecifics or the potentially infectious indi-
vidual (Fig. 2).

Passive self-isolation by potentially
infectious individuals

Passive self-isolation is a component of sick-
ness behavior (27-29) that occurs when a sick
individual directly or indirectly reduces con-
tact with others while remaining within the
group. It can occur directly when infected
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Fig. 1. Behavioral changes in response to pathogens (yellow) and their potential cues (blue) can
occur upon initial exposure, during the presymptomatic incubation period (teal), or during the
symptomatic period (orange). The degree to which behavioral changes overlap a pathogen’s infectious period
(red) will determine their effectiveness at preventing spread. In ants, chemosensory recognition can occur
immediately after exposure, triggering self-isolation and proactive social distancing. In other systems (e.g.,
Trinidadian guppies and ectoparasitic worms), infectiousness and avoidance behavior are aligned with clinical
signs or, for parasites that do not cause obvious clinical signs, with changes in chemical cues (i.e., mandrills
and protozoal parasites). Behavioral changes can also occur later in infection (i.e., humans and influenza
infections). Semitransparent arrows indicate variability and uncertainty in timing across systems.

animals lose motivation to engage in physical
social behaviors such as grooming or food
sharing (33, 34), a phenomenon called social
“disinterest.” For instance, immune-challenged
vampire bats reduce grooming of certain con-
specifics (33), virus-infected bees share less food
with nestmates (34), and humans challenged
with bacterial endotoxin self-report feelings
of social disconnectedness that may reduce
contacts (35).

Passive self-isolation can also occur indi-
rectly due to physiological responses to infec-
tion such as lethargy, which is challenging to
tease apart from direct effects without mea-
suring the motivation of the test subject. Pas-
sive isolation can happen, for instance, when
sickness-induced lethargy reduces individuals’
social investments in the biological market-
place, such as allogrooming or provisioning
of food (36), which could reduce reciprocal
services from, and contacts with, group mem-
bers. Additionally immune challenge and the
resulting lethargy can reduce social vocaliza-
tions, which as an incidental side effect may
make group members less inclined to interact

Stockmaier et al., Science 371, eabc8881 (2021)

with the sick individual (25). Lethargy can also
alter patterns of movement and dispersal, which
determine contact with other individuals (2, 5).
Thus, reduced movement could restrict the
spread of directly transmitted pathogens be-
tween clusters of individuals. However, such
passive isolation likely does not evolve as an
adaptation specifically for this purpose.

Active self-isolation by potentially
infectious individuals

Potentially infectious human and nonhuman
animals sometimes actively remove themselves
from others, thereby preventing susceptible
individuals from interacting with them. This
differs from passive self-isolation, in which
susceptible group members can maintain
interactions with lethargic infected individuals.
For instance, although immune-challenged
bats perform less grooming, they remain part
of the group and still receive food donations
from conspecifics (33). By contrast, fungus-
exposed ants spend more time outside the
nest, and thus actively self-isolate, limiting
encounters with susceptible nestmates [(3, 37, 38);
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Fig. 3]. Self-isolation is a seemingly altruistic act
hypothesized to evolve through kin selection,
as evidenced by its widespread occurrence in
eusocial insects, in which high within-colony
relatedness favored the evolution of numer-
ous collective disease defenses called “social
immunity” (3, 37-39). Active self-isolation ap-
pears to be a general response to apparent
detection of impending death, not only from
pathogens but also from CO, poisoning and
toxins (37, 40). However, the cues and mech-
anisms underlying the initiation of self-isolation
remain unknown.

Despite anecdotal observations, such as a
tuberculosis-infected badger leaving its group
to die alone (41), systematic investigations of
active self-isolation in animals outside of euso-
cial insects are lacking. By contrast, infected
humans are known to actively self-isolate, as
evidenced by historical outbreaks (42). How-
ever, whether such self-isolation is driven by
personal initiative or governmental policy di-
rectives is often difficult to disentangle.

Avoidance of potentially
infectious conspecifics

In animals affected by contagious pathogens,
selection should favor susceptible individuals
who can detect and subsequently avoid poten-
tially infectious conspecifics (43). Indeed,
avoidance of exposed or infected conspecifics
occurs in diverse nonhuman animals includ-
ing lobsters (44), Trinidadian guppies (22, 23),
mandrills (19, 45), and termites (74). Humans
can avoid conspecifics based on facial cues or
chemosensory cues (20, 24), and awareness
of infectious threats can exaggerate avoidance
responses even without proximity to infected
people [i.e., gathering information online (4¢6)].
Avoiding infectious conspecifics requires (i)
cues that differentiate potentially infectious
individuals from healthy group members,
(ii) sensory systems to detect those cues, and
(iii) neurological pathways that translate cues
into behavioral changes. Pathogen exposure
and infection alter a suite of sensory cues
that need not be pathogen specific [generally
“disgust eliciting” (47—-49)] and could there-
fore result in rapid manifestation of avoidance
behaviors in animal populations (50).

Exclusion of potentially infectious individuals
(enforced isolation)

Exclusion of infectious conspecifics, by aggres-
sion or other means, represents another direct
way in which pathogens lead to social distanc-
ing. We distinguish exclusion from self-isolation
in that exclusion is enforced by uninfected
individuals. Aggressive exclusion of infected
individuals is mostly documented in eusocial
insects (39, 51), for example, virus-infected
honeybees being forcibly dragged out of the
nest (571). Much like avoidance, active exclu-
sion requires an ability to recognize infected
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Fig. 2. Effects of pathogen exposure on social behaviors can be driven by susceptible or pathogen-affected individuals and increase (help) or decrease
contact (see orange squares). For individual-driven effects, we distinguish direct effects and indirect effects (gray area). Animals are highlighted based on available
studies in respective systems in birds, nonhuman mammals (mouse symbol), humans, insects and other invertebrates (mostly eusocial insects; ant symbol), reptiles

and amphibians (lizard symbol), and fish.

individuals. In Lasius neglectus ants, destruc-
tive removal of infected broods is driven by
changes in cuticular chemical composition that
allow uninfected workers to detect otherwise
asymptomatic fungal-infected broods (21). En-
forced exclusion has not been experimentally
demonstrated in mammals, although observa-
tional evidence exists (52), and enforced quar-
antine has occurred throughout human history
and remains an important public health mea-
sure against pathogens such as Ebola and severe
acute respiratory syndrome (SARS) (53, 54).

Increases in social contact through caregiving

Helping is one of the main aspects of human
health care and can involve family, friends, or
health care workers (55). However, such care-
giving incurs increased infection risks for
caregivers (56). The extent of caregiving in
nonhuman mammals is still unclear, so far
relying largely on opportunistic field obser-
vations (55). The clearest evidence for care-
giving behaviors outside of humans comes
from antifungal grooming in eusocial insects:
Ants and termites routinely physically remove

Stockmaier et al., Science 371, eabc8881 (2021)

or chemically deactivate infectious fungal spores
on contaminated nestmates, thereby decreasing
the risk of infection for their nestmates but
also increasing their own risk of low-level in-
fection [(15, 16, 57); Fig. 3]. Recognizing in-
fected or exposed conspecifics is a precondition
of caregiving. Such recognition could occur
through detecting infection cues (see above),
the pathogen itself in the case of external
contamination, or active solicitation of help
such as the vibratory alarm behavior that
termites use to elicit care (13).

Proactive social distancing among susceptible
or asymptomatic individuals to slow spread

In the ongoing COVID-19 pandemic, most
countries have implemented generalized social
distancing, requiring asymptomatic and un-
infected individuals to minimize all contacts.
This drastic measure has proven effective in
reducing transmission rates in affected com-
munities (58, 59). A similar strategy is used by
colonies of black garden ants: Upon entry of
fungus-contaminated nestmates, nurses and
foragers increase their social distance from

5 March 2021

one another, reducing intergroup contact rates
(3). This early colony-wide reaction likely re-
duces the risk of an epidemic by limiting in-
advertent transmission from asymptomatic
carriers (Fig. 3).

Epidemiological consequences for directly
transmitted pathogens

The structure and dynamics of social contact
networks fundamentally determine the fate
of contagious pathogen outbreaks, including
how fast and far they spread and who becomes
infected (7-10). Contact rates vary among in-
dividuals based on social structure, sex, and
age, among other things, and shape individual
and community level risks of transmission (8).
Studies of human viruses such as influenza
shed light on how individual-level behaviors,
such as social withdrawal during infection,
could inform public health responses (5). In the
race to combat COVID-19, numerous studies
have examined the public health utility of
unprecedented large-scale social distancing
[e.g., (68, 59)]. By studying pathogen-induced
social network changes in nonhuman animals,
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Fig. 3. Network changes and epidemiological consequences of pathogen exposure in ants (case
study). (A) Common garden ant (Lasius niger) queen and workers marked with fiducial markers used for
automatic detection of social interactions (image: Timothée Brutsch). (B) Social interaction networks before
and after exposure of some workers (gray dotted squares) to infectious fungal spores. Circles represent
nonexposed individuals, and circle colors represent the predicted intensity of exposure to the pathogen based
on epidemiological simulations run on each network [data from (3)].

we may learn about the efficacy of naturally
evolved social distancing rules that could in-
form the management of contagious patho-
gens in humans.

Passive and active self-isolation, avoidance,
exclusion, and group-wide social distancing
can profoundly affect the spread of contagious
pathogens by reducing the degree of contact
between susceptible and sick individuals and
thus altering network-level contact heteroge-
neity [(I-3, 5, 60, 61); Fig. 4]. For instance,
network centrality of wild vampire bats is
reduced when their immune system is chal-
lenged but this effect diminishes over time
(61). Similarly, immune-challenged mice reduce
connectivity to their group because of lethargy
(2), and ant social networks undergo deep re-
structuring to prevent colony-wide spread of
an infectious fungal threat [(3); Fig. 3]. Un-
fortunately, most research on sickness behaviors
has been done in the laboratory setting, such
as with mouse models, which are often in
dyads to identify physiological mechanisms,
and this mechanistic focus prevents inquiry
into epidemiological effects in larger popula-
tions and networks. Such larger-scale research
is increasingly possible because of technological

Stockmaier et al., Science 371, eabc8881 (2021)

advances such as next-generation proximity
loggers and automated tracking of radiofrequency
identification (RFID) tags or quick response
(QR) code labels, which provide high-resolution
data on network structure and track how in-
dividuals and group properties change over
time (62). A key future research goal is to
understand how the social effects of infections
alter both the topology and overall transmis-
sion properties of contact networks.
Epidemiological studies of passive self-
isolation in humans are mainly modeling
based (63) or come from surveys of social con-
tacts in the presence or absence of infection.
For example, influenza-induced sickness behav-
iors reduce the number of social contacts, and
hence the virus’s reproduction number, to
about one-fourth relative to expectations with-
out sickness behavior (5). However, the effec-
tiveness of passive self-isolation in suppressing
transmission will depend on the extent to
which behavioral changes align with the in-
fectious period of a given pathogen (Fig. 1).
Further, sickness behaviors and their effect
on social interactions are themselves con-
founded by other factors such as social stress,
sex, and kin relationships [(72); Fig. 5]. In
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humans, sociocultural factors can affect the
expression of sickness behavior. For instance,
there are often economic or social motivations
for persistent work attendance when sick, a
phenomenon known as “presenteeism” (64).
There is also preliminary evidence that per-
sonality traits or cultural norms such as stoicism
and familism affect sickness behavior differently
based on demographic characteristics (65). Any
epidemiological benefits of isolation and sick-
ness behavior cannot accrue in sociocultural
systems that stigmatize rest, recuperation,
and isolation or do not provide individuals
with the means to safely engage in these
behaviors. The additional level of complexity
contributed by environmental, biological, and
cultural variation in the expression of isolation
and sickness behaviors should be incorporated
in future models of pathogen-induced behav-
ioral changes and transmission (Fig. 5).
Active self-isolation prevents conspecifics
from interacting with infected individuals,
whereas passive self-isolation may not have
the same effect. Therefore, active self-isolation,
particularly when such behavior occurs early
in the infectious period, should decrease
transmission-causing contacts more effectively
(Fig. 4, as shown recently for ant foragers that
self-isolate when exposed to a fungus, greatly
reducing their contacts with other colony
members [(3); Fig. 3]. The epidemiological
effects of enforced exclusion should be similar
because it prevents all subsequent interactions
with conspecifics. For instance, in L. neglectus
ants, removal, destruction, and disinfection
of infected broods was shown to reduce trans-
mission by 95% (2I). Measures that isolate in-
fectious individuals are more effective when
asymptomatic transmission is rare and lose ef-
ficiency as asymptomatic transmission increases
(66). In the latter case, active isolation must be
supplemented with other proactive measures
such as quarantine of contacts due to contact
tracing or generalized social distancing (66, 67).
Avoidance behaviors by uninfected individ-
uals reduce pathogen spread but require cues
that may not align well with a pathogen’s
infectious period (Fig. 1). Further, there can
be substantial interindividual variance in
avoidance based on traits such as an individ-
ual’s immune susceptibility or Kinship to the
sick conspecific [(12); Fig. 5]. Theory suggests
that risk-based evaluation of infectious con-
specifics could have important epidemiological
consequences and determine whether patho-
gens persist or disappear (60). Environmental
cues such as unsanitary conditions might also
modulate avoidance behaviors (68) and could
be incorporated into epidemiological models.
Caregiving inherently increases contact be-
tween helpers and infectious individuals but
may accelerate recovery of sick individuals,
reducing infectious period length. Their combined
impact on pathogen transmission will depend
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Fig. 4. Social distancing mechanisms affect the number (connecting lines) and strengths (width) of
network connections for susceptible (green circles) and exposed and/or infected (orange circles)
individuals. Mechanisms are ordered based on transmission risk from caregiving (high risk) to complete
removal and/or exclusion (low risk). Representative taxa are shown for each mechanism.

on the nature of the caregiving behavior (e.g.,
directly removing pathogens such as antifungal
grooming in ants versus mitigating harm to
sick individuals) and how carefully caregivers
mitigate their own risk. Health care workers
are among the most affected in recent pan-
demics, comprising 18.6% of Middle East re-
spiratory syndrome (MERS) cases, 21% of SARS
cases (56), and >95% of positive PCR tests in a
study comparing healthcare and non-healthcare
workers at the onset of the COVID-19 pandemic.
(69). Because of their risky occupations, health
care workers can become “superspreaders” (9),
connecting patients, their families, and friends,
and contributing disproportionately to overall
spread than the average person. Some health
care workers continue to work while symp-
tomatic, despite acknowledging that this places
patients at risk, due to structural concerns
about staffing and cultural norms that sup-
port presenteeism (70). Thus, targeted infec-
tion control procedures for health care workers
are imperative, as are policies that discourage
presenteeism such as sufficient paid sick leave.

Stockmaier et al., Science 371, eabc8881 (2021)

Because evidence of helping behavior is rare
outside of humans and eusocial insects, we
know little about its epidemiological effects in
nonhuman animals. Social insects, however,
highlight the complex balance between costs
and benefits of care behavior; for example, ants
with high disease susceptibility preferentially use
safer care behaviors such as antimicrobial
spraying over riskier behaviors such as groom-
ing (17). In humans, lower susceptibility (i.e., no
preexisting conditions) or targeted vaccination
might affect decision making about when and
how intensively to care for the sick and that
care’s impact on pathogen spread.

Evolutionary consequences for pathogens

Despite social distancing strategies, conta-
gious pathogens persist in human and animal
populations. Thus, social distancing behaviors
and the capabilities of pathogens to coun-
teract these behavioral defenses could result
in evolutionary arms races and thus shape
the evolutionary trajectories of both hosts and
pathogens (12, 71).
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Pathogens are predicted to evolve a viru-
lence level (i.e., damage to host) that optimizes
their overall growth rate within the popula-
tion. Theory suggests that this growth rate for
contagious pathogens reflects a balance be-
tween within-host replication to generate in-
fectious propagules (e.g., pathogen shedding),
which typically underlies virulence, against
the need to get those propagules to new hosts
before the infectious individual dies or recov-
ers (72, 73). There is very little research on how
pathogens evolve to optimize the trade-off be-
tween sufficient shedding by hosts while reduc-
ing host symptoms that induce social distancing
by infectious or susceptible hosts. Pathogens
may evolve counteradaptations that minimize
host isolation, whether by mitigating symp-
toms (e.g., lethargy) that affect behavior of
infectious hosts or altering sickness cues avail-
able for detection. Inhibition of proinflamma-
tory cytokines that drive passive self-isolation,
including lethargy, might be a target for such
counteradaptations by pathogens. Inhibition
of cytokine responses is well described in bac-
terial and viral pathogens (74). Similarly, up-
regulation of anti-inflammatory cytokines could
theoretically affect sickness behaviors and social
contact rates (75).

All forms of social distancing, whether driven
by infectious or susceptible hosts, should gen-
erally select for less virulent pathogens with
milder symptoms or asymptomatic infectious
periods (72, 73), especially in pathogens for
which transmission is weakly reliant on viru-
lence (75). Further study is needed to determine
whether avoidance behaviors favor pre-
symptomatic infectious periods as pathogen
counterstrategies. Conversely, helping behav-
ior may increase transmission opportunities,
potentially favoring increased pathogen vir-
ulence because high virulence no longer limits,
and may even facilitate, transmission oppor-
tunities. An intriguing prediction is that patho-
gens might evolve to elicit helping behaviors
(e.g., inducing signals of distress) to attract
susceptible caregivers. Such pathogen manip-
ulation occurs for other contact behaviors such
as augmented aggression [reviewed in (11)] or
increased acceptance of noncolony members
in honeybees (34).

Evolutionary significance for the host

Social distancing can have substantial fitness
costs for infected individuals, which may ex-
perience loss of social status, increased expo-
sure to predators, decreased foraging efficiency,
and reduced social support (27, 29, 30, 76).
Susceptible individuals can also incur costs
such as reduced mating opportunities when
they avoid or exclude infectious conspecifics
(48), particularly if there are false-positive sig-
nals. Proactive general social distancing may
compromise other collective functions such
as food sharing or information flow (3). This
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Fig. 5. Individuals within a species can vary
social distancing behaviors based on immune
status, kinship, and social or work pressure.
Icons show species for which these patterns have
been shown to date.

raises questions about the evolutionary origin
and persistence of pathogen-induced social dis-
tancing in humans and nonhuman animals.
Social distancing by susceptible individuals
(i.e., avoidance, exclusion of infectious indi-
viduals, and proactive distancing) should be
favored whenever the benefits of avoiding
infection outweigh the costs of distancing,
which include indirect effects of disrupting
the social group. These mechanisms should
therefore mostly evolve in loose social groups,
in which the costs of forgoing social inter-
actions are small (77, 78), or in the face of
virulent pathogens, in which the costs of con-
tracting infection are high (79). Consistent with
these predictions, highly social animals appear
less likely to avoid sick peers, and low-virulence
diseases such as sarcoptic mange in gray wolves
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do not elicit exclusion (50, 76). Further, because
the costs of contracting infection can even vary
among individuals within a species, avoidance
behaviors should be variable such that highly
susceptible individuals show stronger avoidance
responses, as occurs in Trinidadian guppies
[(22); Fig. 5]. In addition to variable costs,
because the benefits of social interactions vary
according to individuals’ social roles and posi-
tion, avoidance behaviors should depend on
both individual risk (50) and social context.
For instance, in humans, population-level dif-
ferences in disgust perception and sensitivity
(80) may be linked with differences in patho-
gen threat (8I). Social status and financial re-
sources clearly affect an individual’s ability to
absorb costs of social distancing, and in hu-
mans, some costs of distancing may be low-
ered through virtual interactions (50). Further
work is needed to clarify the connections among
individual social status, role, and (in humans)
attitudes, practices, and behavioral changes.

The evolution of social distancing enacted
by potentially infectious individuals them-
selves is a more complex question because
leaving the group incurs substantially higher
costs for isolated individuals (who forgo the
benefits from all kin or group members) than
for remaining group members (who only ex-
perience a small decrease in group size). This
asymmetry in costs may lead to conflicts of
interest between infectious and susceptible
group members, in which concealing an infec-
tion may be beneficial to sick individuals if
it allows them to maintain the benefits of
sociality (i.e., presenteeism in humans). This
is supported by studies showing that social
context alters the expression of sickness beha-
viors (82); for example, immune-challenged
zebra finches express stronger behavioral
sickness symptoms when housed alone than
when housed in a group environment (83).
Other cues (e.g., olfactory or visual signs of
infections) may be less plastic, harder to con-
ceal, and potentially constitute more honest
information for conspecifics.

Whether sickness behaviors are expressed
as an inevitable side effect of infection or as an
active, adaptive host response has been highly
debated (84) given the difficulty in disentan-
gling the behavioral and inflammatory com-
ponents. Sickness behaviors are generally
hypothesized to improve recovery by redirect-
ing energy to costly immune responses (27).
Direct tests of the adaptive benefits of sickness
behavior are rare [but see (85, 86)]. However,
multiple studies have found that sickness
behavior and physiological responses to infec-
tion, such as fever, are not always correlated
and can arise independently of one other
(30, 87). This led to the hypothesis that pas-
sive social distancing mediated by sickness
behavior, as well as active self-isolation, may
confer additional indirect benefits to infec-
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tious individuals beyond the beneficial effects
on recovery (30).

The most obvious social benefit of self-
isolation is Kkin protection, because social dis-
tancing reduces the risk of transmitting
pathogens to related group members, thereby
increasing the indirect fitness of infected indi-
viduals (88). Kin selection should therefore
favor the evolution of self-isolation within highly
related groups, as likely occurred in many
eusocial insects (3, 12, 37, 38), which are
characterized by unparalleled levels of related-
ness among group members (89). In social
insects, active self-isolation cannot be a mere
side effect of infection because it often occurs
after exposure but before the onset of infection
(3, 38) or even in the absence of an infectious
organism as a response to other causes of
mortality such as poisoning (37, 40); instead,
it appears to be a seemingly altruistic act
that contributes to the colony’s cooperative
disease defenses (39). Self-isolation in humans
could have the opposite effect of self-isolation
in other animals because it might decrease
contact with unrelated individuals outside the
home but increase contact with family members,
thus putting kin at higher risk than non-kin.

Kin selection theory also predicts that care-
giving should evolve among relatives because
increased kin survival may outweigh the risks
associated with caring. This is supported by
multiple studies of nonhuman animals: Mandrills
do not avoid grooming parasitized offspring
and half-siblings (45), and antifungal groom-
ing is omnipresent in eusocial insects, greatly
increasing the survival of exposed workers
(15, 16, 39, 57). Similarly, humans are more
likely to receive aid from relatives than strang-
ers across a range of conditions [reviewed in
(90)]. Howeyver, helping behavior can also evolve
in groups with low relatedness provided the
benefits of aiding a diseased group member
outweigh potential costs to helpers. This may
occur in close-knit groups strongly reliant on
cooperation for survival or host-pathogen sys-
tems with low transmission risk or intermediate
pathogen virulence (12, 76, 77).

An alternative explanation for the evolution
of caregiving is that it confers direct benefits to
helpers. For example, in social insects, caring
individuals gain protection against secondary
infection with the same pathogen through a
temporary boost of their immunity (15, 57);
similarly, in humans, being close enough to
recognize an individual’s ailment might prime
the caregiver’s immune system (9I). Other
benefits could accrue through reciprocity (i.e.,
delayed benefits) or reputation enhancement
and subsequent reputation-dependent benefits
from third parties (90).

Conclusions and future directions

Social distancing behaviors have been studied
extensively in both humans and nonhuman
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animals. Whereas these behaviors (especially
sickness behaviors) are often studied using
immunostimulants, far less research has been
done with pathogens that have naturally
coevolved with their hosts. This is an impor-
tant next step because the considerations out-
lined above suggest that the strength and
nature of distancing behaviors may be a key
element of host-parasite coevolution (12, 71),
which may favor changes in virulence, pre-
symptomatic or asymptomatic periods, and
pathogen-induced cues. We should use naturally
coevolved systems to examine how effectively
sick individuals are isolated; the physiological,
sensory, and neurological basis of any isola-
tion; and the epidemiological effects of isola-
tion. How do individuals sense their own (or
others’) illness or pathogen exposure? When
during the infection do cues arise and are
some of them present before obvious signs
are noticeable? To what extent is the timing of
cues driven by host versus pathogen-mediated
mechanisms? How does perception of cues
influence decisions to change social dynamics
and group structure? Understanding these
mechanisms and their consequences is crucial
for then predicting how broadly hosts can use
them in the face of diverse pathogens and how
and when pathogens may coevolve to combat
these mechanisms. Although we largely dis-
cuss pathogen exposure and infection inter-
changeably here, the fact that some species
can respond to mere pathogen presence whereas
other behaviors are expressed only when indi-
viduals become visibly sick raises important
questions about the extent to which the cues
used for social distancing correlate with in-
fectiousness (i.e., pathogen shedding). Specif-
ically, what are the epidemiological effects of
early versus late pathogen-induced social dis-
tancing, and at what stage do the benefits to
the host of preventing ongoing transmission
outweigh the costs of distancing?

Studies in eusocial insect societies have
been especially productive because these animals
practice seemingly altruistic behaviors such as
active self-isolation and caregiving, which
decrease the risk of outbreaks through the
colony (3, 37-39). These social networks share
many characteristics with those of human
societies and have evolved properties to prevent
pathogen transmission (3, 4, 39). As a result,
their social distancing strategies may prove
key to investigating the epidemiological effects
of such behaviors and thus their potential
public health utility. There are, however, im-
portant differences in interpreting how social
network structures evolve in response to patho-
genic threats. In eusocial insects, the behavioral
repertoire known as “social immunity” most
likely represents group-level adaptive behav-
iors that evolve in response to high relatedness
in the group and result in collective proper-
ties (39). By comparison, pathogen-induced
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changes in social networks of other animals
including humans (2, 5, 61) often do not have
the same properties, such as high relatedness
levels, and can create conflicts of interest that
incentivize selfish behaviors.

Public health measures experienced during
past and current pandemics have raised aware-
ness for social distancing, and epidemiological
studies are actively evaluating their effective-
ness and required duration. Humans are by
no means alone in using social distancing
to mitigate risk of infection (92). The wide-
spread occurrence of pathogen-induced changes
to social behaviors across animals in diverse
taxa represents a valuable opportunity to
investigate underlying mechanisms, epidemi-
ological consequences such as effectiveness
and required duration, and host-parasite co-
evolution. Nonhuman animals’ social distanc-
ing strategies may be experimentally tractable,
enabling manipulative experiments or multi-
generation observations that are impossible
with humans. These systems represent a valu-
able guide to understanding how contagious
pathogens spread through social networks,
how networks change in response to patho-
gens, and how these bidirectional feedbacks
alter pathogen dynamics and evolution.

REFERENCES AND NOTES

1. S. Funk, M. Salathé, V. A. A. Jansen, Modelling the influence of
human behaviour on the spread of infectious diseases: A
review. J. R. Soc. Interface 7, 1247-1256 (2010). doi: 10.1098/
rsif.2010.0142; pmid: 20504800

2. P.C. Lopes, P. Block, B. Kanig, Infection-induced behavioural
changes reduce connectivity and the potential for disease
spread in wild mice contact networks. Sci. Rep. 6, 31790
(2016). doi: 10.1038/srep31790; pmid: 27548906

3. N. Stroeymeyt et al., Social network plasticity decreases
disease transmission in a eusocial insect. Science 362,
941-945 (2018). doi: 10.1126/science.aat4793;
pmid: 30467168

4. N. Stroeymeyt, B. Casillas-Pérez, S. Cremer, Organisational
immunity in social insects. Curr. Opin. Insect Sci. 5, 1-15
(2014). doi: 10.1016/j.cois.2014.09.001

5. K. Van Kerckhove, N. Hens, W. J. Edmunds, K. T. D. Eames,
The impact of illness on social networks: Implications for
transmission and control of influenza. Am. J. Epidemiol. 178,
1655-1662 (2013). doi: 10.1093/aje/kwt196; pmid: 24100954

6. R. M. Anderson, R. M. May, Infectious Diseases of Humans:
Dynamics and Control (Oxford Univ. Press, 1992).

7. S. Bansal, J. Read, B. Pourbohloul, L. A. Meyers, The dynamic
nature of contact networks in infectious disease epidemiology.
J. Biol. Dyn. 4, 478-489 (2010). doi: 10.1080/
17513758.2010.503376; pmid: 22877143

8. S. Bansal, B. T. Grenfell, L. A. Meyers, When individual
behaviour matters: Homogeneous and network models in
epidemiology. J. R. Soc. Interface 4, 879-891 (2007).
doi: 10.1098/rsif.2007.1100; pmid: 17640863

9. J. 0. Lloyd-Smith, S. J. Schreiber, P. E. Kopp, W. M. Getz,
Superspreading and the effect of individual variation on
disease emergence. Nature 438, 355-359 (2005).
doi: 10.1038/nature04153; pmid: 16292310

10. L. A. Meyers, B. Pourbohloul, M. E. J. Newman,

D. M. Skowronski, R. C. Brunham, Network theory and SARS:
Predicting outbreak diversity. J. Theor. Biol. 232, 71-81 (2005).
doi: 10.1016/].jtbi.2004.07.026; pmid: 15498594

11. S. L. Klein, Parasite manipulation of the proximate mechanisms
that mediate social behavior in vertebrates. Physiol. Behav. 79,
441-449 (2003). doi: 10.1016/S0031-9384(03)00163-X;
pmid: 12954438

12. D. M. Hawley, A. K. Gibson, A. K. Townsend, M. E. Craft,

J. F. Stephenson, Bidirectional interactions between host social
behaviour and parasites arise through ecological and

5 March 2021

13.

14.

15.

16.

17.

18.

19.

20.

21.

A

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

evolutionary processes. Parasitology 148, 274-288 (2020).
doi: 10.1017/S0031182020002048; pmid: 33092680

M. S. Bulmer, B. A. Franco, E. G. Fields, Subterranean termite
social alarm and hygienic responses to fungal pathogens.
Insects 10, 240 (2019). doi: 10.3390/insects10080240;

pmid: 31387197

R. B. Rosengaus, C. Jordan, M. L. Lefebvre, J. F. A. Traniello,
Pathogen alarm behavior in a termite: A new form of
communication in social insects. Naturwissenschaften 86,
544-548 (1999). doi: 10.1007/s001140050672;

pmid: 10551951

M. Konrad et al., Social transfer of pathogenic fungus
promotes active immunisation in ant colonies. PLOS Biol. 10,
€1001300 (2012). doi: 10.1371/journal.pbio.1001300;

pmid: 22509134

W. 0. H. Hughes, J. Eilenberg, J. J. Boomsma, Trade-offs in
group living: Transmission and disease resistance in
leaf-cutting ants. Proc. Biol. Sci. 269, 1811-1819 (2002).

doi: 10.1098/rspb.2002.2113; pmid: 12350269

M. Konrad et al., Ants avoid superinfections by performing risk-
adjusted sanitary care. Proc. Natl. Acad. Sci. U.S.A. 115,
2782-2787 (2018). doi: 10.1073/pnas.1713501115;

pmid: 29463746

M. Boillat et al., The vomeronasal system mediates sick
conspecific avoidance. Curr. Biol. 25, 251-255 (2015).

doi: 10.1016/j.cub.2014.11.061; pmid: 25578906

C. Poirotte et al., Mandrills use olfaction to socially avoid
parasitized conspecifics. Sci. Adv. 3, €1601721 (2017).

doi: 10.1126/sciadv.1601721; pmid: 28435875

M. J. Olsson et al., The scent of disease: Human body odor
contains an early chemosensory cue of sickness. Psychol. Sci.
25, 817-823 (2014). doi: 10.1177/0956797613515681;

pmid: 24452606

C. D. Pull et al., Destructive disinfection of infected brood
prevents systemic disease spread in ant colonies. eLife 7,
€32073 (2018). doi: 10.7554/¢Life.32073; pmid: 29310753

J. F. Stephenson, Parasite-induced plasticity in host social
behaviour depends on sex and susceptibility. Biol. Lett. 15,
20190557 (2019). doi: 10.1098/rsbl.2019.0557;

pmid: 31744410

J. F. Stephenson, S. E. Perkins, J. Cable, Transmission risk
predicts avoidance of infected conspecifics in Trinidadian
guppies. J. Anim. Ecol. 87, 1525-1533 (2018). doi: 10.1111/
1365-2656.12885; pmid: 30047991

J. Axelsson et al., Identification of acutely sick people and
facial cues of sickness. Proc. Biol. Sci. 285, 20172430 (2018).
doi: 10.1098/rspb.2017.2430; pmid: 29298938

S. Stockmaier, D. I. Bolnick, R. A. Page, D. Josic, G. G. Carter,
Immune-challenged vampire bats produce fewer contact calls.
Biol. Lett. 16, 20200272 (2020). doi: 10.1098/rsbl.2020.0272;
pmid: 32673543

J. Lasselin, M. Lekander, S. Paues-Géranson, M. J. Olsson,

J. Axelsson, Communication of health in experimentally sick
men and women: A pilot study. Psychoneuroendocrinology 87,
188-195 (2018). doi: 10.1016/].psyneuen.2017.10.024;

pmid: 29102898

B. L. Hart, Biological basis of the behavior of sick animals.
Neurosci. Biobehav. Rev. 12, 123-137 (1988). doi: 10.1016/
S0149-7634(88)80004-6; pmid: 3050629

K. W. Kelley et al., Cytokine-induced sickness behavior. Brain
Behav. Immun. 17, S112-S118 (2003). doi: 10.1016/S0889-1591
(02)00077-6; pmid: 12615196

E. C. Shattuck, M. P. Muehlenbein, Human sickness

behavior: Ultimate and proximate explanations. Am. J.

Phys. Anthropol. 157, 1-18 (2015). doi: 10.1002/ajpa.22698;
pmid: 25639499

K. Shakhar, G. Shakhar, Why do we feel sick when infected: Can
altruism play a role? PLOS Biol. 13, €1002276 (2015).

doi: 10.1371/journal.pbio.1002276; pmid: 26474156

N. Kazlauskas, M. Klappenbach, A. M. Depino, F. F. Locatelli,
Sickness behavior in honey bees. Front. Physiol. 7, 261 (2016).
doi: 10.3389/fphys.2016.00261; pmid: 27445851

J. S, Adelman, L. B. Martin, Vertebrate sickness behaviors:
Adaptive and integrated neuroendocrine immune responses.
Integr. Comp. Biol. 49, 202-214 (2009). doi: 10.1093/icb/
icp028; pmid: 21665814

S. Stockmaier, D. I. Bolnick, R. A. Page, G. G. Carter, Sickness
effects on social interactions depend on the type of behaviour
and relationship. J. Anim. Ecol. 89, 1387-1394 (2020).

doi: 10.1111/1365-2656.13193; pmid: 32108343

A. C. Geffre et al., Honey bee virus causes context-dependent
changes in host social behavior. Proc. Natl. Acad. Sci. U.S.A.
117, 10406-10413 (2020). doi: 10.1073/pnas.2002268117;
pmid: 32341145

70f8

1202 ‘0T YdJen uo /Bio Fewsdusalos aausids)/:dny woly papeojumoq


http://dx.doi.org/10.1098/rsif.2010.0142
http://dx.doi.org/10.1098/rsif.2010.0142
http://www.ncbi.nlm.nih.gov/pubmed/20504800
http://dx.doi.org/10.1038/srep31790
http://www.ncbi.nlm.nih.gov/pubmed/27548906
http://dx.doi.org/10.1126/science.aat4793
http://www.ncbi.nlm.nih.gov/pubmed/30467168
http://dx.doi.org/10.1016/j.cois.2014.09.001
http://dx.doi.org/10.1093/aje/kwt196
http://www.ncbi.nlm.nih.gov/pubmed/24100954
http://dx.doi.org/10.1080/17513758.2010.503376
http://dx.doi.org/10.1080/17513758.2010.503376
http://www.ncbi.nlm.nih.gov/pubmed/22877143
http://dx.doi.org/10.1098/rsif.2007.1100
http://www.ncbi.nlm.nih.gov/pubmed/17640863
http://dx.doi.org/10.1038/nature04153
http://www.ncbi.nlm.nih.gov/pubmed/16292310
http://dx.doi.org/10.1016/j.jtbi.2004.07.026
http://www.ncbi.nlm.nih.gov/pubmed/15498594
http://dx.doi.org/10.1016/S0031-9384(03)00163-X
http://www.ncbi.nlm.nih.gov/pubmed/12954438
http://dx.doi.org/10.1017/S0031182020002048
http://www.ncbi.nlm.nih.gov/pubmed/33092680
http://dx.doi.org/10.3390/insects10080240
http://www.ncbi.nlm.nih.gov/pubmed/31387197
http://dx.doi.org/10.1007/s001140050672
http://www.ncbi.nlm.nih.gov/pubmed/10551951
http://dx.doi.org/10.1371/journal.pbio.1001300
http://www.ncbi.nlm.nih.gov/pubmed/22509134
http://dx.doi.org/10.1098/rspb.2002.2113
http://www.ncbi.nlm.nih.gov/pubmed/12350269
http://dx.doi.org/10.1073/pnas.1713501115
http://www.ncbi.nlm.nih.gov/pubmed/29463746
http://dx.doi.org/10.1016/j.cub.2014.11.061
http://www.ncbi.nlm.nih.gov/pubmed/25578906
http://dx.doi.org/10.1126/sciadv.1601721
http://www.ncbi.nlm.nih.gov/pubmed/28435875
http://dx.doi.org/10.1177/0956797613515681
http://www.ncbi.nlm.nih.gov/pubmed/24452606
http://dx.doi.org/10.7554/eLife.32073
http://www.ncbi.nlm.nih.gov/pubmed/29310753
http://dx.doi.org/10.1098/rsbl.2019.0557
http://www.ncbi.nlm.nih.gov/pubmed/31744410
http://dx.doi.org/10.1111/1365-2656.12885
http://dx.doi.org/10.1111/1365-2656.12885
http://www.ncbi.nlm.nih.gov/pubmed/30047991
http://dx.doi.org/10.1098/rspb.2017.2430
http://www.ncbi.nlm.nih.gov/pubmed/29298938
http://dx.doi.org/10.1098/rsbl.2020.0272
http://www.ncbi.nlm.nih.gov/pubmed/32673543
http://dx.doi.org/10.1016/j.psyneuen.2017.10.024
http://www.ncbi.nlm.nih.gov/pubmed/29102898
http://dx.doi.org/10.1016/S0149-7634(88)80004-6
http://dx.doi.org/10.1016/S0149-7634(88)80004-6
http://www.ncbi.nlm.nih.gov/pubmed/3050629
http://dx.doi.org/10.1016/S0889-1591(02)00077-6
http://dx.doi.org/10.1016/S0889-1591(02)00077-6
http://www.ncbi.nlm.nih.gov/pubmed/12615196
http://dx.doi.org/10.1002/ajpa.22698
http://www.ncbi.nlm.nih.gov/pubmed/25639499
http://dx.doi.org/10.1371/journal.pbio.1002276
http://www.ncbi.nlm.nih.gov/pubmed/26474156
http://dx.doi.org/10.3389/fphys.2016.00261
http://www.ncbi.nlm.nih.gov/pubmed/27445851
http://dx.doi.org/10.1093/icb/icp028
http://dx.doi.org/10.1093/icb/icp028
http://www.ncbi.nlm.nih.gov/pubmed/21665814
http://dx.doi.org/10.1111/1365-2656.13193
http://www.ncbi.nlm.nih.gov/pubmed/32108343
http://dx.doi.org/10.1073/pnas.2002268117
http://www.ncbi.nlm.nih.gov/pubmed/32341145
http://science.sciencemag.org/

R

ESEARCH | REVIEW

3

3

~

38.

39.

4

41

=

2

o

43.

44,

4

4

4

~

4

49.

50.

51

=

52.

53.

54.

55.

56.

Stockmaier et al., Science 371, eabc8881 (2021)

o

(=]

o

=

o

. N. I. Eisenberger, T. K. Inagaki, N. M. Mashal, M. R. Irwin,
Inflammation and social experience: An inflammatory challenge
induces feelings of social disconnection in addition to
depressed mood. Brain Behav. Immun. 24, 558-563 (2010).
doi: 10.1016/].bbi.2009.12.009; pmid: 20043983

P. Hammerstein, R. Noé, Biological trade and markets. Philos.
Trans. R. Soc. B 371, 20150101 (2016). doi: 10.1098/
rstb.2015.0101; pmid: 26729940

. J. Heinze, B. Walter, Moribund ants leave their nests to die in
social isolation. Curr. Biol. 20, 249-252 (2010). doi: 10.1016/
j.cub.2009.12.031; pmid: 20116243

N. Bos, T. Lefévre, A. B. Jensen, P. d'Ettorre, Sick ants become
unsociable. J. Evol. Biol. 25, 342-351 (2012). doi: 10.1111/
}.1420-9101.2011.02425.x; pmid: 22122288

S. Cremer, C. D. Pull, M. A. Furst, Social immunity: Emergence
and evolution of colony-level disease protection. Annu. Rev.
Entomol. 63, 105-123 (2018). doi: 10.1146/annurev-ento-
020117-043110; pmid: 28945976

0. Rueppell, M. K. Hayworth, N. P. Ross, Altruistic self-removal
of health-compromised honey bee workers from their hive.

J. Evol. Biol. 23, 1538-1546 (2010). doi: 10.1111/}.1420-
9101.2010.02022.x; pmid: 20500363

C. L. Cheeseman, P. J. Mallinson, Behaviour of badgers (Meles
meles) infected with bovine tuberculosis. J. Zool. 194, 284-289
(1981). doi: 10.1111/}.1469-7998.1981.th05780.x

. S. Scott, C. J. Duncan, Biology of Plagues: Evidence from
Historical Populations (Cambridge Univ. Press, (2001).

V. A. Curtis, Infection-avoidance behaviour in humans and
other animals. Trends Immunol. 35, 457-464 (2014).

doi: 10.1016/.it.2014.08.006; pmid: 25256957

D. C. Behringer, M. J. Butler, J. D. Shields, Ecology: Avoidance
of disease by social lobsters. Nature 441, 421 (2006).

doi: 10.1038/441421a; pmid: 16724051

C. Poirotte, M. J. E. Charpentier, Unconditional care from close
maternal kin in the face of parasites. Biol. Lett. 16, 20190869
(2020). doi: 10.1098/rsbl.2019.0869; pmid: 32097598

S. Li, Y. Wang, J. Xue, N. Zhao, T. Zhu, The impact of COVID-19
epidemic declaration on psychological consequences: A study
on active Weibo users. Int. J. Environ. Res. Public Health 17,
2032 (2020). doi: 10.3390/ijerph17062032; pmid: 32204411

. V. Curtis, Why disgust matters. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 366, 3478-3490 (2011). doi: 10.1098/rstb.2011.0165;
pmid: 22042923

M. Schaller, The behavioural immune system and the
psychology of human sociality. Philos. Trans. R. Soc. Lond. B Biol. Sci.
366, 3418-3426 (2011). doi: 10.1098/rstb.2011.0029;
pmid: 22042918

S. B. Weinstein, J. C. Buck, H. S. Young, A landscape of
disgust. Science 359, 1213-1214 (2018). doi: 10.1126/science.
2as8694; pmid: 29590062

A. K. Townsend, D. M. Hawley, J. F. Stephenson,

K. E. G. Williams, Emerging infectious disease and the
challenges of social distancing in human and non-human
animals. Proc. Biol. Sci. 287, 20201039 (2020). doi: 10.1098/
rspb.2020.1039; pmid: 32781952

D. Baracchi, A. Fadda, S. Turillazzi, Evidence for antiseptic
behaviour towards sick adult bees in honey bee colonies.

J. Insect Physiol. 58, 1589-1596 (2012). doi: 10.1016/
j.jinsphys.2012.09.014; pmid: 23068993

D. P. Watts, Responses to dead and dying conspecifics and
heterospecifics by wild mountain gorillas (Gorilla beringei
beringei) and chimpanzees (Pan troglodytes schweinfurthii).
Primates 61, 55-68 (2020). doi: 10.1007/s10329-019-00735-y;
pmid: 31278498

M. Lipsitch et al., Transmission dynamics and control of severe
acute respiratory syndrome. Science 300, 1966-1970 (2003).
doi: 10.1126/science.1086616; pmid: 12766207

A. Pandey et al., Strategies for containing Ebola in West Africa.
Science 346, 991-995 (2014). doi: 10.1126/science.1260612;
pmid: 25414312

B. L. Hart, Behavioural defences in animals against pathogens
and parasites: Parallels with the pillars of medicine in
humans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 366, 3406-3417
(2011). doi: 10.1098/rsth.2011.0092; pmid: 22042917

N. C. Peeri et al., The SARS, MERS and novel coronavirus
(COVID-19) epidemics, the newest and biggest global

health threats: What lessons have we learned? Int. J. Epidemiol.
49, 717-726 (2020). doi: 10.1093/ije/dyaa033;

pmid: 32086938

57.

58.

59.

6

61.

=

6

63.

6

65.

6

67.

6

69.

70.

7L

=

72.

N

73.

(=]

N~

&

o

©

J.F. A Traniello, R. B. Rosengaus, K. Savoie, The development
of immunity in a social insect: Evidence for the group
facilitation of disease resistance. Proc. Natl. Acad. Sci. U.S.A.
99, 6838-6842 (2002). doi: 10.1073/pnas.102176599;

pmid: 12011442

D. J. McGrail, J. Dai, K. M. McAndrews, R. Kalluri, Enacting
national social distancing policies corresponds with
dramatic reduction in COVID19 infection rates. PLOS ONE
15, 0236619 (2020). doi: 10.1371/journal.pone.0236619;
pmid: 32730356

D. K. Chu et al., COVID-19 Systematic Urgent Review Group Effort
(SURGE) study authors, Physical distancing, face masks, and eye
protection to prevent person-to-person transmission of
SARS-CoV-2 and COVID-19: A systematic review and meta-
analysis. Lancet 395, 1973-1987 (2020). doi: 10.1016/S0140-6736
(20)31142-9; pmid: 32497510

D. M. Hawley, R. S. Etienne, V. O. Ezenwa, A. E. Jolles, Does
animal behavior underlie covariation between hosts’ exposure
to infectious agents and susceptibility to infection?
Implications for disease dynamics. Integr. Comp. Biol. 51,
528-539 (2011). doi: 10.1093/icb/icr062; pmid: 21700577

S. P. Ripperger, S. Stockmaier, G. G. Carter, Tracking sickness
effects on social encounters via continuous proximity sensing
in wild vampire bats. Behav. Ecol. 31, 1296-1302 (2020).

doi: 10.1093/beheco/araalll

J. E. Smith, N. Pinter-Wollman, Observing the unwatchable:
Integrating automated sensing, naturalistic observations and
animal social network analysis in the age of big data. J. Anim. Ecol.
90, 62-75 (2021). doi: 10.1111/1365-2656.13362;

pmid: 33020914

A. Rizzo, M. Frasca, M. Porfiri, Effect of individual behavior on
epidemic spreading in activity-driven networks. Phys. Rev. E
Stat. Nonlin. Soft Matter Phys. 90, 042801 (2014).

doi: 10.1103/PhysRevE.90.042801; pmid: 25375543

G. Aronsson, K. Gustafsson, Sickness presenteeism:
Prevalence, attendance-pressure factors, and an outline of a
model for research. J. Occup. Environ. Med. 47, 958-966
(2005). doi: 10.1097/01,jom.0000177219.75677.17;

pmid: 16155481

E. C. Shattuck, J. K. Perrotte, C. L. Daniels, X. Xu, T. S. Sunil,
The contribution of sociocultural factors in shaping self-
reported sickness behavior. Front. Behav. Neurosci. 14, 4
(2020). doi: 10.3389/fnbeh.2020.00004; pmid: 32038193

C. Fraser, S. Riley, R. M. Anderson, N. M. Ferguson, Factors
that make an infectious disease outbreak controllable. Proc.
Natl. Acad. Sci. U.S.A. 101, 6146-6151 (2004). doi: 10.1073/
pnas.0307506101; pmid: 15071187

R. M. Anderson, H. Heesterbeek, D. Klinkenberg,

T. D. Hollingsworth, How will country-based mitigation
measures influence the course of the COVID-19 epidemic?
Lancet 395, 931-934 (2020). doi: 10.1016/S0140-6736(20)
30567-5; pmid: 32164834

J. Renault, G. Gheusi, A. Aubert, Changes in social exploration
of a lipopolysaccharides-treated conspecific in mice: Role of
environmental cues. Brain Behav. Immun. 22, 1201-1207
(2008). doi: 10.1016/}.bbi.2008.05.008; pmid: 18595653

E. S. Barrett et al., Prevalence of SARS-CoV-2 infection in
previously undiagnosed health care workers in New Jersey,
at the onset of the U.S. COVID-19 pandemic. BMC Infect. Dis.
20, 853 (2020). doi: 10.1186/512879-020-05587-2;

pmid: 33198725

S. B. Mossad, A. Deshpande, S. Schramm, X. Liu,

M. B. Rothberg, Working despite having influenza-like
illness: Results of an anonymous survey of healthcare
providers who care for transplant recipients. Infect. Control
Hosp. Epidemiol. 38, 966-969 (2017). doi: 10.1017/
ice.2017.91; pmid: 28514976

V. 0. Ezenwa et al., Host behaviour-parasite feedback: An
essential link between animal behaviour and disease ecology.
Proc. Biol. Sci. 283, 20153078 (2016). doi: 10.1098/
rspb.2015.3078; pmid: 27053751

S. Alizon, A. Hurford, N. Mideo, M. Van Baalen, Virulence
evolution and the trade-off hypothesis: History, current state of
affairs and the future. J. Evol. Biol. 22, 245-259 (2009).

doi: 10.1111/}.1420-9101.2008.01658.x; pmid: 19196383

P. W. Ewald, Transmission modes and the evolution of
virulence: With special reference to cholera, influenza, and
AIDS. Hum. Nat. 2, 1-30 (1991). doi: 10.1007/BF02692179;
pmid: 24222188

5 March 2021

7

&~

B. B. Finlay, G. McFadden, Anti-immunology: Evasion of the
host immune system by bacterial and viral pathogens.
Cell 124, 767-782 (2006). doi: 10.1016/j.cell.2006.01.034;
pmid: 16497587
75. J. S. Adelman, D. M. Hawley, Tolerance of infection: A role for
animal behavior, potential immune mechanisms, and
consequences for parasite transmission. Horm. Behav. 88,
79-86 (2017). doi: 10.1016/j.yhbeh.2016.10.013;
pmid: 27984034
76. E. S. Almberg et al., Social living mitigates the costs
of a chronic illness in a cooperative carnivore.
Ecol. Lett. 18, 660-667 (2015). doi: 10.1111/ele.12444;
pmid: 25983011
B. M. Fairbanks, D. M. Hawley, K. A. Alexander, No evidence for
avoidance of visibly diseased conspecifics in the highly social
banded mongoose (Mungos mungo). Behav. Ecol. Sociobiol. 69,
371-381 (2015). doi: 10.1007/500265-014-1849-x
78. C. Loehle, Social barriers to pathogen transmission in wild
animal populations. Ecology 76, 326-335 (1995). doi: 10.2307/
1941192
79. S. E. Kessler, T. R. Bonnell, R. W. Byrne, C. A. Chapman,
Selection to outsmart the germs: The evolution of
disease recognition and social cognition. J. Hum. Evol. 108,
92-109 (2017). doi: 10.1016/j.jhevol.2017.02.009;
pmid: 28622934
80. J. M. Tybur, C. Cinar, A. K. Karinen, P. Perone, Why do people
vary in disgust? Philos. Trans. R. Soc. Lond. B Biol. Sci. 373,
20170204 (2018). doi: 10.1098/rstb.2017.0204;
pmid: 29866917
A. J. Skolnick, V. A. Dzokoto, Disgust and contamination:
A cross-national comparison of Ghana and the United States.
Front. Psychol. 4, 91 (2013). doi: 10.3389/fpsyg.2013.00091;
pmid: 23450744
82. P. C. Lopes, When is it socially acceptable to feel sick? Proc.
Biol. Sci. 281, 20140218 (2014). doi: 10.1098/rspb.2014.0218;
pmid: 24943375
. P. C. Lopes, J. Adelman, J. C. Wingfield, G. E. Bentley, Social
context modulates sickness behavior. Behav. Ecol. Sociobiol.
66, 1421-1428 (2012). doi: 10.1007/500265-012-1397-1
R. Poulin, “Adaptive” changes in the behaviour of parasitized
animals: A critical review. Int. J. Parasitol. 25, 1371-1383
(1995). doi: 10.1016/0020-7519(95)00100-X; pmid: 8719948
85. M. J. Murray, A. B. Murray, Anorexia of infection as a
mechanism of host defense. Am. J. Clin. Nutr. 32, 593-596
(1979). doi: 10.1093/ajcn/32.3.593; pmid: 283683
86. P. C. Lopes, P. Block, A. Pontiggia, A. K. Lindholm, B. Kénig, No
evidence for kin protection in the expression of sickness
behaviors in house mice. Sci. Rep. 8, 16682 (2018).
doi: 10.1038/541598-018-35174-0; pmid: 30420741
87. L. B. Martin, Z. M. Weil, R. J. Nelson, Fever and sickness
behavior vary among congeneric rodents. Funct. Ecol. 22,
68-77 (2008). doi: 10.1111/].1365-2435.2007.01347.x
W. D. Hamilton, The genetical evolution of social behaviour. II.
J. Theor. Biol. 7, 17-52 (1964). doi: 10.1016/0022-5193(64)
90039-6; pmid: 5875340
89. J. J. Boomsma, Lifetime monogamy and the evolution of
eusociality. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364,
3191-3207 (2009). doi: 10.1098/rstb.2009.0101;
pmid: 19805427
90. R. Kurzban, M. N. Burton-Chellew, S. A. West, The evolution
of altruism in humans. Annu. Rev. Psychol. 66, 575-599
(2015). doi: 10.1146/annurev-psych-010814-015355;
pmid: 25061670
M. Schaller, G. E. Miller, W. M. Gervais, S. Yager, E. Chen, Mere
visual perception of other people’s disease symptoms
facilitates a more aggressive immune response. Psychol. Sci.
21, 649-652 (2010). doi: 10.1177/0956797610368064;
pmid: 20483842
. P. C. Lopes, We are not alone in trying to be alone. Front. Ecol. Evol.
8,172 (2020). doi: 10.3389/fev0.2020.00172

77.

~

8l

=

8

@

8

E

8

o

9L

=

9

]

ACKNOWLEDGMENTS

We thank two anonymous reviewers for helpful comments and
Carley Beyer for graphical assistance with figures. Figures were created
with BioRender.com. Funding: N.S. was supported by a European
Research Council (ERC Starting Grant DISEASE no. 802628).
Competing interests: The authors declare no competing interests.

10.1126/science.abc8881

8of 8

1202 ‘0T YdJen uo /Bio Fewsdusalos aausids)/:dny woly papeojumoq


http://dx.doi.org/10.1016/j.bbi.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20043983
http://dx.doi.org/10.1098/rstb.2015.0101
http://dx.doi.org/10.1098/rstb.2015.0101
http://www.ncbi.nlm.nih.gov/pubmed/26729940
http://dx.doi.org/10.1016/j.cub.2009.12.031
http://dx.doi.org/10.1016/j.cub.2009.12.031
http://www.ncbi.nlm.nih.gov/pubmed/20116243
http://dx.doi.org/10.1111/j.1420-9101.2011.02425.x
http://dx.doi.org/10.1111/j.1420-9101.2011.02425.x
http://www.ncbi.nlm.nih.gov/pubmed/22122288
http://dx.doi.org/10.1146/annurev-ento-020117-043110
http://dx.doi.org/10.1146/annurev-ento-020117-043110
http://www.ncbi.nlm.nih.gov/pubmed/28945976
http://dx.doi.org/10.1111/j.1420-9101.2010.02022.x
http://dx.doi.org/10.1111/j.1420-9101.2010.02022.x
http://www.ncbi.nlm.nih.gov/pubmed/20500363
http://dx.doi.org/10.1111/j.1469-7998.1981.tb05780.x
http://dx.doi.org/10.1016/j.it.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25256957
http://dx.doi.org/10.1038/441421a
http://www.ncbi.nlm.nih.gov/pubmed/16724051
http://dx.doi.org/10.1098/rsbl.2019.0869
http://www.ncbi.nlm.nih.gov/pubmed/32097598
http://dx.doi.org/10.3390/ijerph17062032
http://www.ncbi.nlm.nih.gov/pubmed/32204411
http://dx.doi.org/10.1098/rstb.2011.0165
http://www.ncbi.nlm.nih.gov/pubmed/22042923
http://dx.doi.org/10.1098/rstb.2011.0029
http://www.ncbi.nlm.nih.gov/pubmed/22042918
http://dx.doi.org/10.1126/science.aas8694
http://dx.doi.org/10.1126/science.aas8694
http://www.ncbi.nlm.nih.gov/pubmed/29590062
http://dx.doi.org/10.1098/rspb.2020.1039
http://dx.doi.org/10.1098/rspb.2020.1039
http://www.ncbi.nlm.nih.gov/pubmed/32781952
http://dx.doi.org/10.1016/j.jinsphys.2012.09.014
http://dx.doi.org/10.1016/j.jinsphys.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23068993
http://dx.doi.org/10.1007/s10329-019-00735-y
http://www.ncbi.nlm.nih.gov/pubmed/31278498
http://dx.doi.org/10.1126/science.1086616
http://www.ncbi.nlm.nih.gov/pubmed/12766207
http://dx.doi.org/10.1126/science.1260612
http://www.ncbi.nlm.nih.gov/pubmed/25414312
http://dx.doi.org/10.1098/rstb.2011.0092
http://www.ncbi.nlm.nih.gov/pubmed/22042917
http://dx.doi.org/10.1093/ije/dyaa033
http://www.ncbi.nlm.nih.gov/pubmed/32086938
http://dx.doi.org/10.1073/pnas.102176599
http://www.ncbi.nlm.nih.gov/pubmed/12011442
http://dx.doi.org/10.1371/journal.pone.0236619
http://www.ncbi.nlm.nih.gov/pubmed/32730356
http://dx.doi.org/10.1016/S0140-6736(20)31142-9
http://dx.doi.org/10.1016/S0140-6736(20)31142-9
http://www.ncbi.nlm.nih.gov/pubmed/32497510
http://dx.doi.org/10.1093/icb/icr062
http://www.ncbi.nlm.nih.gov/pubmed/21700577
http://dx.doi.org/10.1093/beheco/araa111
http://dx.doi.org/10.1111/1365-2656.13362
http://www.ncbi.nlm.nih.gov/pubmed/33020914
http://dx.doi.org/10.1103/PhysRevE.90.042801
http://www.ncbi.nlm.nih.gov/pubmed/25375543
http://dx.doi.org/10.1097/01.jom.0000177219.75677.17
http://www.ncbi.nlm.nih.gov/pubmed/16155481
http://dx.doi.org/10.3389/fnbeh.2020.00004
http://www.ncbi.nlm.nih.gov/pubmed/32038193
http://dx.doi.org/10.1073/pnas.0307506101
http://dx.doi.org/10.1073/pnas.0307506101
http://www.ncbi.nlm.nih.gov/pubmed/15071187
http://dx.doi.org/10.1016/S0140-6736(20)30567-5
http://dx.doi.org/10.1016/S0140-6736(20)30567-5
http://www.ncbi.nlm.nih.gov/pubmed/32164834
http://dx.doi.org/10.1016/j.bbi.2008.05.008
http://www.ncbi.nlm.nih.gov/pubmed/18595653
http://dx.doi.org/10.1186/s12879-020-05587-2
http://www.ncbi.nlm.nih.gov/pubmed/33198725
http://dx.doi.org/10.1017/ice.2017.91
http://dx.doi.org/10.1017/ice.2017.91
http://www.ncbi.nlm.nih.gov/pubmed/28514976
http://dx.doi.org/10.1098/rspb.2015.3078
http://dx.doi.org/10.1098/rspb.2015.3078
http://www.ncbi.nlm.nih.gov/pubmed/27053751
http://dx.doi.org/10.1111/j.1420-9101.2008.01658.x
http://www.ncbi.nlm.nih.gov/pubmed/19196383
http://dx.doi.org/10.1007/BF02692179
http://www.ncbi.nlm.nih.gov/pubmed/24222188
http://dx.doi.org/10.1016/j.cell.2006.01.034
http://www.ncbi.nlm.nih.gov/pubmed/16497587
http://dx.doi.org/10.1016/j.yhbeh.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27984034
http://dx.doi.org/10.1111/ele.12444
http://www.ncbi.nlm.nih.gov/pubmed/25983011
http://dx.doi.org/10.1007/s00265-014-1849-x
http://dx.doi.org/10.2307/1941192
http://dx.doi.org/10.2307/1941192
http://dx.doi.org/10.1016/j.jhevol.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28622934
http://dx.doi.org/10.3389/fpsyg.2013.00091
http://www.ncbi.nlm.nih.gov/pubmed/23450744
http://dx.doi.org/10.3389/fpsyg.2013.00091
http://www.ncbi.nlm.nih.gov/pubmed/23450744
http://dx.doi.org/10.1098/rspb.2014.0218
http://www.ncbi.nlm.nih.gov/pubmed/24943375
http://dx.doi.org/10.1007/s00265-012-1397-1
http://dx.doi.org/10.1016/0020-7519(95)00100-X
http://www.ncbi.nlm.nih.gov/pubmed/8719948
http://dx.doi.org/10.1093/ajcn/32.3.593
http://www.ncbi.nlm.nih.gov/pubmed/283688
http://dx.doi.org/10.1038/s41598-018-35174-0
http://www.ncbi.nlm.nih.gov/pubmed/30420741
http://dx.doi.org/10.1111/j.1365-2435.2007.01347.x
http://dx.doi.org/10.1016/0022-5193(64)90039-6
http://dx.doi.org/10.1016/0022-5193(64)90039-6
http://www.ncbi.nlm.nih.gov/pubmed/5875340
http://dx.doi.org/10.1098/rstb.2009.0101
http://www.ncbi.nlm.nih.gov/pubmed/19805427
http://dx.doi.org/10.1146/annurev-psych-010814-015355
http://www.ncbi.nlm.nih.gov/pubmed/25061670
http://dx.doi.org/10.1177/0956797610368064
http://www.ncbi.nlm.nih.gov/pubmed/20483842
http://dx.doi.org/10.3389/fevo.2020.00172
http://science.sciencemag.org/

Science

Infectious diseases and social distancing in nature
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Nature's "responsible” response to disease

With the emergence of the COVID-19 pandemic, there have been global calls for the implementation of "social
distancing" to control transmission. Throughout the world, some have resisted this requirement with the unfounded
argument that it is unnecessary or ineffective. Social distancing, however, is a natural consequence of disease across
animals, both human and nonhuman. Stockmaier et al. reviewed responses to disease across animal taxa and reveal
how these responses naturally limit disease transmission. Understanding such natural responses and their impacts on
pathogenic transmission provides epidemiological insight into our own responses to pandemic challenges.
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