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Fevers are considered an adaptive response by the host to infec-
tion. For gregarious animals, however, fever and the associated
sickness behaviors may signal a temporary loss of capacity, offer-
ing other group members competitive opportunities. We
implanted wild vervet monkeys (Chlorocebus pygerythrus) with
miniature data loggers to obtain continuous measurements of
core body temperature. We detected 128 fevers in 43 monkeys,
totaling 776 fever-days over a 6-year period. Fevers were charac-
terized by a persistent elevation in mean and minimum 24-h body
temperature of at least 0.5 °C. Corresponding behavioral data indi-
cated that febrile monkeys spent more time resting and less time
feeding, consistent with the known sickness behaviors of lethargy
and anorexia, respectively. We found no evidence that fevers
influenced the time individuals spent socializing with conspecifics,
suggesting social transmission of infection within a group is likely.
Notably, febrile monkeys were targeted with twice as much
aggression from their conspecifics and were six times more likely
to become injured compared to afebrile monkeys. Our results sug-
gest that sickness behavior, together with its agonistic consequen-
ces, can carry meaningful costs for highly gregarious mammals.
The degree to which social factors modulate the welfare of
infected animals is an important aspect to consider when attempt-
ing to understand the ecological implications of disease.

aggression j body temperature j disease j fever j sickness behavior

Evolutionary studies of animal behavior generally focus on
the adaptive value of typical behavior in healthy animals. It

has long been recognized, however, that sick animals can also
provide insights into the behavioral determinants of survival
and adaptation, particularly in the face of environmental chal-
lenges (1). The occurrence of fevers in a diverse range of ani-
mals (1) suggests that, despite the significant metabolic costs
associated with the maintenance of elevated body temperatures
(2), the fever response is an evolutionarily conserved strategy,
acting principally to fight off infectious pathogens or other non-
infectious irritants (3).

The behavioral responses that accompany fevers are similarly
considered to be complementary and beneficial (1, 4, 5) rather
than maladaptive byproducts of an inability to cope with infection
(6). Collectively referred to as “sickness behavior,” responses
such as lethargy, anorexia, loss of body weight, sleepiness, and
the cessation of grooming can all help alleviate the body’s
increased metabolic demand when fighting infection (1, 7).
Importantly, however, the survival benefits of sickness behavior
must be traded against costs incurred such as increased risk of
predation, a reduction in social engagement and reproductive
opportunities, or reduced territorial defense (8). For gregarious
species experiencing local competition for resources (9), detect-
able evidence of sickness behavior may offer group members the
opportunity to gain competitive advantage through the targeted
aggression of debilitated rivals. Yet, to date there is no record of
increased aggression toward infected conspecifics. Birds (10) and

rats (11) reduced aggressive behavior when sickness behaviors
were artificially induced, and wild mongoose showed no change
in agonistic behavior when sick (12). Cues of sickness, however,
may allow conspecifics to identify individuals less likely to engage
in aggressive encounters. Such detection, coupled with reduced
rates of aggression, could explain why male house finches prefer-
entially feed near infected conspecifics (13). Humans detect sick
individuals using both visual and olfactory cues (14), and there is
evidence to suggest that some nonhuman primates use olfactory
cues to detect conspecifics infected with parasites (15). However,
it remains unclear to what extent nonhuman primates can detect
sickness itself and whether this affects the behavior of conspe-
cifics toward sick individuals (7, 16, 17).

Here, we use continuous measurements of core body tempera-
ture and corresponding behavioral data to identify naturally
occurring fevers in wild vervet monkeys (Chlorocebus pygerythrus)
and to test the prediction that monkeys would spend more time
resting (lethargy) and less time foraging (anorexia) when febrile.
On the assumption that sickness behavior can be detected, if it
occurs, by conspecifics, we then assessed the possibility that con-
specifics reduced their social engagement with febrile individuals
and vice versa. Finally, we tested the prediction that, if the weak-
ened status of a febrile monkey can be detected, then they would
receive more conspecific aggression and that a reduced capacity
to mount a viable behavioral defense would lead to an increased
likelihood of injury.

Significance

Using state-of-the-art biologging technology, we document
the occurrence of fevers in wild vervet monkeys and demon-
strate that fevers coincide with overt sickness behavior. In
so doing, we demonstrate a hidden cost of sociality: Febrile
animals were twice as likely to receive aggression from their
group mates and were six times more likely to be wounded
following the onset of a fever. Sick animals were targeted
when least able to fight back, potentially improving the
attacker’s social status and further reducing a sick animal’s
survival prospects. Understanding disease transmission
dynamics requires greater attention to the ways in which
social structure can change as a result of infection and how
such shifts can influence future patterns of transmission.
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Results
Overall, we collected concurrent body temperature and behav-
ioral data from 59 monkeys across 1,264 calendar days (n =
16,997 “monkey-days”). This sample included 412 monkey-days
on which a monkey was febrile (Fig. 1), 5,622 monkey-days that
involved aggression, and 216 monkey-days when injuries
occurred. Mean 24-h body temperatures were on average
0.7 ˚C higher on fever-days (38.7 6 0.5 ˚C) compared to nonf-
ever days (38.0 6 0.3 ˚C), maximum 24 h body temperatures
were on average 0.5 ˚C higher during fever-days (39.9 6
0.5 ˚C) compared to nonfever days (39.4 6 0.4 ˚C), and mini-
mum 24-h body temperatures were on average 0.7 ˚C higher
during fever-days (37.5 6 0.6 ˚C) compared to nonfever days
(36.8 6 0.5 ˚C).

Fevers had a meaningful positive effect on time spent rest-
ing and traveling, a meaningful negative effect on time spent
feeding, and no meaningful effect on time spent socializing or
the giving or receiving of grooming (Table 1 and SI Appendix,
Fig. S1). Of the 412 monkey-days on which a monkey was
febrile, 39% involved aggression and 8% resulted in newly
acquired injuries. Across the remaining monkey-days on which
a monkey was afebrile, 33% involved aggression and 1%
involved injuries. Fevers had a meaningful positive effect on
the likelihood of receiving aggression or becoming injured
(Table 1, Fig. 2, and SI Appendix, Fig. S1). Our models predict
that febrile monkeys were twice as likely to receive aggression
and six times more likely to get injured compared to afebrile
monkeys.

Males were more likely to be the victims of aggression when
they were febrile than were females (Table 2). Across all
aggressions directed toward afebrile victims, 69% of the victims
were male and 31% were female. Across all aggressions
directed toward febrile victims, 80% of the victims were male
and 20% were female. Whether the victim of aggression was
febrile or not did not predict the sex of the aggressor, the sex
combination of the aggressive dyad, whether the aggression was
targeted up or down the dominance hierarchy, or the distance
in dominance rank between opponents.

When we compared the relative risk of injury to the day on
which a fever started, we found that the risk of injury was much
lower 10 days prior to the onset of a fever (risk = 0.41, 95% CI:
0.10 to 0.83), reached a maximum 2 days after the onset of the
fever (risk = 1.40, 95% CI: 0.91 to 1.94), and returned to the
prefever level by 10 days after the onset of fever (risk = 0.19,
95% CI: 0.04 to 0.38, R2 marginal = 0.05, R2 conditional = 0.09,
SI Appendix, Table S14 and Fig. 3). That is, monkeys were more
likely to get injured in the days closer to the onset of a fever,
with the maximum probability of injury being two days after the
onset of a fever. This result suggests that injuries were more
likely when a monkey already had an established fever and
were not the cause of the fever itself.

Discussion
Wild vervet monkeys displayed fevers and sickness behaviors in
the form of anorexia and lethargy. Sickness behaviors were fac-
ultative, such that monkeys still traveled with the troop and
engaged in social activities, including grooming. Febrile mon-
keys, however, were twice as likely to be targeted with aggres-
sion from other troop members and were six times more likely
to get injured, compared to afebrile monkeys.

Monkeys spent less time feeding when febrile, which is con-
sistent with the expected sickness behavior of anorexia (1, 8,
18) and observations of other sick primates (16, 19). At first
glance, anorexia might seem to be a counterintuitive response,
given the increase in metabolic rate associated with fevers and
immune function (2). However, anorexia serves to reduce the
body’s overall expenditure of energy and can limit the avail-
able nutrients that would otherwise allow a pathogen to prolif-
erate (1, 8). Monkeys spent more time resting when febrile,
which suggests signs of lethargy, but also spent more time trav-
eling and showed no change in time socializing. Although it
might seem reasonable to suggest that a reduction in travel
and social time would further help to reduce overall energetic
expenditure, the cessation of these activities may not represent
a viable option for highly gregarious and mobile species.

Fig. 1. An illustration of a sustained upward shift in vervet monkey body temperature associated with a 6-d fever (red) and a relatively transient spike in
body temperature associated with hyperthermia (blue). The data plotted represent 5-min recordings of body temperature from a single male vervet mon-
key across an 18-mo period (Upper) that encapsulates febrile (Lower Left) and hyperthermic (Lower Right) body temperature patterns.
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Traveling with the group provides protection from predators
(20) and between-group competitiveness for resources (21)
and facilitates other social benefits that might affect individual
fitness (22–25). The increase in traveling time when febrile
could also reflect lethargy and the slower pace of a febrile
monkey when traveling with the group. Alternatively, it is

possible that harassment by conspecifics results in febrile indi-
viduals being more frequently displaced from one place to
another or that increased stress from harassment may activate
overall arousal and hence time spent traveling (26). Such flexi-
bility in the demonstration of sickness behavior supports the
view that such behavior reflects a motivational reorganization

Table 1. Results of the GLMMs estimating the effect of fevers on sickness behavior, aggression received, and injury

Model

Estimate 6

error fever
(n/y)

Probability of
direction %
fever (n/y)

Estimate 6

error sex
(female/
male)

Probability of
direction %
sex (female/

male)

Model
probability
predictions*

R2

marginal
R2

conditionalFebrile Afebrile

Resting,
SI Appendix, Table S1

0.08 6 0.03 99.88 0.17 6 0.04 100 0.35 0.32 0.41 0.59

Feeding,
SI Appendix, Table S2

�0.17 6 0.03 100 �0.06 6 0.04 95.28 0.25 0.29 0.36 0.51

Traveling,
SI Appendix, Table S3

0.07 6 0.03 97.92 0.08 6 0.04 98.52 0.26 0.24 0.34 0.43

Socializing,
SI Appendix, Table S4

�0.04 6 0.06 70.80 �0.88 6 0.08 100 0.10 0.09 0.19 0.40

Grooming given,
SI Appendix, Table S5

�0.02 6 0.09 57.57 �1.47 6 0.12 100 0.06 0.06 0.16 0.36

Grooming received,
SI Appendix, Table S6

�0.02 6 0.09 59.15 �0.37 6 0.09 100 0.03 0.03 0.05 0.15

Aggression received,
SI Appendix, Table S7

0.33 6 0.12 99.68 �0.64 6 0.40 94.86 0.02 0.01 0.01 0.16

Injured,
SI Appendix, Table S8

1.99 6 0.23 100 0.31 6 0.33 83.28 0.03 0.005 0.003 0.03

*Calculated for the reference sex category (females) using the following equations: 1) activity Poisson GLMMs: febrile probability = exponentiate
(intercept estimate + fever estimate), afebrile probability = exponentiate (intercept estimate); and 2) aggression and injury Bernoulli GLMMs: febrile
probability = inverse logit (intercept estimate + fever estimate), afebrile probability = inverse logit (intercept estimate).

Fig. 2. Illustration of the number of aggressions received (orange asterisks) and the timing of injury (purple arrows) across two fever periods (red lines).
The data plotted represent 5-min recordings of body temperature from a single male (Upper Right) and female (Lower Right) vervet monkey. Photo-
graphs of male–male aggression (Upper Left, image credit: C. Young, NTU Psychology, Nottingham Trent University, Nottingham, UK) and an injured
febrile male (Lower Left, image credit: R. Blersch, Department of Psychology, Lethbridge University, Lethbridge, AB, Canada).
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of behavioral priorities that can be shaped by both environ-
mental and social context (18, 27, 28).

The interaction between sociality and sickness behaviors can
be complex (29). Sick animals may either withdraw (30, 31) or
interact more frequently with others (32, 33), depending on the
nature of the relationship and the social context. For example,
it may be disadvantageous to engage with threatening individu-
als while sick but advantageous to associate with an ally who
may afford protection (34). It has previously been shown that
vervet monkeys infested with gastrointestinal parasites contin-
ued to engage in allogrooming but tended to have fewer social
interactions compared to healthy monkeys (16). Here, we
found that there was no influence of fever on either grooming
given or received by febrile animals, confirming both that
febrile monkeys did not reduce the amount of effort placed
into grooming, and that group members did not alter their
affiliative behavior toward those with fevers. Collectively, the
behavioral response of our vervet monkeys to infection suggests
that disease transmission within a group is likely, and an impor-
tant avenue of future inquiry is to identify the social predictors
of fevers and disease transmission.

If the stakes are high enough, it may pay conspecific bystand-
ers to capitalize on the weakened status of a sick individual and

target them with aggression. This concept offers an intriguing
variation on the argument that acts of aggression between ani-
mals often appear random and unprovoked (35). Our sugges-
tion here is that, in at least some instances, aggressive attacks
may not be as random as they appear to a human observer.
Instead, these attacks may represent the seizing of an opportu-
nity to target animals who have a reduced ability to respond,
potentially improving the attacking animal’s status in addition
to potentially exerting a negative effect on their opponent’s fit-
ness and survival prospects. Males were increasingly more likely
to be the targets of aggression when they were febrile than
were females. One explanation may be that as males are the
migratory sex, male competition is more pronounced than it is
for females (36), and thus, the targeting of sick males who lack
stable coalitions (24) is more advantageous than it would be
toward more socially integrated philopatric females.

Humans detect sick individuals using both visual and olfac-
tory cues (14), and there is evidence to suggest that nonhuman
primates may also use olfactory cues to detect conspecifics
infected with parasites (15). However, it remains unclear to
what extent nonhuman primates can detect sickness itself and
whether detecting sickness affects the behavior of conspecifics
toward sick individuals (7, 16, 17). A more parsimonious
explanation, therefore, is that conspecifics detect and act upon
the sickness behaviors of febrile individuals (such as lethargy),
thus providing a counterargument for the adaptive value of
sickness behavior (4). An alternative, but not mutually exclu-
sive, explanation for the increased aggression toward febrile
monkeys is that febrile monkeys may allow aggression to esca-
late uncharacteristically because they misread social cues.
Indeed, inflammation impairs social cognition and the ability
to identify emotional states in others (37) and may also slow
behavioral transition rates (12).

We can offer some additional, albeit anecdotal, evidence in
support of the hypothesis that targeted aggression toward
febrile individuals can have important social consequences (38).
In 2015, we observed a rank reversal between the first- and
second-ranked females in one of our study troops (39). Such
wins up the hierarchy are rare for females in our population
(40), and, in line with our suggestion here, this event coincided
with the alpha female presenting with a fever. Over a 7-d fever
period, we witnessed 12 instances of aggression against the
alpha female and four injuries (Fig. 2). Over the next 3 mo, the
alpha and beta females engaged in 92 dominance interactions,
98% of which were won by the beta female, thus consolidating
the rank reversal between these two females.

Table 2. Results of the GLMMs estimating the effect of fevers on the sex and dominance status of the victims and aggressors

Model
Estimate 6 error
febrile victim (n/y)

Probability of
direction % fever

(n/y)

Model probability
predictions*

R2 marginal R2 conditionalFebrile Afebrile

Aggressor sex (female/male),
SI Appendix, Table S9

�0.17 6 0.19 81.42 0.52 0.56 0.002 0.42

Victim sex (female/male),
SI Appendix, Table S10

1.22 6 0.41 99.85 0.97 0.89 0.005 0.74

Aggression dyad sex
combination (mixed/same),
SI Appendix, Table S11

0.02 6 0.29 52.14 0.77 0.77 0.001 0.54

Direction of aggression
(down/up hierarchy),
SI Appendix, Table S12

�0.42 6 0.59 76.80 0.06 0.08 0.001 0.86

Rank difference,
SI Appendix, Table S13

�0.03 6 0.02 93.51 — — 0.001 0.693

*Febrile probability = inverse logit (intercept estimate + febrile victim estimate), afebrile probability = inverse logit (intercept estimate).

Fig. 3. Estimated trends for the estimated relative risk of injury (probabil-
ity of injury/probability of injury at onset of fever) over a 21-d time win-
dow centered on the start of a fever event. The colored fill is truncated to
indicate the 95% credibility interval.
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Parasites and viral pathogens are ubiquitous in primate pop-
ulations, and we know that they can drive devastating mortality
rates (7, 17). Indeed, this is where most attention has been
focused to date, with respect to understanding transmission
dynamics within and between groups, and its implications for
conservation efforts, zoonotic disease prevention, and human
health (1, 8, 41). Our ability to tie fevers to sickness behavior,
combined with a greater risk of attack and injury, suggests that
social behavior represents more than just a route for disease
spread. Changes to social structure may also be a consequence
of infection, over and above the demographic changes associ-
ated with disease-related mortality. Such effects may thus
compound the effects of disease for gregarious animals, as
mortality and dominance turnovers can lead to drastic shifts in
the overall tenor and behavioral profile of social groups
(38, 42). The degree to which social factors modulate the wel-
fare of infected animals is an important aspect to consider
when attempting to understand the ecological implications of
disease. That knowledge will become increasingly relevant with
the increase in disease prevalence predicted under climate
change (43).

Methods
Data Collection. Data were collected between January 2012 and May 2018
from three groups (River Bend Mob [RBM], River Side Troop [RST], and Pic-
nic Troop [PT]) of wild vervet monkeys in South Africa. Monkeys were fully
habituated to the presence of researchers and were individually identifiable
(22). We surgically implanted a subset of our adult monkey population (n =
59: 30 females and 29 males) with miniature temperature-sensitive data log-
gers (2012-2013: mlog T1C, Sigma Delta Technologies, resolution = 0.06 °C;
2013 to 2018: DST centi-T loggers, Star-Oddi, resolution = 0.03 °C), which
recorded core body temperature at 5-min intervals. For full details of the
capture and surgery procedure, see McFarland et al. (23). Capture and surgi-
cal procedures were approved by the University of the Witwatersrand Ani-
mal Ethics Research Committee (2010/41/04; 2015/04/14B).

The International Union of Physiological Sciences (IUPS) defines a fever
as “an elevation of the set-point of body temperature… [which is] actively
established and defended” (44). By contrast, hyperthermia is a rise in body
temperature “not accompanied by supportive changes in thermoeffector
activities” (44). Based on these definitions, we classified a fever as a >0.5 °C
increase in a monkey’s mean and minimum 24-h body temperature above
their overall mean and minimum body temperature lasting a minimum of
two consecutive days (Fig. 1) (45). This classification allowed us to exclude
instances of short-term hyperthermia (Fig. 1). Our definition of a fever iden-
tified a sample that includes both low- and high-grade fevers (46). Because
of the rarity of high-grade fevers (a >1.5 °C increase in mean and minimum
24-h body temperature: <1% of our fever sample), we were unable to run
the analyses on these different grades of fever separately. However, any
effect of a fever on sickness behavior or aggression can therefore be consid-
ered conservative.

When fevers were separated by fewer than 7 d, monkeys were consid-
ered to be “febrile” across this period for the purpose of our analysis.
Although these intermediary days are not defined as febrile through body
temperature elevation, we considered these intermediary days to be a
period of continued vulnerability in regard to reduced capacity and sickness
behavior and the potential to be targeted with aggression. In total, we col-
lected 34,353 monkey-days of continuous body temperature measurement
from 59 monkeys (30 females, 29 males) over the 6-year study and detected
128 fevers in 43 monkeys totaling 776 fever-days. Fevers lasted between 2
and 20 d, and fever episodes, including intermediary days, lasted up to
46 d. Vervet monkeys, including those in our population, have been shown
to host a number of gastrointestinal parasites (16, 47) and viruses (48, 49),
some of which have been linked to sickness behavior and possible social
transmission. Given gastrointestinal parasites are largely considered to be
nonpathogenic, fevers identified in our study are most likely to be the result
of viral or bacterial infections (46).

Instantaneous scan data (22) were collected daily at 30-min intervals
across daylight hours from all adults that could be located within a 10-min
period. The activity of each scanned monkey was recorded as resting, feed-
ing, traveling, socializing (i.e., allogrooming, playing, or mating), or other
(22). The identities of the actor and recipient were recorded during allog-
rooming (hereafter grooming) and ad libitum occurrences of aggression

(40). Decided dyadic agonistic interactions exchanged between adults
(RBM = 6,627, RST = 8,194, and PT = 7,046) were used to determine domi-
nance ranks using standardized David’s scores (50). Yearly scores were calcu-
lated separately for each group and standardized to facilitate comparisons
between groups and years (40). Newly acquired injuries were recorded dur-
ing daily censuses. Injuries from predation attempts or accidents were
exceptionally rare, and monkeys were twice as likely to get injured on days
they received aggression [SI Appendix, Table S15; see also (36)]. Injuries
were therefore assumed to be the result of conspecific aggression. Behav-
ioral data collection protocols were approved by the University of Leth-
bridge (Animal Welfare Protocols 0702/1505).

Statistical Analysis. We ran a series of Bayesian generalized linear mixed
models (GLMMs) and a generalized additive model (GAM), using the “brms”
package (51) in R 3.5.0 (52). We ran four chains for 2,000 or 4,000 iterations,
after 1,000 warmup iterations, to confirm convergence. All models con-
verged (R-hat < 1.01), and effective sample size exceeded 400 [i.e., >number
of chains × 100 (51)]. We set weakly informative priors centered on zero
[i.e., normal (0,1)] for the main effects and used the posterior predictive
check function to assess model fit, and to confirm the suitability of our
choice of priors and likelihood model distributions (53). We used the
“bayestestR” package (54) to generate probability of direction (pd) esti-
mates for the fixed effects. These estimates indicate the certainty of the
direction (negative or positive) of an effect and are interpretively helpful
because they are closely correlated with commonly used frequentist P values
(54), with pd ∼97.5%, pd ∼99.5%, and pd ∼99.95% corresponding to what
Colquhoun (55) considered to indicate weak (P < 0.05), moderate (P < 0.01),
and strong (P < 0.001) evidence of effects, respectively. We used the
‘r2_bayes’ function to calculate marginal and conditional R2 values for the
fixed effect and whole models, respectively (56). Full-model results are pro-
vided in the supplementary material (SI Appendix, Tables S1–S15).

We ran six GLMMs specifying a Poisson distribution, entering the daily
count of our six scanned activities (i.e., resting, feeding, traveling, socializ-
ing, grooming given, and grooming received), in turn, as the outcome vari-
able and the total number of subject scans collected each day as the offset
variable. We ran two GLMMs specifying a Bernoulli distribution, entering
aggression received (no/yes) or injury (no/yes), in turn, as the outcome vari-
able. In all eight GLMMs, we entered fever-day (no/yes) as the predictor var-
iable. We also entered monkey sex (female/male) as a predictor variable to
control for sex differences in activity patterns and aggressive behavior (22,
40). We entered date ID and monkey ID as crossed random intercepts to
deal with repeated measures and to control for seasonal variation in activity
patterns, aggressive behavior, and injury (22, 36, 40). The inclusion of fever
episode ID as an additional random intercept did not improve the models
or change the magnitude or direction of effects and was therefore not
included in our final models.

We ran four GLMMs specifying a Bernoulli distribution, entering aggressor
sex (female/male), victim sex (male/female), sex combination of the aggression
dyad (mixed/same), and aggression direction (down/up the dominance hierar-
chy), in turn, as the outcome variable. We also ran a GLMM specifying a
Gaussian distribution, entering absolute rank difference between aggressive
opponents as the outcome variable. In these five GLMMs, we entered whether
the victim of aggression was febrile or not as the predictor variable and date
ID, victim ID, and/or aggressor ID as crossed random intercepts.

Given that injuries may be either the cause or a consequence of fevers, we
used a 21-d GAM time-window approach (57), centered over the onset of a
fever, to confirm whether injuries were more likely to occur before or after
the onset of a fever. We ran a GAM specifying a Bernoulli distribution, enter-
ing injury (no/yes) as the outcome variable. We entered day from the start of
the fever, monkey sex, and a circular spline for day of year as predictor varia-
bles andmonkey ID as a random intercept.

Data Availability. All study data are included in the article and/or supporting
information.
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