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Abstract Parasites are ubiquitous in populations of free-
ranging animals and impact host fitness, but virtually noth-
ing is known about the factors that influence patterns of dis-
ease risk across species and the effectiveness of behavioral
defenses to reduce this risk. We investigated the correlates
of malaria infection (prevalence) in Neotropical primates
using data from the literature, focusing on host traits involv-
ing group size, body mass, and sleeping behavior. Malaria
is spread to these monkeys through anopheline mosquitoes
that search for hosts at night using olfactory cues. In com-
parative tests that used two different phylogenetic trees, we
confirmed that malaria prevalence increases with group size
in Neotropical primates, as suggested by a previous non-
phylogenetic analysis. These results are consistent with the
hypothesis that larger groups experience increased risk of
attack by mosquitoes, and counter to the hypothesis that pri-
mates benefit from the encounter-dilution effect of avoiding
actively-seeking insects by living in larger groups. In con-
trast to non-phylogenetic tests, body mass was significant in
fewer phylogeny-based analyses, and primarily when group
size was included as a covariate. We also found statistical
support for the hypothesis that sleeping in closed microhab-
itats, such as tree holes or tangles of vegetation, reduces the
risk of malaria infection by containing the host cues used
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by mosquitoes to locate hosts. Due to the small number of
evolutionary transitions in sleeping behavior in this group
of primates, however, this result is considered preliminary
until repeated with a larger sample size. In summary, risk
of infection with malaria and other vector-borne diseases
are likely to act as a cost of living in groups, rather than a
benefit, and sleeping site selection may provide benefits by
reducing rates of attack by malaria vectors.
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Introduction

Living in groups can be beneficial in terms of increased
protection from predators and increased foraging effi-
ciency (Alexander 1974; Blumstein et al. 1999), but social
animals may also incur costs in terms of increased feeding
competition (e.g., Janson 1988; Hoare et al. 2004) and
a higher risk of acquiring infectious disease (Brown and
Brown 1986; Møller et al. 1993; Brown et al. 2001; Tella
2002; Altizer et al. 2003; for general review, see Krause
and Ruxton 2002). Costs involving infectious disease and
sociality have generally focused on directly transmitted
parasites, but sociality may also impact risks of attack
by arthropod vectors (Davies et al. 1991; Mooring and
Hart 1992; Côté and Poulin 1995), and some authors have
proposed that vector-borne diseases are more virulent
(Ewald 1983). In this paper, we explore the links between
group size, disease risk and host behavioral defenses to
vector-borne disease in a comparative study of primate
behavior and the prevalence of malaria infection.

Given that infection with malaria requires ecological
overlap between host and appropriate arthropod vectors,
what is the expected relationship between group size and
risk of infection with vector-borne diseases? Competing
hypotheses have been proposed. In one hypothesis, liv-
ing in a group lessens the probability of attack by biting
arthropods through the encounter-dilution effect (Mooring
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and Hart 1992), based on mechanisms involved in reduc-
ing predation risk by living in a group. This hypothesis
therefore predicts a negative association between group
size and prevalence of infection with vector-transmitted
parasites. In a meta-analysis of vertebrates and their para-
sites, Côté & Poulin (1995) showed that group size was neg-
atively correlated with the intensity of infection by mobile
parasites. Similarly, in a study of African primates,
Freeland (1977) found that the occurrence of polyspecific
associations (multi-species groups) correlated positively
with the activity of biting flies, suggesting that animals
seek conspecifics as risk of attack increases. Neither of
these studies directly investigated the prevalence of vector-
borne infections.

Alternatively, when mobile parasites seek hosts by using
cues that become stronger in larger groups, rates of attack
by flying arthropods are expected to increase with group
size, leading to increased prevalence of vector-borne par-
asites. This hypothesis may apply to risk of infection with
malaria, since it is transmitted through nocturnally active
anopheline mosquitoes that are attracted to hosts through
emission of body odorants and carbon dioxide (Bock
and Cardew 1996; Hallem et al. 2004). In support of this
hypothesis, Tella (2002) showed that evolutionary transi-
tions to coloniality in birds were associated with increased
prevalence and species richness of vector-borne parasites,
and Brown and Sethi (2002) established that mosquito
abundance increased with colony size in cliff swallows. In
primates, Davies et al. (1991) found that malaria infection
rates increased with sleeping group size in a comparative
study of Amazonian primates. Body mass also was sta-
tistically significant, which they interpreted as indicating
increased production of attractants by larger-bodied hosts.
Because phylogeny was not taken into account, however, it
is possible that some other host traits or environmental vari-
ables, shared through common descent, account for these
associations (Felsenstein 1985; Harvey and Pagel 1991).

To address the links between risk of infection by vector
borne parasites and group size, we conducted two sets of
analyses using primates and their malaria parasites. First,
we re-investigated the host traits examined by Davies
et al. (1991) after controlling for host phylogeny. These
analyses allowed us to rule out the possibility that patterns
documented in this previous study were driven by traits
shared through common descent. Second, we investigated
an additional host behavioral trait that may influence
levels of malaria infection across species. Among the
primate species used in Davies et al.’ (1991) comparative
study, some species tend to sleep in closed microhabitats,
such as tree hollows or dense tangles of epiphytes, while
other species sleep in the open, for example on branches
of trees. By sleeping in a closed environment, primates
and other mammals may effectively contain the cues
used by nocturnally-active mosquitoes to search for hosts
(Heymann 1995; 2001), while also gaining other benefits
related to protection from predators, colder night time
temperatures, or inclement weather (Kappeler 1998).
Because smaller-bodied species tend to live in smaller
groups and sleep in closed environments, Heymann (1995;

2001) suggested that sleeping behavior might be the causal
variable that accounts for the risk of malaria infection in
Amazonian primates.

Methods

Agents and vectors of malaria infections
in Neotropical primates

Plasmodium brasilianum is the primary infectious organ-
ism that causes malaria in Neotropical primates (Coatney
et al. 1971; Davies et al. 1991; Deane 1992; Collins 1994).
This protozoan is morphologically and developmentally
very similar to Plasmodium malaria, an agent of human
malaria (Cochrane et al. 1988). Some Neotropical primate
species have also been reported to be infected with Plas-
modium simium and Plasmodium falciparum (Deane et al.
1969; de Arruda et al. 1989; Fandeur et al. 2000). No in-
formation is available on the course of infection in wild
Neotropical primates. Experimental infections result in a
72-h quartan type periodicity and can be fatal (Taliaferro
and Taliaferro 1934; Coatney et al. 1971).

Several arthropod vectors play a role in the transmission
of P. brasilianum. Sporozoites of P. brasilianum have been
detected in Anopheles neivai (Davies et al. 1991), and
P. brasilianum/P. malariae has been found in Anopheles
darling and Anopheles nuneztovari by immunologi-
cal assays and PCR (de Arruda et al. 1989; Fandeur
et al. 2000). Other potential vectors include Anopheles
oswaldoi and Anopheles triannulatus (Davies et al. 1991).
Anopheles mosquitoes are usually nocturnal or crepuscular
(Rubiopalis and Curtis 1992; Voorham 2002). Differences
among these vector species could conceivably impact
patterns of infection geographically and among primate
hosts, but little is known about this variation. Similarly,
implementation of behavioral defenses could differ among
host species if a parasite exerts different effects on different
hosts, but quantitative information is lacking on these
effects for the host species in our dataset.

Comparative data

We used the data set on the prevalence of infection with
Plasmodium brasilianum provided by Davies et al. (1991)
for Amazonian primates and added data from Deane (1992)
for primate taxa from the Atlantic coastal forests of eastern
and south-eastern Brazil (Table 1). Body mass and sleeping
group size data were taken from Davies et al. (1991) for
the Amazonian primates. For the seven additional primates,
we obtained data on body mass (as the midpoint of male
and female mass for species with data on prevalence) from
Smith and Jungers (1997) and group size from the primary
literature, thus following generally the same procedure used
by Davies et al. (1991) for collating data on host traits.

We categorized a species as using “open” microhabitats
if individuals of that species typically sleep while sitting
on branches or tree-forks within canopies, and as “closed”
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Table 1 Malaria infection
rates, body mass, group size and
sleeping habits of Neotropical
primate genera. Sources of data
are described in "Methods."
Prevalence refers to the
percentage of animals that were
infected, while sample size
refers to the number of animals
sampled in the estimate of
prevalence. For sleeping habit,
“closed” refers to closed
sleeping sites, while “open”
refers to open sites

Genus Malaria prevalence Sample size Body mass (kg) Group size Sleeping habit

Alouatta 14.3 1521 6.51 6.7 Open
Aotus 0.0 147 0.94 3.7 Closed
Ateles 21.0 105 8.56 3.6 Open
Brachyteles 13.6 22 8.84 2.8 Open
Cacajao 33.3 12 3.17 37.5 Open
Callicebus
torquatus

20.0 5 1.10 4.3 Open

Callicebus
non-torquatus

4.5 177 1.19 3.4 Closed

Callithrix 0.0 244 0.38 6.8 Closed
Cebuella 0.0 10 0.15 6.3 Closed
Cebus 2.2 448 2.65 15.2 Open
Chiropotes 11.8 152 2.81 20.5 Open
Lagothrix 33.3 105 6.11 24.8 Open
Leontopithecus 0.0 28 0.61 5.4 Closed
Mico 0.0 6 0.36 8.0 Closed
Pithecia 2.9 70 2.08 3.1 Open
Saguinus 1.6 548 0.49 5.1 Closed
Saimiri 8.9 606 0.86 28.9 Open

when animals retire into tree hollows or dense tangles
formed by epiphytes and lianas. Most callitrichines studied
in the wild preferentially use closed shelters for sleeping,
e.g. tree holes, the base of palm fronds, or dense tangles
of epiphytes (Coimbra-Filho 1977; Izawa 1979; Rylands
1981; Soini 1988; Stevenson and Rylands 1988; Peres
1991; Heymann 1995; Smith 1997). Several species
of titi monkeys (Callicebus spp.) also tend to sleep in
closed shelters (Callicebus cupreus: Kinzey 1981, E.W.
Heymann, pers. obs.; Callicebus personatus: S. Heiduck,
pers. comm.; but not Callicebus torquatus: Kinzey 1981).
All other Neotropical primates use open sleeping sites,
such as horizontal branches (see genus accounts in
Coimbra-Filho and Mittermeier 1981; Mittermeier et al.
1988). Species for which quantitative data on sleeping
habits indicated the use of both closed and open micro-
habitats were categorized according to which sleeping
behavior was more frequent (e.g. the tamarins Saguinus
mystax and Saguinus fuscicollis, Heymann 1995).

In most cases, we combined data for species within
genera because sleeping behavior was generally consistent
among species within a genus, and species exhibited varia-
tion in how many individuals had been sampled for malaria
(range 1-1428, mean=91). After species were combined,
the sample sizes for prevalence estimates per genus ranged
from 5 to 1521 individuals, with a mean of 230 (standard
deviation=372). In only one case did we split a genus
for analysis: we analyzed Callicebus torquatus separately
because it sleeps in the open, while other members of
this genus sleep in closed microhabitats (see above). We
repeated analyses with and without inclusion of night
monkeys from the genus Aotus, which were excluded by
Davies et al. (1991). Members of Aotus are nocturnal and
may be subject to different selective pressures with regard
to malaria transmission because the vectors are mainly
nocturnal or crepuscular (e.g., Rubiopalis and Curtis 1992;

Voorham 2002). Aotus does rest during its nighttime activ-
ity period (e.g., Garcia and Braza 1987), but animals that
are generally active while vectors are active may be able to
implement behavioral strategies to reduce attacks by flying
insects (Day and Edman 1984; Dudley and Milton 1990).
Previous researchers have documented differences among
host species in behavioral responsiveness and tolerance
to mosquitoes (Webber and Edman 1972; Edman et al.
1984). Currently, no quantifiable information is available
on interspecific differences in mosquito tolerance and anti-
mosquito behavior among species of Neotropical primates.

Comparative methods and statistical tests

To determine whether the variables used in this study are
correlated with phylogeny, we implemented the test for se-
rial independence and the runs test using the computer pro-
gram Phylogenetic Independence (Abouheif 1999; Reeve
and Abouheif 2003). The variable common to all anal-
yses (prevalence of infection) was more similar among
closely related species than expected by chance (P<0.01
in all tests). We therefore based our primary conclusions
on results from phylogenetically independent contrasts
(Felsenstein 1985; Harvey and Pagel 1991), although for
comparison we also provide results using species values
without correcting for phylogeny.

Contrasts were calculated using the computer program
CAIC (Purvis and Rambaut 1995). We used two phyloge-
nies in these tests (see electronic supplements S1 and S2 for
phylogenetic trees). First, we used the phylogeny provided
by Purvis (1995) after updating the taxonomy to reflect
the division of Callithrix into Callithrix and Mico (Ama-
zonian marmosets). Second, we used more recent phyloge-
netic information on Neotropical primates that combined
results from Porter et al. (1997), Schneider (2000) and
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Table 2 Results of bivariate analyses. Table provides t-statistics
with sign indicating the direction of the effect, ∗p<0.05,
∗∗p<0.01, ∗∗∗p<0.001. Directed tests were used for analyses
of mass and sleeping codes, and two-tailed tests were used
for group size. “PSG” refers to the Porter-Schneider-Goodman
composite tree, and “Purvis” refers to Purvis, 1995. “Grad”
used branch lengths from the published sources, “LogGrad”

used log-transformed branch lengths, and “Equal” assigned all
branches to have the same value. Sample sizes in phylogenetic tests
that include Aotus: PSG=15, Purvis=16, for sleeping codes, PSG=2,
Purvis=3, with differences reflecting polytomies in the different phy-
logenies (see Purvis and Rambaut 1995). “Non-phylogenetic” refers
to analyses of values from Table 1 without controlling for phylogeny.
For non-phylogenetic analyses, n=17 with Aotus included

Tree Including Aotus Excluding Aotus
Body mass Group size Sleeping codes Body mass Group size Sleeping codes

PSG-LogGrad 1.13 3.06∗∗ −44.2∗∗ 1.23 2.69∗ −11.22∗
PSG-Grad 1.70 2.37∗ −26.1∗ 1.90∗ 2.48∗ −8.50∗
PSG-Equal 0.63 3.00∗∗ −14.5∗ 0.64 2.93∗∗ −5.29
Purvis-LogGrad 1.30 2.46∗ −5.88∗ 1.12 2.61∗ −4.84
Purvis-Grad 1.64 2.56∗ −5.58∗ 1.52 2.79∗ −3.70
Purvis-Equal 0.90 2.52∗ −6.67∗ 0.61 2.72∗ −5.29
Non-phylogenetic 4.64∗∗∗ 1.51 −5.90∗∗∗ 4.51∗∗∗ 1.26 −5.34∗∗∗

Goodman et al. (1998). We tested whether the contrasts
were standardized correctly under three different sets of
branch lengths: equal, absolute time (gradual), and log10-
transformed absolute time (log-gradual). We found that the
assumptions were best met when continuous traits were
log10-transformed (after adding 1 to deal with values of
zero prevalence). This was true regardless of the branch
lengths, inclusion of Aotus, or the phylogenetic topology.
We therefore present results from log10-transformed data
using independent contrasts with two phylogenetic topolo-
gies, three sets of branch lengths for each topology, and
repeated with and without Aotus. To investigate the as-
sociation between sleeping behavior (a discrete trait) and
prevalence of malaria, we examined evolutionary transi-
tions in sleeping habits using the BRUNCH algorithm in
CAIC (Purvis and Rambaut 1995).

We conducted bivariate and multivariate analyses. Anal-
yses were conducted with the significance level α<0.05. In
terms of our predictions, group size could correlate posi-
tively with prevalence of infection if vectors are better able
to locate larger groups; conversely, a negative association
is expected if individuals in larger groups benefit from the
encounter-dilution effect (Mooring and Hart 1992). Thus,
for analyses of group size we used two-tailed tests. For
analyses of sleeping habit and body mass, directional pre-
dictions were possible – we expected prevalence of infec-
tion to be greater in animals that sleep in the open or are
larger in body mass. We therefore used directed tests (Rice
and Gaines 1994) for investigating these predictions. Di-
rected tests allocate a disproportionate probability under
the null hypothesis to the tail of the distribution in the pre-
dicted direction (γ), while retaining a smaller probability
in the other tail to detect unexpected deviations opposite
to predictions (δ<γ). Directed tests are subject to the con-
straint that δ + γ = α. We followed the guidelines in Rice
and Gaines (1994) by setting γ/α to 0.8, giving values
of γ=0.04 and δ=0.01. Prior to running the multivariate
analyses, we checked whether collinearity was a potential
problem by using variance inflation factors (VIF). For a full
model with body mass, group size and sleeping behavior,
VIF was less than ten in independent contrasts analysis that

included Aotus (range 0.49–0.98) and when using species
values (range 1.3–3.1). Thus, we used standard multiple
regression methods (Petraitis et al. 1996).

Results

Group size, body mass and sleeping behavior
in bivariate tests

In bivariate tests using phylogenetically independent con-
trasts, group size was a significant predictor of malaria
prevalence, while body mass was largely non-significant
(Table 2). This pattern was remarkably consistent across six
different topology-branch length combinations and when
analyses were repeated after excluding Aotus. We found a
different pattern in non-phylogenetic tests, with body mass
emerging as a significant predictor of malaria prevalence
while group size was non-significant.

The phylogenetic distribution of sleeping behavior pro-
duced either two or three contrasts for analysis, depending
on the phylogeny that was used. Evolutionary transitions to
closed sleeping habits were correlated with a statistically
significant reduction in the prevalence of malaria for the
majority (8/12) of phylogeny-based bivariate (BRUNCH)
tests that we conducted (Table 2). This pattern was signif-
icant in all analyses that included Aotus. However, results
were non-significant (but with all contrasts in the predicted
direction) when using untransformed data (as noted above,
this also resulted in violation of more assumptions in the
contrasts analyses). When the analysis was conducted us-
ing species values, we found a significant difference in
ANOVA (Table 2), with species that were scored as using
closed sleeping sites exhibiting lower prevalence of malaria
infection.

Multivariate tests

Results from the multivariate model largely mirrored those
from bivariate tests (Table 3). When using independent con-
trasts, group size was consistently entered and statistically
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Table 3 Multivariate analyses: significant predictor variables.
Table provides variables that were statistically significant in a gen-
eral linear model, ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001, directed test for
mass and sleeping codes, two-tailed for group size. In phylogenetic
analyses based on independent contrasts, evolutionary transitions in
sleeping behavior were represented as a discrete variable (0-1). Tran-
sitions to sleeping in closed microhabitats resulted in lower preva-
lence for all contrasts. For codes under “Tree” and information on
sample sizes, see legend to Table 2

Tree Infection rate
(including Aotus)

Infection rate
(excluding Aotus)

PSG-LogGrad Group size∗∗∗,
mass∗, sleep∗∗

Group size∗∗, mass∗

PSG-Grad Group size∗∗, mass∗ Group size∗∗, mass∗
PSG-Equal Group size∗∗∗,

mass∗, sleep∗∗
Group∗∗

Purvis-LogGrad Group size∗∗, sleep∗ Group∗
Purvis-Grad Group size∗∗, sleep∗ Group size∗∗, mass∗
Purvis-Equal Group size∗∗, sleep∗ Group size∗
Non-phylogenetic Sleep∗ —

significant, along with sleeping behavior and body mass in a
smaller number of analyses (e.g., for the Porter-Schneider-
Goodman tree with log-transformed branches and Aotus,
mass: t12=2.05, P=0.04, group size: t12=4.90, P=0.0004,
sleeping behavior transitions: t12=3.43, P=0.003). When
Aotus was excluded, sleeping behavior was no longer sta-
tistically significant in any of the multivariate tests. In non-
phylogenetic tests, only sleeping behavior was statistically
significant, but only in analyses that included Aotus.

To further ascertain whether group size was a causal
factor independent of transitions in sleeping behavior, we
repeated phylogenetic analyses after excluding contrasts
that involved a corresponding transition in use of closed
versus open sleeping habits. For the analyses shown in
Table 3, group size was statistically significant in all
analyses at P<0.05, and body mass was non-significant in
the majority of tests (e.g., for the analysis reported above,
group size: t11=2.49, P=0.03, mass: t11=1.31, P=0.14).
In non-phylogenetic tests, however, no variables were
statistically significant when looking within either of the
two sleeping categories (e.g., open habitat: mass: t7=1.36,
P=0.13, group size: t7=1.05, P=0.33; closed habitats,
including Aotus, mass: t4=0.25, P=0.51, group size:
t4=-0.56, P=0.61). Thus, malaria prevalence is associated
most generally with group size in primates, but only when
analyzing the set of species that also include variation in
sleeping behavior, possibly due to larger sample sizes or to a
correlated increase in group size over transitions in sleeping
behavior. These results therefore emphasize the importance
of group size as a predictor of malaria prevalence and the
potential role of sleeping behavior in producing spurious
associations in analyses that ignore phylogeny.

Discussion

The results presented here indicate that group size is
the primary host behavioral trait that influences malaria

prevalence in Neotropical primates. Previous studies of
birds have found similar support for an association between
group size and prevalence of arthropod-borne infections
(e.g., Buggy Creek virus in cliff swallows, Brown et al.
2001; comparative study, Tella 2002), and our results con-
firm the previous non-phylogenetic analyses of group size
conducted by Davies et al. (1991) in primates. Similarly,
the abundance of mosquitoes inside human dwellings in
the tropics increases with sleeping group size in humans
(Haddow 1942; Ribbands 1949; Gillies 1955; Pålsson
et al. 2004), although other ecological and behavioral char-
acteristics of human populations, including use of window
screens, modify overall patterns of infection. In contrast
to the non-phylogenetic analyses conducted by Davies et
al. (1991) and research showing that larger animals attract
more mosquitoes (Port et al. 1980), most of our phylogeny-
based analyses found that body mass was not statistically
significant. By examining evolutionary transitions in host
traits and prevalence of malaria, we were better able
to control for correlations that arise through common
ancestry (Felsenstein 1985; Harvey and Pagel 1991). This
turns out to be crucial for the variables under investiga-
tion, because only evolutionary changes in group size
showed a consistent association with changes in malaria
prevalence.

We also found that use of closed sleeping sites is asso-
ciated with a reduction in risk from vector-borne disease
in some tests, particularly when Aotus was included in the
analysis. Again, similar results have been found in humans,
with individuals that sleep in houses with open eaves
experiencing an increased abundance of mosquitoes in
bedrooms (e.g., Pålsson et al. 2004). Closed sleeping sites
may provide additional benefits for primates, including
reduced predation risk, increased retention of body heat,
and shelter from inclement weather (e.g., Anderson 1998;
Kappeler 1998; Di Bitetti et al. 2000). In addition, use
of closed sleeping sites is correlated with other traits
examined here, with smaller-bodied primates and those
living in smaller groups tending to sleep in concealed sites
(e.g., Anderson 1984).

The small number of contrasts in tests of sleeping behav-
ior reduces statistical power and also limits our ability to
draw general conclusions. The statistically significant re-
sults involving sleeping site preference reflect both a large
mean difference in prevalence between genera with dif-
ferent sleeping behaviors and a low variance among the
few contrasts that are available. Moreover, the results were
sensitive to the dataset used, particularly with regard to in-
clusion of Aotus. Future studies could increase the power
of the tests by examining a larger clade of mammals, or
by using continuous measures of the percentage of time
that species spend sleeping in different microhabitats. In
the field, spatial and seasonal variation in arthropod ac-
tivity should correlate with use of closed sleeping sites
by primates. An additional factor that we have not been
able to include in our analyses due to the lack of data in-
volves variation in sleeping height. Mosquitoes often show
preferences for foraging at different heights in the for-
est (Lourenço de Oliveira and Luz 1996). Based on the
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prediction that sleeping site selection is a behavior that re-
duces contact with arthropod vectors, sleeping sites of the
hosts should be found at heights that avoid overlap with
preferred heights of the vectors.

Our analyses provide further support to the view that host
behavioral traits are directly linked to inter-specific varia-
tion in vector abundance or the prevalence of vector-borne
parasites (Brown et al. 2001; Brown and Sethi 2002; Tella
2002). Interestingly, the importance of host behavior in this
case is intertwined with the behavior of the vector. Thus,
mosquitoes appear to be better able to find primate hosts
that live in larger groups. This might result from larger
groups of animals producing more olfactory cues (Davies
et al. 1991), but other stimuli (body heat) could also play a
role. Similarly, cues emitted from animals sleeping in open
microhabitats – be they olfactory or others – are perhaps
more readily detected by mosquito vectors, which results
in higher prevalence of malaria. In addition, it could be that
larger groups of primates act to increase local density, re-
ducing the distance between hosts and tending to increase
measures of prevalence, although this would require that
vectors bite multiple hosts while visiting a group and are
capable of spreading the disease among these individuals
during a visit to the group. Because the production of infec-
tious Plasmodium sporozoites through asexual replication
in the mosquito gut epithelium takes at least 48 h (Coatney
et al. 1971), however, it is unlikely that a mosquito can
spread the disease among primate hosts in single visit to a
social group.

The lack of an effect of body mass is surprising, given that
studies in humans have shown that the proportional surface
area or mass of a person in a group is positively associated
with the number of bites by Anopheles gambiae (Port et al.
1980). If emission of olfactory or other cues is the mech-
anism that accounts for the association between sociality
and malaria prevalence, and if larger bodied hosts produce
more of these cues, then why did we find few significant
effects of body mass in our phylogeny-based tests? It may
be that the area typically covered by a group at any time
(group spread) is more important than the body sizes of
individuals in the group, with greater spread potentially at-
tracting more mosquitoes by producing olfactory cues over
a wider area. Suitable data on group spread are not yet avail-
able for all primates in our sample, but in future research,
a larger proportion of the variance in malaria prevalence
might be accounted for by a metric that takes into account
body surface area, group size and group spread. In addition,
previous researchers have identified a number of behav-
ioral counterstrategies to flying arthropods in Neotropical
primates, including fly-swatting to reduce exposure to bot
flies (Dudley and Milton 1990) and application of millipede
secretions to reduce attacks by biting insects (Valderrama
et al. 2000). If these behaviors are implemented to greater
effect or at increased rates in large-bodied hosts, this could
obscure associations between body mass and disease risk.

Finally, immune defenses may play a role in account-
ing for the absence of an association with body mass, with
larger bodied hosts exhibiting higher leukocyte (neutrophil)
counts in primates (Nunn et al. 2000; Nunn 2002). Other

immune cell types may account for additional variation in
prevalence of infection across species. For example, pre-
vious comparative studies of leukocyte counts found that
Aotus exhibits extremely high eosinophil counts (Hawkey
1977; Nunn 2002), perhaps providing an additional expla-
nation for the low levels of malaria infection (0%) in wild
members of this species. Additionally, Aotus may experi-
ence less risk at night because it is generally more active
at this time; mosquitoes are less likely to feed successfully
on active hosts than on sleeping hosts (Day and Edman
1984), which in primates could be due to active avoidance
of mosquitoes while hosts are awake (Dudley and Milton
1990).

Our results have implications for conservation of biodi-
versity and human health. Many endangered primates are
susceptible to malaria (e.g. Brachyteles arachnoides, Pan
troglodytes, Garnham 1966; Deane et al. 1969; Coatney
et al. 1971). In addition, mosquitoes and other arthropods
carry a wide variety of parasites and pathogens that in-
fect wild primates, including viruses (e.g., yellow fever),
helminths (e.g., microfilaria) and other protozoa (e.g., try-
panosomes). If selective logging tends to remove older trees
that offer opportunities for shelter in the form of tree holes
or tangles of vines, then smaller-bodied wild primates that
are currently at lower risk of malaria infection may lose
their protection from these often-virulent pathogens (Ewald
1983). Moreover, ecological disturbances, including selec-
tive logging and road building, have the potential to in-
crease mosquito abundance, or to shift the composition of
the mosquito community to species in which host behav-
iors have not yet adapted, in both cases leading to higher
prevalence of infection (e.g., Patz et al. 2000). In terms
of human health, it is already well known that sleeping
in a closed dwelling reduces the risk of acquiring malaria
in humans. Our results suggest that our primate relatives
discovered the importance of sheltered sleeping sites for
reducing the risk of vector-borne diseases well in advance
of humans. Thus, increased understanding of primate be-
havioral defenses may provide unforeseen benefits for re-
ducing disease risk in humans, particularly in developing
countries where easy-to-use prophylactics could provide
greatest benefits (Edman 1988).
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