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A COMPARATIVE STUDY OF LEUKOCYTE COUNTS AND DISEASE RISK
IN PRIMATES

CHARLES L. Nunn?
Biology Department, University of Virginia, Charlottesville, Virginia 22904-4328

Abstract.—Little is known about how the risk of disease varies across species and its consequences for host defenses,
including the immune system. | obtained mean values of basal white blood cells (WBC) from 100 species of primates
to quantify disease risk, based on the assumption that higher baseline WBC counts will be found in species that
experience greater risk of acquiring infectious disease. These data were used to investigate four hypotheses: disease
risk is expected to increase with (1) group size and population density; (2) greater contact with soil-borne pathogens
during terrestrial locomotion; (3) a slow life history; and (4) increased mating promiscuity. After controlling for
phylogeny, WBC counts increased with female mating promiscuity, as reflected in discrete categories of partner
number, relative testes mass, and estrous duration. By comparison, the social, ecological, and life-history hypotheses
were unsupported in comparative tests. In terms of confounding variables, some WBC types were associated with
body mass or activity period, but these variables could not account for the association with mating promiscuity. Several
factors may explain why hypotheses involving social, ecological, and life-history factors went unsupported in these
tests, including the role of behavioral counterstrategies to disease, restrictions on female choice of mating partners,

and the effect of transmission mode on parasite strategies and host defenses.
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Social, ecological, and life-history features are thought to
influence the risk of acquiring infectious disease. For ex-
ample, living in a larger social group is thought to increase
the risk of acquiring disease spread through direct contact
(Freeland 1976; Mgller et al. 1993; Loehle 1995). Studies of
intraspecific variation have shown that animalsliving in larg-
er groups experience increased incidence of certain types of
parasites (e.g., helminths infecting feral horses. Rubenstein
and Hohmann 1989). Disease risk may therefore be an im-
portant factor in social evolution (Alexander 1974; Freeland
1976; Mgller et al. 1993; Loehle 1995), but few studies have
examined the correlates of disease risk at macroevolutionary
scales.

Disease risk is difficult to quantify in comparative studies,
thus explaining why so little is known about its correlates
across species. With increasing phylogenetic and compara-
tive data, however, three approaches can be used to study
macroevolutionary patterns of disease risk. First, patterns of
parasite species richness reflect disease risk across species
(Morand and Poulin 2000). One weakness with this approach,
however, is that sampling effort is one of the strongest cor-
relates of parasite species richness (Gregory 1990) and must
be controlled statistically (Gregory 1990; Cotgreave and
Clayton 1994; Poulin 1995), which may reduce the power to
detect underlying patterns (Harvey et al. 1991).

A second approach for quantifying disease risk uses mea-
sures of parasite abundance, including prevalence and inten-
sity of infection, and has provided some insights to the cor-
relates of disease risk across species (John 1995; Arneberg
et al. 1998a, b). Aswith studies of predation (Hill and Dunbar
1998; Janson 1998; Nunn and van Schaik 2000), however,
this measure assesses the risk that remains after host coun-
terstrategies, such as the immune system and behavior, have
been implemented. Thus, whereas some studies of abundance
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have provided important insights to host-parasite biology
(e.g., John 1995; Arneberg et al. 1998a, b) and should be
pursued in future research, studies of abundance may be most
powerful for population level analyses (e.g., Rubenstein and
Hohmann 1989), including meta-analysis of within-species
patterns (Coté and Poulin 1995).

These considerations lead to athird approach, which isthe
one taken here. Quantitative variation in host defense mech-
anisms can be used as a surrogate measure of disease risk if
increasing risk leads to evolutionary increases in host de-
fenses (Harvey et al. 1991; Mgller et al. 1998). In mammals,
guantitative measures of immune defense include spleen size
(Larson 1985) and numbers of circulating leukocytes (Ben-
nett and Hawkey 1988). This approach assumes that cross-
species variation in immune system parameters accurately
reflects species differencesin the ability to ward off infection,
thereby offsetting the costs of investment in these defenses
(Mgller et al. 1998). The costliness of the immune response
is supported by several studies (e.g., Sheldon and Verhulst
1996; Demas et al. 1997; Nordling et al. 1998; Moret and
Schmid-Hempel 2000). Although the costliness of baseline
immune system parameters in healthy animals has been eval-
uated less completely, comparative research has demonstrat-
ed arelationship between other measures of disease risk (par-
asite species richness or abundance) and the size of the spleen
(John 1995; Morand and Poulin 2000). In addition, the im-
mune response itself, with high levels of leukocytes present
only when they are needed, implies that |leukocyte production
and maintenance is costly.

In a previous paper, Nunn et al. (2000) showed that evo-
lutionary transitions to increased mating promiscuity are as-
sociated with increases in basal white blood cell (WBC)
countsin primates, irrespective of social, ecological, and life-
history parameters. These tests used WBC counts from the
International Species Information System (ISIS, Minnesota
Zoological Garden, Apple Valley, MN), which were obtained
from healthy zoo animals for the purpose of constructing
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physiological referencesvalues (i.e., normal ranges) to assess
animal health. Nunn et al. (2000) examined only adult female
WABC countsto control for the potentially confounding effects
of age and sex. Sample sizes can be increased substantially,
however, if an average value is taken for all of a species
samples, because sex- and age-specific information is avail-
able for only a subset of species listed in the 1SIS dataset.

In this paper, | examine the correlates of baseline WBC
counts using the larger 1SIS database. Use of the larger da-
taset increases the ability to control for confounding variables
other than age and sex. It also allows for improved assessment
of the quality of the ISIS data, which is critical for future
comparative research on immune system parameters. | used
these data to test four a priori hypotheses for the correlates
of disease risk in primates: (1) disease risk is expected to
increase with group size and population density, via more
opportunities for transmission (Mgller et al. 1993; Loehle
1995; Dobson and Meagher 1996); (2) risk is expected to
increase in species that use the ground for locomotion, be-
cause terrestrial primates may experience greater risk of ac-
quiring parasites from fecal-contaminated soil (e.g., Haus-
fater and Meade 1982); (3) immune system parameters are
predicted to show relationships with life-history traits, as
species with slow life histories will tend to come into contact
with more parasites and may therefore harbor a more diverse
parasite community (Poulin 1995); moreover, species with a
slow life history may require increased immunological pro-
tection to achieve maximum longevity; and (4) sexually
transmitted diseases (STDs) are more likely in species that
mate with multiple partners (Smith and Dobson 1992; L ock-
hart et al. 1996; Thrall et al. 1997, 2000), predicting increased
immune defense in more promiscuous species.

MATERIALS AND METHODS

Data on White Blood Cell Counts and Correlations
with Phylogeny

| compiled information on the number of institutions re-
porting WBC counts and, for each WBC type, the mean val ue,
the standard deviation of reported values, and the number of
samples (from ISIS Physiological Reference Values CD-
ROM 1999). For each species, the mean number of samples
was 150 (+234 SD, range = 5-958), with information from
an average of 11.4 institutions (£14.0 SD, range = 1-56).
Data were available on 99 nonhuman primates, to which |
added information on humans (Homo sapiens) using Dacie
and Lewis (1991) and Borer (2000). | used data on overall
WBC counts and specific WBC types, including neutrophils,
lymphocytes, monocytes, and platelets. Lymphocytes are in-
volved in adaptive recognition of antigens, neutrophils and
monocytes fight off invading pathogens, and platelets are
involved in the inflammatory response (Hawkey and Bennett
1988; Roitt et al. 1998). Red blood cells (RBCs) were ex-
amined as a possible confounding variable. The effect of
terrestrial locomotion was ambiguously supported in the pre-
vious study (Nunn et al. 2000). | therefore expanded the
analysis by including another WBC type, eosinophils, which
are involved in fighting helminths acquired from the soil
(Roitt et al. 1998) and therefore serve to test the terrestrial
substrate hypothesis.
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Fic. 1. Variation in overal white blood cell (WBC) count ac-
cording to sample size. The coefficient of variation (CV) is plotted
as a function of number of samples and the number of institutions
reporting values. Analysis of the distribution of CV for overall WBC
count and each cell type was used to identify outliers. Species that
were outliersin at least one of these analyses are indicated by filled
triangles and include, with cell type in parentheses (O, overall
WBC; N, neutrophil; L, lymphocyte; M, monocyte; E, eosinophil):
Aotus azarae (N), Ateles belzebuth (O), A. chamek (M), Callicebus
moloch (L), Cebuella pygmaea (O, L), Cebus albifrons (E), Cer-
cocebus albigena (M), Cercopithecus hamlyni (L), C. petaurista (M),
C. pogonias (N, M, L), C. wolfi (E), Cheirogaleus medius (N, M),
Macaca nemestrina (M), Microcebus coquereli (M), Miopithecus
talapoin (E), Otolemur crassicaudatus (N), Presbytis entellus (E),
P. francoisi (E), P. obscurus (M), Propithecus tattersalli (E), and
Theropithecus gelada (E).

| assessed the quality of the ISIS dataset in several ways.
If methods of obtaining WBC counts differ among the in-
stitutions reporting values, then species values gathered from
more institutions should show greater variation in mean re-
ported WBC counts. | tested this possibility using the co-
efficient of variation (CV = 100[standard deviation/mean])
but found no significant effect of the number of institutions
reporting values (Fig. 1, Table 1). Moreover, sample sizewas
not significantly correlated with CV (Table 1). Nonetheless,
small samples or few reporting institutions characterized all
outliers among CV scores, and there was a trend for samples
gathered from a greater number of institutions to have higher
mean CVs. To deal with these issues, | therefore generated
two restricted datasets to determine if inclusion of the least
certain values affected the comparative results. The first re-
stricted dataset excluded humans and those species with par-
ticularly low or high CVs among any WBC type, as deter-
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TaBLE 1. Effects of sample size on white blood cell (WBC) counts in multiple regression. Based on independent contrasts with equal branch
lengths, unlogged data, and exclusion of species with a single sample and humans. Elimination of outliers did not change the results substantially
but did reduce the significance of analyses involving lymphocytes (F,, = 2.04, P = 0.16). Nonphylogenetic tests provided similar results.

Number reporting institutions

Number of samples

Number of
contrasts Buuming Fruming P-valuet Dsampe Fsanpiesize P-valuet
Overal WBC 93 0.079 0.21 0.65 —0.0021 0.04 0.85
Neutrophils 92 0.17 0.38 0.54 —0.0098 0.28 0.60
Lymphocytes 92 0.39 3.55 0.06 —0.020 1.98 0.16
Monocytes 92 0.30 0.49 0.49 —0.0012 0.001 0.97
Eosinophils 92 0.72 1.35 0.25 —0.047 0.54 0.46
Platelets 75 -0.18 0.81 0.37 0.029 0.58 0.45

1 Two-tailed tests.

mined in the outlier analysis (n = 78 species; see Fig. 1
legend). The second restricted dataset removed species from
restricted dataset 1 that had small samples (<10), further
reducing the sample size by one species for overall WBC,
neutrophils, and lymphocytes; three species for monocytes,
and ten species for eosinophils. For overall WBC counts,
these two steps reduced variation in CV scores (two-tailed
test of equal variance: Fgog 76 = 1.55, P = 0.048; Sokal and
Rohlf 1995).

To further assess the ISIS data, | tested whether WBC
counts were correlated with phylogeny by using phylogenetic
autocorrelation (Moran's I; Gittleman and Kot 1990) and the
test for serial independence (TFSI; Abouheif 1999). These
tests investigate phylogenetic signal in the data, rather than
assessing data quality directly, but a finding of low phylo-
genetic signal may indicate that WBC counts are measured
with great error within species, making them unsuitable for
cross-species analysis. | did not use nested ANOV A to assess
phylogenetic correlations of WBC counts (Bennett and
Hawkey 1988; S. Semple, G. Cowlishaw, and P. M. Bennett,
unpubl. ms.) because of unequal sample sizes in the nested
classes (Sokal and Rohlf 1995) and because this approach
offers no clear statistical criteria for deciding whether atrait
is significantly correlated with phylogeny.

Moran’s | is a measure of the similarity of species values
at successive taxonomic levels (Gittleman and Kot 1990). |
used the computer program Phylogenetic Autocorrelation
(Luh et al. 1995) to calculate statistics, with evolutionary
relationships represented as a taxonomy (Fleagle 1988) that
isgenerally congruent with existing phylogenetic information
(e.g., Purvis 1995). Four taxonomic rankings were used, rep-
resenting suborder, infraorder, family-subfamily, and genus.
As shown in Figure 2, this analysis revealed a strong asso-
ciation between WBC counts and phylogeny.

The TFSI measures the degree of nonrandomness in a se-
ries of continuous values, such as those along the tips of a
phylogeny. A randomization procedure is used to deal with
the arbitrariness of the species’ order in a binary tree (Abou-
heif 1999). To implement TFSI, | used the program Phylo-
genetic Independence (Reeve and Abouheif 1999), with ex-
plicit phylogenetic information based on Purvis (1995). Sta-
tistical significance was tested using simulations to generate
a null distribution (n = 1000 simulations), as described in
Abouheif (1999). The computer program requires a fully bi-
furcating phylogeny, and so five polytomies were randomly
resolved in MacClade (Maddison and Maddison 1992) prior

to running the test. These polytomies were near the tips of
the tree and within genera, so that random resolution had
little effect on the statistics, which was confirmed by using
adifferent random arrangement of the polytomous nodes. As
with Moran’s |, TFSI demonstrated a high correlation be-
tween phylogeny and overall WBC counts (P = 0.001) and
specific WBC types (P < 0.003 in all cases). These tests
therefore make a strong case for the quality of the WBC
counts in the I1SIS dataset and the applicability of phyloge-
netic comparative methods for analyzing these data.

Testing for Correlated Evolution

To test for correlated evolution of two or more traits, |
used methods based on independent contrasts (Felsenstein
1985; Harvey and Pagel 1991), as implemented by the com-
puter program CAIC (Purvis and Rambaut 1995). For statis-
tical analysis of data involving a discrete independent vari-
able, | used the BRUNCH algorithm (Purvis and Rambaut
1995). This method calculates contrasts with the direction of
subtraction such that the discrete variable is positive, retain-
ing the direction of subtraction for contrasts in the continuous
variable. The prediction to test is whether contrasts in the
continuous dependent variable show consistent directionality
and magnitude over evolutionary increases in the discrete
independent variable, which | tested using a t-test (Purvis
and Rambaut 1995).

The method of independent contrasts makes a number of
assumptions regarding the evolutionary model, the phylog-
eny, and the quality of the data as representing valid species
differences. | tested the assumptions of independent contrasts
and performed sensitivity tests to determine how violations
of these assumptions and different datasets affect the results.
These tests are critical for interpreting results from indepen-
dent contrasts (Garland et al. 1992; Purvis and Rambaut
1995) and therefore are described in detail in what follows.
To streamline the text, however, only those sensitivity tests
that provided different results are reported.

To ensure that the contrasts were properly standardized
using branch length information, | tested for an association
between the absol ute value of the contrasts and their standard
deviations (Garland et al. 1992; Purvis and Rambaut 1995).
| also examined the association between contrasts and esti-
mates of nodal values (Purvis and Rambaut 1995; Freckleton
2000). These tests revealed that log-transformed data and
branch lengths best met the assumptions for the mgjority of
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Fic. 2. Phylogenetic autocorrelation and Moran’s |. Plots show
Z(r) statistics from phylogenetic autocorrelation analysis relative
to taxonomic level (G, genus; F, family; |, infraorder; S, suborder).
Results are shown for overall white blood cell (WBC) counts and
particular WBC types. Significance levels for the Z(r) scores are
indicated with lines at 1.96 and —1.96. These results are based on
restricted dataset 1. The plots show that trait values at the genus
level were more similar than expected by chance, values generally
decreased with increasing taxonomic distance, and values for sub-
orders were significantly negative.
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socioecological variables, but unstandardized contrasts best
met the assumptions for overall and specific WBC types.
(Unstandardized contrasts are equivalent to assuming equal
branch lengths, with no adjustment of internal branches for
contrasts involving reconstructed nodes;, see Felsenstein
1985; Purvis and Rambaut 1995). Comparative tests of the
hypotheses were repeated using standardized contrasts for
WBC parameters, and these provided generally consistent
results. Confounding variables shared through common de-
scent and violations of the assumptions of independent con-
trasts may produce outliersin contrasts analysis (Price 1997;
Purvis and Webster 1999; Harvey and Rambaut 2000; Nunn
and Barton 2000). | therefore conducted analyses with and
without outlying contrasts, as determined using M ahalanobis
distance measures in bivariate and multivariate tests. Re-
moval of outliersis likely to give conservative results. Such
results were therefore given precedence in this paper.

Another assumption is that the phylogeny used in the tests
accurately reflects the evolutionary history of the species be-
ing compared. The Purvis (1995) tree is the only composite
phylogeny available for all living primates with information
on branch lengths. | based my conclusions on the phyloge-
netic analyses, but for three reasons | also provide nonphy-
logenetic results for comparison. First, patterns that hold in
nonphylogenetic tests are unlikely to be overturned in phy-
logenetic analyses when alternative trees become available.
Second, comparison of phylogenetic and nonphylogenetic re-
sults can often reveal the presence of confounding variables
(Price 1997; Purvis and Webster 1999; Nunn and Barton
2000, 2001), which is critical for understanding the suite of
parameters that explain variation in a dependent variable and
the interactions among these parameters. Finally, nonphy-
logenetic tests provide more reliable results under an alter-
native model of evolution (Price 1997; Harvey and Rambaut
2000). In cases of discrete data, nonphylogenetic statistical
results may have greatly inflated degrees of freedom (Garland
et a. 1993; Nunn and Smith 1998), as compared to contin-
uous data with n — 1 contrasts for n species, and should
therefore be interpreted with caution.

To assess how data quality affects the results, | performed
sensitivity analyses with all primate values from the ISIS
dataset and the two restricted datasets mentioned above.

Comparative Data on Primate Socioecological Variables

For group size, population density, and the percentage of
timeterrestrial, | used information from an unpublished com-
parative database (the unpublished socioecological data used
in this study are available via http://faculty.virginia.edu/
charlienunn). In addition to the percentage of time terrestrial,
substrate use was examined as a discrete variable, with ar-
boreal species scored as 1, terrestrial species in a wooded
environment as 2, and terrestrial speciesin an open (savanna)
environment as 3 (Nunn and van Schaik 2001). To increase
the statistical power of analyses of discrete substrate cate-
gories in BRUNCH tests (Purvis and Rambaut 1995), | used
only those species that provided unambiguous contrasts in
substrate use. Information on activity period (diurnal vs. noc-
turnal) was taken from Nunn and van Schaik (2001). Data
on age at first reproduction, longevity, and the interbirth in-
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terval were taken mainly from Ross and Jones (1999), and
body masses for males and femal es were obtained from Smith
and Jungers (1997). Tests involving body mass used female
values (except when calcul ating testes residual's, where | used
male mass from Harcourt et al. 1995; see below), but sen-
sitivity tests using male body mass provided similar results.

For analysis of mating partner number, species were clas-
sified as in van Schaik et al. (1999), with females having a
single mate per estrous cycle (1 mate), variation between
single and multiple mates per cycle (1+ mates), and many
mates. A few species were added to van Schaik et al. (1999)
or reclassified based on new information and to ensure that
unambiguous contrasts in mating activity were used in
BRUNCH analyses. In particular, it was sometimes difficult
to classify species to the 1+ mates versus many mates cat-
egories. Thus, Alouatta caraya was given the same value as
Ateles (=many mates), as were Cebus and Saimiri, for com-
parison to the more monogamous Pithecia pithecia and Cal-
licebus moloch, respectively. All callitrichids were assigned
1+ mates (Goldizen 1988) except for Callimico goeldii,
which is polygynous (=1 mate per estrous cycle). Hapalemur
griseus was added (=1 mate) to contrast with Lemur catta
(=many mates). Pan paniscus was assigned a value higher
than Pan troglodytes (Wrangham 1993). Homo sapiens was
included in some analyses (classified as 1 mate), although |
eliminated humans in analyses of the restricted datasets (see
above). Nocturnal species were removed from this analysis
to avoid the potentially confounding effects of activity period
and, in the case of Aotus, extremely high eosinophil counts
(see Results).

For exploratory analyses of potentially confounding var-
iables, specific predictions were not possible. | therefore used
two-tailed tests with o = 0.05. For testing the hypotheses,
however, specific directional predictions were possible and
one-tailed tests were used. In addition to being justified in
the case of specific predictions, an important advantage to
using one-tailed tests is that they increase statistical power,
which may be important for comparative tests with alimited
number of evolutionary transitions. | followed Rothman
(1990) in testing each hypothesis without adjusting for ex-
perimentwise error rate. Instead, | thoroughly assessed po-
tentially confounding socioecological variables, and | ex-
plored the a priori predictions in multiple ways, retaining
those that were robust to methodology and dataset.

REsuLTS
General Patterns and Confounding Variables

Data on overall WBC counts and specific WBC cell types
were available for species representing all the major primate
evolutionary radiations (Lorisoidea, Lemuroidea, Ceboidea,
Ceropithecoidea, Hominoidea). | found consistent differences
across radiations in some WBC types, with relatively high
neutrophil counts in New World monkeys and the apes and
high lymphocyte counts in lorisid prosimians (Fig. 3). As
demonstrated previously (Hawkey 1977), night monkeys
(Aotus spp.) had remarkably high eosinophil counts (Fig. 3).

First, | examined whether there were consistent correla-
tions among the different WBC types. Most WBC types were
associated positively in contrasts analysis (Table 2), whereas
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Fic. 3. Broad patterns in white blood cell (WBC) counts across
primate radiations. Panels show box plots for overall WBC and
specific types of WBC. Boxes indicate upper and lower quartiles
(the interquartile range), divided at the median, with vertical lines
representing the smallest and largest values within 1.5 interquartile
ranges. Values beyond these ranges are plotted individually. Lor,
Lorisoidea; Lem, Lemuroidea; Ceb, Ceboidea; Cer, Cercopithecoi-
dea; Hom, Hominoidea. Units are cells X 10° per L. The prominent
outliers in the eosinophil plot of New World monkeys (Ceboidea)
are Aotus monkeys (see also Hawkey 1977).
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TABLE 2. Associations among white blood cell types.

Number
of
Comparison contrastst Slope? F-statistic®
Neutrophils—lymphocytes 88 —0.096 111
Neutrophils—monocytes 90 0.27 6.59**
Neutrophils—eosinophils 90 0.16 0.99
Lymphocytes—monocytes 89 0.51 22.5%**
Lymphocytes—eosinophils 88 0.78 16.7***
Monocytes—eosinophils 86 0.13 0.67

1 Sample sizes differ because of exclusion of different numbers of outliers
among contrasts (see Materials and Methods).

2 Slope is the second variable of the pair regressed on the first. Regression
rather than correlation was used because the method of independent contrasts
assumes no intercept (Garland et al. 1992), which is more easily implemented
for regression than correlation in existing statistical packages (e.g., Barton and
Harvey 2000).

3* P < 0.05, ** P < 0.025; *** P < 0.01, two-tailed tests. The degrees of
freedom for significance tests were 1 and (number of contrasts — 1) because
the line is forced through the origin in statistical analysis of contrasts (Garland
et al. 1992).

overall WBC counts were unrelated to platelets (bpaeiers =
—0.04, F1 g, = 0.16, P = 0.69) or RBCs (b, = —0.017,
F185 = 0.21, P = 0.65; see also Bennett and Hawkey 1988).
Ecological and social correlates of RBC and platelet counts,
about which little are known (Bennett and Hawkey 1988;
Hawkey et al. 1991; Sempleet al., unpubl. ms.), aretherefore
unlikely to confound testing of the hypotheses involving
WBC.

All lorisids are nocturnal and have high lymphocyte counts
(Fig. 3), suggesting that lymphocytes are associated with ac-
tivity period. Among four contrasts available in activity pe-
riod, lymphocytes were significantly higher in nocturnal spe-
cies (t = 3.21, df = 3, P < 0.05), but this significant result
disappeared when using standardized contrasts (t = 2.41, df
= 3, P = 0.09). Use of other WBC types produced nonsig-
nificant results (P = 0.17-0.21). In the restricted datasets,
only three contrasts in activity period were available, but the
increase in lymphocytes among nocturnal species still ap-
proached significance (e.g., restricted dataset 1, unstandard-
ized contrasts: t = 3.58, df = 2, P = 0.07).

Diet is an important socioecological variable in primate
comparative studies (Milton and May 1976; Clutton-Brock
and Harvey 1977; Janson and Goldsmith 1995; Nunn and
Barton 2000). Thus, diet (folivory vs. frugivory) may influ-
ence WBC counts or their correlates, but clear predictions
are difficult to formulate. One possibility is that folivorous
primates adjust immune defenses, either positively or neg-
atively, to maintain symbiotic bacteria needed to digest
leaves (Fleagle 1988). Another is that folivores are more
energetically constrained (e.g., Milton 1984; Janson and
Goldsmith 1995), such that they cannot bear the costs of
higher levels of baseline immune defense. Perhaps reflecting
these contradictory, but not mutually exclusive, predictions,
analysis of contrasts revealed no significant effect of per-
centage of leaves in the diet, with a nearly even mix of pos-
itive and negative slopes for the different cell types and P-
values ranging from 0.37 to 0.95 (n > 67 in all tests). Use
of discrete categories of diet (frugivores vs. folivores) also
failed to show any relationship between WBC and diet (seven
contrasts, P = 0.39-0.91). Transitions to predominantly gum
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Fic. 4. Allometric patterns in neutrophil and lymphocyte counts.
Plots show allometric relationships involving (A) neutrophils and
(B) lymphocytes. Lines are slopes from least-squares regression
after removal of outliers and with the intercept forced through the
origin. Outliers involving at least one nocturnal species are shown
asfilled triangles, and other outliers are indicated with filled circles.
The x variable is not positive in this contrasts plot (Garland et al.
1992; Purvis and Rambaut 1995) because multiple variables were
entered in the CAIC computer program, with a column of random
numbers provided as the independent variable. Thus, the direction
of subtraction for calculating contrasts is arbitrary for the plotted
values (see Garland et al. 1992).

or insect eating (from folivory or frugivory), however, re-
vealed that lymphocytes increased significantly (t = 2.72, df
= 5, P = 0.04), with an increase in eosinophils approaching
significance (t = 2.48, df = 5, P = 0.06), but no other cell
types were significant. Many nocturnal species specialize on
gums and insects (Bearder 1987), and this may explain the
association between nocturnality and high lymphocyte counts
(or vice versa).

Finally, | tested for relationships among immune system
parameters and body mass (Bennett and Hawkey 1988). Over-
all WBC counts increased with female body mass, approach-
ing significance in a two-tailed test (b = 0.11, F; g5 = 3.51,
P = 0.06). This pattern was the consequence of a highly
significant relationship involving neutrophils (Fig. 4; b =
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TaBLE 3. Sociality and white blood cell counts.

Group size Population density

Number of Number of

Test LS Slope F-statistict contrasts LS Slope F-statistict contrasts
Overall WBC —-0.024 0.19 83 —0.039 2.24 62
Neutrophils 0.024 0.11 84 —0.074 2.79 62
Lymphocytes -0.11 2.58 83 0.065 3.57* 62
Monocytes —0.055 0.58 82 —0.050 191 60
Eosinophils —0.047 0.21 81 0.052 0.74 57
Platelets —0.10 2.90 75 0.012 0.18 55

1* P < 0.05 in one-tailed tests based on a priori predictions. The degrees of freedom for significance testing are 1 and (number of contrasts — 1) because the
line is forced through the origin in statistical analysis of contrasts (Garland et al. 1992).

0.32, F1 g5 = 14.9, P = 0.0002; nonphylogenetic: b = 0.08,
F195 = 8.07, P = 0.006), which are the most common WBC
type and therefore a major component of overall WBC. Lym-
phocytes declined significantly with body mass (b = —0.15,
F101 = 453, P = 0.04), but this relationship disappeared
after exclusion of outliers (b = —0.084, Fy g, = 1.26, P =
0.26). Three of these outliers involved at least one nocturnal
species (Fig. 4), and when the analysis was restricted to di-
urnal species, results were not significant (with outliers in-
cluded: b = —0.079, F; 7,3 = 1.07, P = 0.30). Other WBC
types showed no significant relationship with body mass in
contrasts analysis (e.g., eosinophils: b = 0.052, F; g5 = 0.16,
P = 0.69). In nonphylogenetic tests, the negative relationship
between body mass and lymphocytes was highly significant
(b = —0.10, F; g7 = 22.6, P < 0.0001), eosinophils showed
a significantly negative relationship (b = —0.097, F; 97 =
4.34, P = 0.04), and monocytes approached significance (b
= —0.054, F; 97 = 3.48, P = 0.07). These results in non-
phylogenetic analyses likely reflect the presence of other con-
founding variables involving activity period or diet (feeding
on insects or gums), which are correlated with body mass
across species (Clutton-Brock and Harvey 1977) and shared
through common descent.

In sum, these tests suggest that shifts in activity pattern
(or correlated shifts in diet) may affect variation in lympho-
cytes. Moreover, body mass may be a confounding variable
in analyses of neutrophils and overall WBC. These variables
were therefore taken into account in the tests that follow.

Hypotheses for Disease Risk

Group size and population density

For overall WBC and most WBC types, | found no sig-
nificant effect of group size or population density on WBC
counts with one exception, lymphocytes, which were posi-
tively associated with population density (Table 3). Sensi-
tivity tests using the restricted datasets and an alternative
compilation of population density (Wrangham et al. 1993)
provided no significant results in this test. For other cell
types, many of the tests produced slopes that were opposite
to predictions (Table 3). Nonphylogenetic analyses further
showed that lymphocytes and eosinophils decline with group
size (b = —0.087, F; 9 = 9.08, P = 0.0033, and b = —0.13,
Fi101 = 4.27, P = 0.042 respectively). Hence, these tests
provided no support for the predicted positive relationship
between measures of sociality and WBC counts.

Terrestrial substrate use

Higher WBC counts were predicted in more terrestrial pri-
mates, but | found no support for this prediction when using
the percentage of time terrestrial (Table 4). | also tested the
hypothesis using discrete classifications of arboreal, semi-
terrestrial, and terrestrial species. Only one significant result
was found: in all of eight contrasts, neutrophil counts in-
creased over transitions to increased terrestriality (t = 4.76,
df = 7, P = 0.001). Similar results were found using the
restricted datasets, but in nonphylogenetic tests significance
disappeared. No consistent trends were found for platelets to
increase with increasing terrestriality.

The significant result involving neutrophils may reflect a
confounding association between this WBC type and body
mass (Fig. 4), as more terrestrial primates have greater mass
(Clutton-Brock and Harvey 1977). Consistent with this ex-
planation, body mass increased significantly over transitions
in discrete substrate use categories (t = 3.41, df = 7, P =
0.011; see also Nunn and Barton 2001). The percentage of
timeterrestrial, however, was not significant in bivariate tests
(Table 4) or in multiple regression analyses that included
female mass. Nonethel ess, multivariate resultsinvolving sub-
strate categories and neutrophils were sensitive to the dataset
used and the methods of analysis, making it difficult to rule
out an independent effect of terrestrial substrate use on neu-
trophils.

Another approach to disentangling the roles of substrate
use and body mass is to use a blood cell type that is uncor-
related with body mass but involved in combating diseases
that are likely to be acquired through proximity to soil. |
therefore examined patterns in eosinophil counts, because

TaBLE 4. White blood cell counts and the percentage of time terres-
trial.

Immune system Number of
variable contrasts LS Slope F-statistic?

Overall WBC 39 —0.0014 3.24
Neutrophils 39 —0.00026 0.07
Lymphocytes 39 —0.0025 7.09
Monocytes 39 0.0013 1.08
Eosinophils 39 —0.0049 6.97
Platelets 35 —0.00030 0.14

1 No results were in the predicted direction and significant. The degrees of
freedom for significance tests were 1 and (number of contrasts — 1) because
the line is forced through the origin in statistical analysis of contrasts (Garland
et al. 1992).
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this blood cell combats macroparasites (Roitt et al. 1998),
such as helminths, which are commonly present in the soil.
Contrary to predictions, however, eosinophils declined with
increasing terrestriality (Table 4) and over discretetransitions
in substrate use (t = —0.53, df = 7, P = 0.69).

Life-history traits

To examine how WBC counts covary with life-history
traits involving longevity, age at first reproduction, and the
interbirth interval, | first regressed contrasts in these life-
history traits on contrasts in body mass (significant in all
cases) to calculate residuals that are independent of body
mass (Harvey and Pagel 1991). Residual longevity and age
at first reproduction were not significantly correlated with
any WBC type in one-tailed tests. Lymphocytes increased
with residual interbirth interval (b = 0.33, F;53 = 5.87, P
= 0.01), but no other cell types were significantly positive.
The significant result with lymphocytes approached signifi-
cance in sensitivity tests (P < 0.10). | also examined values
of life-history parameters without controlling for body mass,
but the results from these analyses were significant only in
some analyses involving neutrophils, which may reflect an
underlying association between this cell type and body mass

(Fig. 3).

Mating promiscuity

In comparison to the other predictions, | found a strong
association between WBC counts and female mating pro-
miscuity. For overall WBC and all specific cell types, trends
were in the predicted direction (Fig. 5). Overall WBC in-
creased significantly (11 of 12 contrasts positive, t = 3.17,
df = 11, P = 0.005), and this appears to be driven mainly
by an increase in neutrophils (nine of 12 positive, t = 2.74,
df = 11, P = 0.01) and a nearly significant increase in mono-
cytes (eight of 12 positive, t = 1.69, df = 11, P = 0.06;
other WBC types. lymphocytes, t = 0.06, df = 11, P = 0.47,
eosinophils, t = 1.23, df = 11, P = 0.12). Eight of 12 con-
trasts in platelet counts, however, were negative (t = —2.09,
df = 11, P = 0.061). In the restricted datasets, results re-
mained significant for overall WBC and neutrophils, with
monocytes significant in some tests. Nonphylogenetic anal-
yses revealed a similar pattern but no significant results, per-
haps due to confounding effects of combining data from the
different evolutionary radiations (see Figs. 2, 3).

The relationship between mating partner number and neu-
trophils could be confounded with body mass if mass in-
creases with partner number. Consistent with this possibility,
body mass increased significantly over contrasts in mating
partner number (10 of 12 contrasts positive, t = 2.73, df =
11, P = 0.02, two-tailed). The following tests deal with con-
founding variables and small samplesin BRUNCH analyses
by using surrogate measures for mating promiscuity that are
continuous rather than discrete, including testes mass and the
duration of estrus (Nunn et al. 2000). After controlling for
body mass, testes mass reflects sperm competition and thus
serves to quantify the number of partners afemale has during
estrus (Harcourt et al. 1981, 1995). | found a significant as-
sociation between body mass and testes mass (Harcourt et
al. 1995) among species with corresponding information on
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Fic. 5. White blood cell (WBC) counts and the number of mating
partners. Bars represent mean blood cell counts for comparisons of
less promiscuous taxa (open bars) to those that are relatively more
promiscuous (closed bars) for 12 pairs of taxa. Columns labeled
mean refer to the average of the 12 contrasts for these comparisons.
Standard errors are provided for bars representing averaged values
of two species (i.e., a contrast involving a higher node). Contrasts
used in the analyses were differences in bar height corrected for
branch length. Taxa used in these comparisons are: (1) Callimico
goeldii vs. Callithrix jacchus + Saginus spp. + Leontopithecus ros-
alia + Cebuella pygmaea; (2) Cercopithecus spp. + Erythrocebus
patas vs. Cercocebus spp.; (3) Hapalemur griseus vs. Lemur catta;
(4) Macaca silenus vs. Macaca spp.; (5) Homo sapiens vs. Gorilla
gorilla; (6) Eulemur rubriventer vs. Varecia variegata, Presbytis
non-entellus spp. vs. Presbytis entellus; (8) Theropithecus gelada
vs. Papio sp.; (9) Hylobates spp. vs. Pongo pygmaeus; (10) Calli-
cebus moloch vs. Cebus spp. + Saimiri spp.; (11) Pan troglodytes
vs. Pan paniscus; (12) Pithecia pithecia vs. Alouatta caraya + Ateles
paniscus + Lagothrix lagotricha.
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Fic. 6. Quantitative measures of female mating promiscuity. Plots
show the relationship between (A) overall white blood cell (WBC)
count and relative testes mass and (B) the duration of estrus. Da-
tapoints are independent contrasts, with outliers indicated by Xs.
The text provides results with outliers excluded, but results re-
mained significant if outliers were included in the analysis (testes
residuals: F; 39 = 7.92, P = 0.004, duration of estrus: F; 43 = 4.35,
P = 0.022).

WBC counts (b = 0.65, F; 33 = 26.0, P < 0.0001). Thisslope
estimate was therefore used to calculate residuals that are
independent of body mass (Harvey and Pagel 1991). A longer
duration of estrus enables females to mate with more males
and is therefore associated with increased female mating pro-
miscuity (van Schaik et al. 1999). The duration of estrus was
not associated with body mass (b = 0.099, F; 4, = 0.58, P
= 0.45, two-tailed).

Evolutionary increases in relative testes mass were asso-
ciated with increasing overall WBC counts (Fig. 6; b = 0.19,
Fi13s = 11.3, P = 0.001) and, of the specific WBC types,
neutrophils (b = 0.30, F; 3; = 9.19, P = 0.002). Other cell
types, including lymphocytes, monocytes, and eosinophils,
were in the predicted direction but not statistically significant
(P = 0.09-0.29). The second measure of promiscuity pro-
vided congruent results: overall WBC counts increased with
estrous duration (see Fig. 6; b = 0.18, Fy 4 = 5.09, P =
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0.015), and sensitivity tests revealed that increases in neu-
trophils (b = 0.23, F; 33 = 5.32, P = 0.014) and eosinophils
(b = 0.35, Fy143 = 7.06, P = 0.01, without exclusion of
outliers) explain the significant overall result. Nonphyloge-
netic tests gave consistent results, with overall WBC increas-
ing with residual testes mass (b = 0.077, F; 39 = 3.24, P =
0.04) and the duration of estrus (b = 0.073, F; 43 = 3.59, P
= 0.03).

Previous work in birds has shown that another immune
system parameter, the spleen (Mgller 1997), is related to
measures of sexual selection. | therefore tested whether sex-
ual dimorphism in body mass, a correlate of male intrasexual
competition in primates (Clutton-Brock et al. 1977; Mitani
et al. 1996), was positively associated with WBC counts.
Contrary to this prediction, overall WBC counts showed no
association with body size dimorphism (b = —0.002, F; g9
= 0.0009, P = 0.51). Other WBC types also were not sig-
nificant (e.g., neutrophils: b = 0.095, F; g7 = 0.05, P = 0.59).

Finally, | tested the hypotheses using multivariate methods
and found strongest support for mating promiscuity as a pre-
dictor of variation in WBC counts. In a stepwise regression
model with overall WBC as the dependent variable and group
size, percentage of time terrestrial, female body mass, and
relative testes mass as independent variables, only relative
testes mass was entered and statistically significant (b = 0.25,
Fi118 = 7.75, P = 0.006). Similar results were obtained in
nonphylogenetic tests, when using neutrophils as the depen-
dent variable, with the duration of estrus substituted for rel-
ative testes mass, and when treating the number of mating
partners as a continuous variable.

Discussion

These results suggest that risk of STD has shaped mac-
roevolutionary patterns of immune defense parametersin pri-
mates (Nunn et al. 2000). Compared to diseases with other
transmission modes, little is know about STDs in the wild,
but several STDs have been identified in nonhuman primates,
including herpesvirus and simian immunodeficiency virus
(SIV; Lockhart et al. 1996). There was little consistent sup-
port for other factors that are putatively linked to disease
risk, including large group size, high population density, ter-
restrial locomotion, and a slow life history. In addition to
the specific hypotheses, | found comparative patterns in-
volving body mass, activity period, and some aspects of diet.
These relationships, however, are unlikely to provide alter-
native explanations for higher WBC counts among promis-
cuous primates. In terms of assessing data quality, which is
important for future comparative tests using the 1SI S dataset,
I found no significant effect of sample size or number of
reporting institutions on variation in mean WBC counts, a
strong association between mean WBC counts and phylog-
eny, and generally consistent results in sensitivity tests of
the data and with alternative evolutionary assumptions.

The investigation of confounding variables suggests that
nonsexual factors may also influence WBC counts. Thus,
Semple et al. (unpubl. ms.) used a different dataset to show
that WBC counts are higher in primates that typically inhabit
moist environments, consistent with greater parasite risk in
such locations (e.g., McGrew et al. 1989; Stuart et al. 1990;
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Milton 1996). In the ISIS dataset, some less promiscuous
species have relatively high WBC counts and therefore raise
questions about potentially confounding variables. For ex-
ample, the siamang (Hylobates syndactylus) is a generally
monogamous gibbon but has higher WBC counts than other
gibbons (12.38 vs. 8.93 X 10° cells per L averaged for four
other gibbon species). It is tempting to attribute this differ-
ence to extrapair copulations that have been observed in the
siamang (Palombit 1994). Because extrapair copulations are
not limited to this gibbon species (Reichard 1995), however,
a more likely explanation involves the large body mass of
the siamang relative to other gibbons (Smith and Jungers
1997). Another exception is the white-faced saki (Pithecia
pithecia; overall WBC = 11.66 X 10° cells per L). Sakis are
seed predators (Robinson et al. 1987), suggesting that risk
of infection from cracked teeth or cut gums might explain
their higher WBC counts. When |ooking across species at
other seed predators (Rowe 1996), however, there was no
clear effect of seed eating on overall WBC counts (n = 7, t
= 0.74, df = 6, P = 0.49, two-tailed). More fine-grained
tests, using information on the percentage of seedsin the diet
and the hardness of those seeds, may reveal an effect of seed
eating on neutrophil counts, because this cell type shows a
trend to increase with discrete shifts to seed eating (n = 7,
t = 1.88, df = 6, P = 0.11, two-tailed).

I also examined the effect of terrestrial substrate use in
greater detail, because this hypothesis was ambiguously sup-
ported in an earlier analysis that used a smaller sample of
species (Nunn et a. 2000). In particular, it was impossible
to tease apart the effects of substrate use and body mass on
neutrophil counts in the smaller dataset because terrestrial
locomotion increases with body mass in primates (Clutton-
Brock and Harvey 1977; Nunn and Barton 2001). Two lines
of evidence from above suggest that body massisthe primary
variable explaining differences in neutrophil counts. First,
the percentage of time terrestrial was not associated with
neutrophils (see Table 4), yet as expected, the percentage of
timeterrestrial increased with body massin this dataset (byass
= 88.2, F1 37 = 6.16, P = 0.018, two-tailed). Second, eo-
sinophilsdid not increase with terrestrial substrate use despite
their role in combating macroparasites acquired from the soil
(Roitt et al. 1998). Analysis of other taxonomic groups may
provide additional insights to the role of terrestrial loco-
motion in disease risk. In carnivores, for example, body mass
and substrate use are uncorrelated (Gittleman 1985), provid-
ing a means to assess their relative contributions to variance
in neutrophil counts.

Another important difference emerged between these tests
and the study of Nunn et al. (2000). Here, | found that neu-
trophils were the primary WBC type correlated with mating
promiscuity, whereas Nunn et al. (2000) showed that all WBC
types increased with mating promiscuity (eosinophils were
not examined). This difference may be related to the ages
and sexes of the animals included in the two studies. In the
present analyses, | increased sample sizesfor the comparative
tests by combining male and female values without regard
to age of the animals, but Nunn et al. (2000) treated the sexes
separately, focusing on adult females. To assess whether the
age of the animals was responsible for the different results
with particular cell types, | reanalyzed the patterns using only
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TaBLE 5. Transitions in mating promiscuity and immature versus
adult white blood cell counts.

Immature WBC Adult WBC
Contrasts in Contrasts in

predicted predicted

direction t-statistict direction t-statistict
Overal WBC 6/7 1.91 717 3.87%**
Neutrophils 517 1.01 6/7 3.22%**
Lymphocytes 5/7 2.07* 77 3.50%**
Monocytes a/7 1.11 517 2.14*
Eosinophils a7 1.03 5/7 1.13
Platelets 3/7 —-0.74 217 —1.47

1* P < 0.05 ** P < 0.025, *** P < 0.01, one-tailed tests.

adult or immature animals (n = 43, male and female values
combined). Statistically significant results emerged for each
WBC type when using the adult dataset, but not when using
values from immature animals (Table 5). The stronger result
in sexually mature animals supports the interpretation that
mating behavior influences WBC counts, and neutrophils,
monocytes and eosinophils are (nonsignificantly) higher, on
average, in adult than immature animals.

Why Are the Other Hypotheses Not Supported?

The hypotheses for disease risk are not mutually exclusive.
Thus, it was surprising that only the mating promiscuity hy-
pothesis was supported in these comparative tests. One pos-
sibility is that the tests have low statistical power and that
the nonsignificant results for the nonmating hypotheses are
Type |1 errors (Cohen 1988; Thomas and Juanes 1996). Al-
though use of one-tailed tests increased the statistical power
to detect patterns, | investigated the power of these tests based
on the smallest sample size in tests of the key hypotheses
(39 contrasts, testing the percentage of time terrestrial). With
a significance criterion of 0.05 and a medium effect size
(=0.25; see Cohen 1988; Erdfelder et al. 1996), the statistical
power of a one-tailed correlation test was reasonably high
(=0.61, calculated using G*Power, Ver. 2.0, see Erdfelder
et al. 1996). Moreover, patternsin three of the four key WBC
types in this test, excluding platelets, were in a direction
opposite to predictions.

Thus, low statistical power is unlikely to explain the non-
significant findings, raising the question of what factors ac-
count for the differential support of mating promiscuity over
the other nonmating hypotheses. At least three factors may
explain why the other hypotheses went unsupported.

Use of data from captive animals

It is possible that by using data on immune system param-
eters from zoo animals, this study is less likely to find an
effect of group size and substrate use. This assumes that
current housing affects WBC counts in addition to any ge-
netic influences, which may be true, and it suggests that data
on wild animals, which are presently unavailable for a suf-
ficient number of species, might resolve the hypotheses dif-
ferently. There are several reasons, however, to prefer sam-
ples from zoo animals to those from the wild. First, use of
zoo data allows more accurate assessment of the health of
individual animals, which is necessary for estimating basal
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WBC counts. Second, wild animals may experience greater
individual variation in the factorsthat influence WBC counts,
given that they often experience greater energetic demands,
less balanced diets, more variation in food intake, and ex-
posureto apotentially wider array of parasites and pathogens.
Third, use of data from captive animals provides larger sam-
ples, which will tend to improve estimates of mean cell counts
for a species. Finally, obtaining blood samples from wild
animals involves darting or trapping, which may initiate im-
mune and inflammatory responses and thus bias WBC counts
(Roitt et al. 1998). Similar stress responses may occur in
captive animals, but the magnitude of these effects is likely
to be greater in unhabituated animals exposed to greater en-
vironmental stresses in the wild.

Fewer behavioral counterstrategies to sexually transmitted
diseases

The absence of behavioral counterstrategies may makeim-
mune compensation more important for STDs than for par-
asites transmitted through the soil or by social contact. Be-
havioral counterstrategies operate in conjunction with the
immune system to defend the body from parasites and path-
ogens (Hart 1990; Mgller et al. 1993; Loehle 1995). These
behaviors therefore modul ate disease risk and reduce the need
for immunological protection. For example, experiments
have demonstrated that female rodents can detect infections
in conspecifics, including potential mates, through olfactory
cues, and they take appropriate action to evade infectious
disease (e.g., Kavaliers et al. 1997; Penn et al. 1998; Klein
et al. 1999). Similarly, primates are thought to avoid fecal
contamination of the soil (Hausfater and Meade 1982), and
they expend considerable amounts of energy avoiding biting
insects that serve as disease vectors (Dudley and Milton
1990), including anointment with chemical defenses (Vald-
errama et al. 2000)

Compared to parasites with other transmission modes, less
is known about behavioral counterstrategies to STDs (e.g.,
Loehle 1995). Plausible behavioral mechanisms to avoid
STDs may occur before or after copulation. In terms of pre-
copulatory strategies, one possibility is to identify infected
individuals and avoid mating with them. Thus far, there have
been no experimental studies to determine if olfactory cues
could be used to discriminate individuals with STDs, as com-
pared to disease with other transmission modes in the above-
mentioned experiments on rodents (Kavaliers et al. 1997,
Penn et al. 1998; Klein et al. 1999). Genital inspections are
common prior to mating in many species of primates (Dixson
1998), but tend to be by males inspecting females (C. Nunn,
unpubl. comparative dataset) and so probably function to
assess fertility rather than STD infection. Visual identifica-
tion of infected partnersis also likely to be difficult because
many STDs are not directly observable. Thus, whereas some
human STDs exhibit visible symptoms in some infected in-
dividuals, such as syphilis and genital herpes, others tend to
exhibit few readily observable symptoms, including chla-
mydia and HIV (Holmes et al. 1994). Several factors may
lead to low detectability of STDs. If choices are made based
on infection cues, thisis likely to reduce the virulence of the
STD and reduce the importance of detection, as examined in
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a recent theoretical model (Knell 1999). Moreover, infected
hosts and parasites will have congruent interests in hiding
the infection status of the host: Individuals identified as in-
fected would have low reproductive success, as would the
pathogen infecting them. Finally, avoidance of STDsthrough
female choice will be difficult in one-male groups because
alternative mating partners are unavailable to females, or un-
der male sexual coercion in multimale groups (Smuts and
Smuts 1993; Clutton-Brock and Parker 1995), but | found no
association between WBC counts and measures of sexual
dimorphism.

Postcopulatory mechanisms to avoid STDs may also exist.
For example, Hart et al. (1987) showed that genital grooming
reduces sexual transmission of bacteriain male rats. In some
prosimian primates, males orally groom their genitals fol-
lowing mating (e.g., ringtailed lemurs, Lemur catta; Jolly
1966). Genital grooming rates should therefore increase over
evolutionary transitions in mating promiscuity, but few data
are available for testing this prediction. This also leaves un-
explained the behaviors used by anthropoid primates, in-
cluding humans (Donovan 2000a, b), to avoid STDs. Mon-
keys and apes have been reported to inspect their own genitals
following mating (C. Nunn, unpubl. comparative database),
but it is unclear how this might reduce the risk of STDs.
Postcopulatory urination is a common strategy to avoid STDs
in humans, and it may kill pathogens in the male’'s urethra
(Donovan 2000b), but in nonhuman primates little is known
about this behavior in relation to copulation.

Thus, it is too early to know whether behavioral counter-
strategies are less effective against STDs, as compared to
diseases with other transmission modes. But if correct, then
the absence of effective behavioral counterstrategiesto STDs
could explain the need for increased immunological protec-
tion, leading to less support for the nonsexual hypothesesin
comparative tests.

Transmission mode and host-parasite interactions

STDs tend to be persistent and immunoevasive (Quinn
1992; Lockhart et al. 1996). By comparison, many socially
transmitted diseases have a hit-and-run strategy, with infec-
tion and transmission occurring before the inducible immune
system can be activated (Antia et al. 1994; Roitt et al. 1998).
Given that mucosal defenses can prevent establishment of
STDs (Quinn 1992; Cohen et al. 1994), it may be more im-
portant to have higher circulating leukocytes when the risk
of acquiring STDs increases. Important questions remain,
however, regarding the relationship between circulating leu-
kocytes and mucosal immunity in the genitourinary tract (Ho-
garth 1982; Quinn 1992; Cohen et al. 1994).

In this regard, neutrophils play an active role in phago-
cytosis of sperm in the female reproductive tract in mammals
(humans: Pandya and Cohen 1985; Barratt et al. 1990; rab-
bits: Phillips and Mahler 1977) and may be critical for pre-
venting STD infection. Destruction of sperm may function
to reduce disease transmission, because seminal fluids are
known to carry sexually transmitted pathogens (Lockhart et
al. 1996). We have therefore interpreted the association be-
tween WBC and promiscuity in the context of STDs (the
STD hypothesis; Nunn et al. 2000), but phagocytosis of
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sperm raises an alternative hypothesis with congruent pre-
dictions (the sperm hypothesis). In particular, it is possible
that higher basal neutrophil counts function in eliminating
sperm from the female reproductive tract regardless of sex-
ually transmitted pathogens. Females may benefit in several
ways from removal of unneeded sperm. For example, sperm
antigens can cause an immune response and can lead to in-
fertility (Schwimmer et al. 1967; Hogarth 1982; Marshburn
and Kutteh 1994). More speculatively, the selective destruc-
tion of a particular male's sperm may be an important factor
in cryptic female choice (Eberhard 1996). These hypotheses
are difficult to disentangle without additional information on
the interacting effects of number of mating partners, the di-
versity of sperm in relation to the immune response, and the
overall quantity of sperm to beremoved in each estrouscycle.
Itisentirely plausible, however, that timely removal of sperm
involves both elimination of STDs and basic maintenance of
the female reproductive tract. Thus, genital secretions also
are rich in mucous and immunoglobulins, particularly IgA
(Cohen et al. 1994), both of which areinvolved in preventing
the entrance of bacteria and viruses into the body (Roitt et
al. 1998).

Conclusions

These comparative results support the hypothesis that fe-
male mating promiscuity explains variation in immune de-
fense parameters in primates to the exclusion of other vari-
ables involving social, ecological, and life-history factors
(Nunn et al. 2000). The interpretation of these results in the
context of STDs assumes that higher basal WBC cell counts
reflect greater ‘‘immuno-preparedness’ (Mgaller 1997,
Mgiller et al. 1998). This assumption is reasonable given cur-
rent knowledge, but additional information is needed on the
mechanisms of immune defense against STDs. A complete
understanding of the macroevolutionary correlates of risk re-
quires comparative tests using the other surrogate measures
of risk mentioned above as well as other approaches, in-
cluding experiments. Little is known about STDs in nature
(Loehle 1995; Lockhart et al. 1996), but these results un-
derscore the need for such information. Finally, similar stud-
iesin other groups of organisms are likely to reveal important
insights to the correlates of disease risk. Such insights have
potentially important implications for our understanding of
evolution, animal conservation, and human health.
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