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ABSTRACT: Coevolutionary interactions such as those between hosts
and parasites have been regarded as an underlying cause of evolu-
tionary diversification, but evidence from natural populations is lim-
ited. Among primates and other mammalian groups, measures of
host diversification rates vary widely among lineages, but compar-
ative studies have not yet identified a reliable explanation for this
variation. In this study, we used a comprehensive data set of disease-
causing organisms from free-living primates to illustrate how phy-
logenetic comparative methods can be used to examine mammalian
lineage diversity in relation to parasite species richness. Our results
provide evidence that the phylogenetic diversity of primate clades is
correlated positively with the number of parasite species harbored
by each host and that this pattern is largely independent of other
host traits that have been shown to influence diversification rates
and parasite species richness in primates. We investigated two pos-
sible mechanisms that could explain this association, namely that
parasites themselves drive host evolutionary diversification through
processes linked with sexual selection and that host shifts or host
sharing increases parasite species richness among diverse primate
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clades. Neither parasite species richness nor host diversification is
related to measures of sexual selection in primates. Further, we found
only partial evidence that more rapidly diversifying host lineages
produced increased opportunities for host sharing or host shifting
by parasites through mechanisms involving species’ geographic range
overlap. Thus, our analyses provide evidence for an important link
between the evolutionary diversification of primates and the richness
of their parasite communities, but other mechanisms, particularly
those related to reciprocal selection or coextinction of hosts and
parasites, require further investigation.

Keywords: comparative study, host-parasite interactions, primates,
sexual selection, geographic range, species richness.

Interspecific interactions, including those between hosts
and parasites, are thought to play an important role in the
diversification of natural populations. Several convincing
examples have shown that host-parasite coevolution can
lead to surprisingly high levels of genetic diversity within
and among interacting populations (Dybdahl and Lively
1998; Burdon and Thrall 1999; Altizer 2001), and geo-
graphic variation in traits associated with parasite resis-
tance suggests a role for infectious agents in host allopatric
divergence (Berenbaum and Zangerl 1998; Kaltz and Shy-
koff 1998; Thompson 1999). Moreover, major historical
diversification events have been linked to species inter-
actions. For example, phylogenetic analyses have been used
to examine the hypothesis that coevolution among plants
and insect herbivores has increased rates of diversification
among selected lineages, driven in part by host plant spe-
cialization and novel defensive or counterdefensive strat-
egies (e.g., Mitter et al. 1991; Farrel 1998; Percy et al. 2004).
Despite their inferred importance, however, direct evi-
dence for the role of coevolutionary interactions in the
phylogenetic diversification of host and natural enemy
lineages is remarkably limited, and existing studies of host-
parasite evolutionary diversification have focused on rel-
atively narrow taxonomic groups (e.g., Johnson and Clay-
ton 2002; Poulin 2002; Zietara and Lumme 2002).
Clades of the same age vary markedly in the number
of species they contain (Purvis and Hector 2000; Magellon
and Sanderson 2001). Variables that influence the speci-



ation and extinction of lineages should determine overall
patterns of diversification (Hey 1992; Nee et al. 19944,
1994b; Purvis 1996; Paradis 1997; Nee 2001). Phylogenetic
trees and recently developed comparative methods allow
researchers to quantify diversification rates and compare
these rates across lineages, in part to investigate whether
particular intrinsic traits or environmental pressures are
associated with species-rich groups (reviewed in Purvis
1996; Sanderson and Donoghue 1996; Barraclough and
Nee 2001). Additional methods are available to estimate
the key components of diversification rate, specifically
rates of speciation and extinction (Nee et al. 19944, 1994b;
Purvis 1996), and to compare evolutionary rates and
branching patterns of lineages of interacting species (e.g.,
Hafner and Page 1995; Zietara and Lumme 2002).

In this article, we used primates and their infectious
diseases as a model system to explore comparative patterns
and mechanisms underlying the relative diversity of host
lineages. Recent comparative studies have examined body
size, life history, resource specialization, morphological in-
novations, and sexual selection as factors that might ex-
plain why some groups are more diverse than others (Far-
rell 1998; Owens et al. 1999; Desdevises et al. 2001; Panhuis
et al. 2001; Gage et al. 2002; Mayhew 2002; Morrow et al.
2003). Body size has received the most attention in di-
versification analyses of birds and mammals, with lower
diversification expected among larger-bodied animals be-
cause these species should be more susceptible to extinc-
tion and should show lower speciation rates relative to
smaller-bodied animals (Peters 1983; Brown 1995; Gardezi
and da Silva 1999). Counter to these predictions, however,
body mass has failed to reliably account for differences in
species diversity among sister clades in comparative studies
spanning a broad range of animal groups (Nee et al. 1992;
Gittleman and Purvis 1998; Gardezi and da Silva 1999;
Katzourakis et al. 2001; Gage et al. 2002; Orme et al. 20024,
2002b). In fact, virtually no consistent explanation has
emerged in broader comparisons of the evolutionary di-
versification across mammalian clades (e.g., Gittleman and
Purvis 1998; Gage et al. 2002; Morrow et al. 2003).

Interactions between species have also received much
attention as potential drivers of evolutionary diversifica-
tion among coevolving lineages. For example, pollination
and seed dispersal by animals have been proposed to ac-
count for major shifts in the diversification of angiosperms
(e.g., Pellmyr 1992; Bawa 1995). Theoretical and empirical
studies have focused on the Red Queen process of host-
parasite coevolution in maintaining genetic diversity
within and among populations (Anderson and May 1991;
Lively and Apanius 1995; Abrams 2000). From a macro-
evolutionary perspective, theoretical work has shown that
frequency-dependent selection between prey and natural
enemies can lead to evolutionary branching in both the
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host and enemy populations (Doebeli and Dieckmann
2000). Phylogenetic analyses (combined with related fossil
evidence) have been used to examine the hypothesis that
coevolution among plants and insect herbivores has in-
creased rates of diversification within certain lineages,
driven in part by host plant specialization and novel de-
fensive or counterdefensive strategies (e.g., Ehrlich and
Raven 1964; Mitter et al. 1991; Farrel 1998). Moreover, a
recent empirical study of coevolution between bacteria and
virulent phage in spatially structured environments dem-
onstrated that parasites can drive allopatric divergence
among host populations, increasing host diversification by
selecting for antiparasite defenses linked to different traits
in different populations (Buckling and Rainey 2002).

Virtually no comparative studies have applied phylo-
genetic tools to test for a positive association between host
and parasite diversity, with the exception of studies ex-
amining cospeciation among particular interacting line-
ages (Hafner and Page 1995; Hugot 1999; Johnson and
Clayton 2002; Poulin 2002; Zietara and Lumme 2002).
Here, we investigate parasite species richness as a correlate
of primate evolutionary diversity, asking whether host di-
versity and parasite species richness are positively corre-
lated. It is also important to consider the possibility that
parasites could reduce host diversity by increasing extinc-
tion rates, thus leading to a negative relationship between
measures of host and parasite diversity. Primate clades
show variation in species diversity (Purvis et al. 1995; Par-
adis 1998). Because they are one of the best-studied groups
of mammals with species-level information available for
a wide range of traits and because they harbor a diverse
array of parasites and infectious diseases (Nunn et al.
2003), primates provide an opportunity to investigate the
links between parasite richness and host diversity. As with
recent studies of other organisms (Gage et al. 2002; Mor-
row et al. 2003), previous attempts to account for variation
in primate diversity have produced few compelling results,
with little or no support for an effect of body mass, life
history, or group size (Gittleman and Purvis 1998; Isaac
et al., in press).

To investigate the association between host and parasite
diversity, we applied phylogenetic comparative methods to
a comprehensive data set encompassing a wide range of
micro- and macroparasites from wild primate populations,
and we used multivariate statistics to control for poten-
tially confounding variables. These are two major strengths
of our approach because many previous studies of the
correlates of evolutionary diversification have focused on
single host traits and most previous studies of host-parasite
coevolution have focused on relatively narrow taxonomic
groups. In addition to sampling effort (Gregory 1990), we
included five socioecological variables that have been
shown to correlate with parasite species richness in pri-
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mates: population density, body mass, geographic range
size, host longevity, and day journey length (Nunn et al.
2003).

Finally, we examined two mechanisms that might un-
derlie a significant positive association between host di-
versity and parasite species richness, namely that (1) par-
asites increase the speciation rates of their hosts and (2)
increased host lineage diversity leads to greater parasite
species richness. To examine mechanism 1, we focused on
sexual selection as a process linking both parasitism and
host speciation, testing whether measures of sexual di-
morphism were correlated with parasite species richness
and primate diversification rates. We focused on sexual
selection because mate preferences have been shown to be
important in reproductive isolation and speciation in other
taxonomic groups (Lande 1981; Barraclough et al. 1995;
Gavrilets 2000; Panhuis et al. 2001; Turelli et al. 2001).
Moreover, past work has highlighted sexually selected traits
as indicators of parasite resistance (Hamilton and Zuk
1982; Read 1988), providing a mechanism by which hosts
with high parasite pressure might demonstrate greater po-
tential for speciation. To examine mechanism 2, we fo-
cused on links between host geographic range overlap
(sympatry), parasite species richness, and host diversifi-
cation. In particular, sympatric host populations might
provide greater opportunities for host sharing by generalist
parasites and host shifting by specialist parasites, leading
to greater parasite richness on a per host basis (Raibaut
et al. 1998; Coombes 2001; Dobson and Foufopoulos 2001;
Roy 2001; Taylor et al. 2001). Thus, we tested whether
geographic range overlap correlates with both parasite spe-
cies richness and primate evolutionary diversity.

Methods
Host-Parasite Records

The primary analyses make use of two sources of data:
records of parasites in primates and the evolutionary di-
versity of primate clades. A comprehensive data set on
parasites that infect free-living primates was compiled
from the published literature. We located records of micro-
and macroparasites using primate Latin binomials as key-
words in searches of major online reference databases (Bi-
ological Abstracts, AGRICOLA, Medline, Web of Science,
and PrimateLit). We also searched by primate genus name
and common taxonomic variants (based on Rowe 1996;
Groves 2001). In addition to electronic databases, we ex-
amined edited volumes and reviews (e.g., Fiennes 1972;
Brack 1987) and studies that were cited by publications
that we located in our first round of searches. The data
set used here is an updated version of the data set on
anthropoid primates (monkeys and apes) used by Nunn

et al. (2003) and also includes 15 species of prosimians
(lemurs and lorisids). Although not reported here, similar
results were obtained with previous versions of the data-
base and when analyses were restricted to anthropoids.

For each parasite reported from a wild primate popu-
lation, we recorded the type of parasite (virus, protozoan,
fungi, arthropod, helminth, bacteria), parasite genus and
species names, host genus and species names (later revised
according to Corbet and Hill 1991), and information on
the location and method of sampling. Data collectively
represented 934 unique host-parasite combinations, which
included 119 primate species and 386 parasite species in
160 genera. Relative to previous comparative studies of
parasite species richness in mammals that used indepen-
dent contrasts (e.g., Poulin 1995; Morand and Harvey
2000), this is a relatively large data set, and the number
of primate species included in this study is comparable to
other recent analyses of evolutionary diversification in
mammals (e.g., Gittleman and Purvis 1998; Isaac et al., in
press). Host species were included only if they had been
sampled for parasites, and the main predictor variable was
the number of parasite species reported per host species.
In addition to examining all parasites combined, we re-
peated analyses separately for protozoa, helminths, and
viruses. Collectively, these three parasite groups are the
best studied from wild primates (Nunn et al. 2003), rep-
resenting 88% of all host-parasite combinations in the data
set and spanning a diverse array of parasite life cycles and
transmission strategies. Further details on this database
are provided by Nunn et al. (2003).

Controlling for Sampling Effort

A host might have few parasite records because it naturally
harbors few parasite species or because it has not been
sampled adequately in the wild (Gregory 1990). We con-
trolled for uneven sampling effort by using least squares
residuals from the regression of the log-transformed num-
ber of parasite species documented for each host species
on a measure of sampling effort for that species. As the
primary measure of sampling effort, we used the number
of citations for each host species (and common taxonomic
variants) from an online database, PrimateLit (http://
primatelit.library.wisc.edu/), without restricting to studies
of parasites or infectious disease. PrimateLit provides the
most complete reference information for journal articles
and books on primates, and it most closely matches the
sampling period (1940 to present) during which most of
the studies in our database were published. We found a
highly significant association between log-transformed ci-
tation counts and log-transformed parasite diversity, with
all Pvalues <.001 (e.g., regression of all parasites combined
on Primate Lit, independent contrasts: F = 324, df =



1,107, P<.0001; species values: F = 60.9, df = 1,117,
P <.0001). The association between log-transformed ci-
tation counts and parasite numbers was linear in all phy-
logenetic and most nonphylogenetic analyses, with the
quadratic term nonsignificant in nonlinear regression (e.g.,
all parasites, independent contrasts using lineages in di-
versification analysis: + = 0.03, df = 70; species values,
using all hosts: + = 140, df = 116; the one exception to
this general pattern involved virus diversity but only in
the nonphylogenetic tests used to investigate hypothesized
mechanisms). Use of alternative citation indices gave con-
gruent results, including analyses based on the Web of
Science (http://isi0.isiknowledge.com/) and Research
Libraries Group anthropology citations (http://eureka
.rlg.org/). Consistent results also were obtained when con-
trolling for sampling effort by including citation counts
as an independent variable in multiple regression rather
than using residuals.

Phylogenetic Diversity of Primates

We used information on primate phylogeny (Purvis 1995)
to quantify variation in primate host diversity. We did not
incorporate information on the phylogeny of parasites,
however, because we lacked comprehensive information
spanning the diverse clades of parasitic organisms in the
database, even in analyses restricted to helminths, viruses,
or protozoa. Moreover, a strict phylogenetic approach
based on cospeciation (Hafner and Page 1995; Hugot 1999;
Morand et al. 2000) is impossible to implement when
generalist parasites infect a wide range of hosts. Indeed,
56% of the parasites in our database were classified as
generalists, meaning that they were reported to infect a
range of hosts at the taxonomic level of family or above,
in many cases also infecting nonprimate hosts. Thus, we
followed previous researchers (Gregory 1990; Poulin 1995;
Gregory et al. 1996; Morand 2000) by measuring the num-
ber of parasite species reported to infect a given host spe-
cies after controlling for sampling effort, as described
above.

We used the computer program MacroCAIC 1.1.1 (Aga-
pow and Isaac 2002) to investigate the correlates of host
phylogenetic diversity. This program generates phyloge-
netically independent contrasts in a continuous predictor
variable at each node with three or more descendents and
compares this to the number of species within the clade
represented at each node. On the basis of the simulation
results of Isaac et al. (2003), we used two measures of host
phylogenetic diversity. One measure of diversity, the rel-
ative rate difference (RRD), is calculated as the natural
logarithm of the ratio of the number of species in sister
clades. A second measure, the proportional dominance
index (PDI), is the ratio of the number of species in one
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of two clades against the total number of species in both
clades combined and standardizes this ratio so that it
ranges from —0.5 to 0.5 (see Agapow and Isaac 2002; Isaac
et al. 2003). As expected, these two measures were strongly
positively associated in our data set (¢t = 46.5, df = 72,
P <.0001; see Isaac et al. 2003 for details on how RRD
and PDI relate to each other).

Evaluating the Importance of Other Host Traits

Any association between parasite species richness and host
lineage diversity could exist because a “third” factor drives
variation in both of these variables. To investigate poten-
tially confounding effects of host traits that could influence
patterns of host diversification and parasite species rich-
ness (Gittleman and Purvis 1998; Nunn et al. 2003; Isaac
et al,, in press), we compiled data on five host traits shown
to be important predictors of parasite species richness
(Nunn et al. 2003), including primate body mass (Smith
and Jungers 1997), geographic range size (Sechrest et al.
2002; Global Mammal Assessment, unpublished data),
longevity (Ross and Jones 1999), day journey length, and
population density (unpublished comparative databases;
see Nunn and van Schaik 2001). We used stepwise re-
gression to examine the effects of these variables, along
with measures of parasite species richness, on primate evo-
lutionary diversity (mixed model run with all variables
entered and then rerun with all variables removed; cri-
terion for entry or removal of variables: P = .10).

Mechanisms Affecting Host and Parasite Diversity

As noted in the introduction to this article, we investigated
two mechanisms that might account for an association
between host and parasite diversity. First, we investigated
whether parasites influence rates of host diversification by
examining associations between sexual selection, host evo-
lutionary diversity, and parasite species richness. We pre-
dicted that if parasites drive host cladogenesis through a
mechanism involving sexual selection, then both parasite
species richness and host evolutionary diversification
should be correlated with measures of sexual selection. For
these analyses, we compiled information on probable mea-
sures of sexual selection, including body mass dimorphism
(male mass divided by female mass; Smith and Jungers
1997), canine size dimorphism (based on principal com-
ponents analysis of six canine dimensions; Plavcan and
van Schaik 1992), the presence of exaggerated sexual swell-
ings in females (among catarrhine primates only; Nunn
1999), and patterns of sexual dichromatism and male gen-
ital coloration (R. Barton, unpublished comparative data
set compiled from Rowe 1996, Dixson 1998, and other
sources). In the dichromatism analyses, we recoded six
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intermediate species as dichromatic (only one contrast was
available when these were coded as nondichromatic). For
male genital coloration, we compared species in which
males exhibit red, pink, or blue on genitals, face, or chest
to those without such coloration.

Second, we tested for associations between host geo-
graphic range overlap, parasite species richness, and host
diversity. We predicted that if diverse host clades support
more parasite species through host shifts or host sharing,
then both host diversity and parasite richness should cor-
relate positively with measures of primate geographic
range overlap. We collected data on the geographic range
for each host species in our data set using geographically
rectified range maps for each of the world’s primate species
as compiled in a geographic information system (Sechrest
et al. 2002; Global Mammal Assessment, unpublished
data). Host species synonyms were obtained from Groves
(2001) for conversion to Corbet and Hill’s (1991) tax-
onomy, which was used to organize host-parasite com-
binations and to conduct phylogenetic tests using Purvis’s
(1995) phylogeny. From these maps, we calculated the
amount of geographic range overlap in two ways. First,
we calculated the number of primate species with ranges
that overlapped to any degree with the focal species (num-
ber overlapping). Our second measure of overlap ac-
counted for the total overlapping area relative to the focal
species geographic range size (total overlapping
area (..., 5 = geographic range size; ..., 5 X 2 (percent
OVerlap v, species 1 area within s area)/ 100). Although primate spe-
cies geographic ranges have undoubtedly shifted over evo-
lutionary time, the hypothesized mechanism that we tested
is explicitly ecological; thus, present ranges were suitable
for investigating patterns with geographic range overlap.
To explore whether host shifting or host sharing generated
parasite diversity, we repeated analyses by dividing para-
sites into “specialists” (those that were host or genus spe-
cific) and “generalists” (those that were family, order, or
class specific). The proportion of generalist parasites per
primate host ranged from 0% to 100%, with the mean
percentage of generalists per host species at 41% (%33%
SD; S. M. Altizer, unpublished data).

Assumptions of Comparative Methods
and Statistical Analyses

MacroCAIC makes a number of assumptions that should
be tested (Agapow and Isaac 2002; Isaac et al. 2003), many
of which are similar to the assumption checks required
when using independent contrasts (Harvey and Pagel
1991; Garland et al. 1992; Purvis and Rambaut 1995).
Before running analyses, we therefore tested whether nodal
trait values and standard deviations were correlated with
absolute values of contrasts (Orme et al. 2002b; Isaac et

al. 2003). We found violations in analyses of some vari-
ables, and no single transformation of data and branch
lengths was found to correct all violations of the assump-
tions, particularly standardization of contrasts with respect
to time, which affects the homoscedasticity of the con-
trasts. Thus, we conducted the major analyses of parasite
species richness and host lineage diversity using two dif-
ferent sets of branch lengths (log-transformed branches
proportional to time and equal branches), we tested the
generality of parametric tests under different methods, and
we used one nonparametric test that makes fewer as-
sumptions. For parametric tests, we present standard sta-
tistical tests with regression lines forced through the origin
(Isaac et al. 2003), as generally required for analysis of
independent contrasts (Harvey and Pagel 1991) and as
recommended on the basis of computer simulation tests
of MacroCAIC (Isaac et al. 2003). Results were generally
similar when the intercept was free to vary. We also retested
patterns after removing outliers (using Mahalanobis dis-
tance measures, calculated in JMP 5.0.1; see Nunn and
Barton 2000, 2001). Use of equal branch lengths and time-
based (gradual) branch lengths had little effect on the
results, and so we present results using the latter set of
branches. The nonparametric test (Spearman rank order
correlation coefficient, r,) helps to deal with errors in
branch lengths and the standardization of contrasts.

For tests that investigated the mechanism accounting
for the association between host diversification and par-
asite species richness, we examined correlated trait changes
using species values (nonphylogenetic tests) and indepen-
dent contrasts (Felsenstein 1985) calculated using the pro-
gram CAIC (Purvis and Rambaut 1995). Data and branch
lengths were log transformed in analyses of the possible
mechanisms, and we examined output with and without
outlying contrasts (Nunn and Barton 2000, 2001). Most
analyses involved two or more continuous traits, but a
subset of analyses involving sexual selection required anal-
ysis of discrete and continuous traits in the same test. The
computer program CAIC provides a procedure called
BRUNCH that examines evolutionary change in contin-
uous traits over transitions in a discretely coded variable.
To investigate how discrete traits influence patterns of host
diversity, we first calculated RRD and PDI contrasts in
MacroCAIC with the discrete trait identified as the in-
dependent variable. We then identified transitions in the
discrete trait using the BRUNCH algorithm in CAIC, ex-
cluded the other RRD and PDI values from the
MacroCAIC output, and tested whether the mean of the
remaining RRD and PDI values was significantly different
from 0.

In tests of the hypothesis that parasite and host diversity
are correlated, we had no a priori expectation for the di-
rection of the relationship because higher parasite diversity



could reduce host diversity through the effects of increased
extinction. Hence, we tested the association between par-
asite species richness and host diversity using two-tailed
tests, with the level of significance set at .05. For analyses
of mechanisms involving sexual selection and host sym-
patry, however, we used directed tests because these enable
detection of patterns that are opposite to predictions while
retaining much of the statistical power of one-tailed tests
(Rice and Gaines 1994). Directed tests allocate a dispro-
portionate probability under the null hypothesis to the tail
of the distribution in the predicted direction () while
retaining a smaller probability in the other tail to detect
unexpected deviations in the opposite direction (6 < 7).
Directed tests are subject to the constraint that 6 + vy =
a. We followed the guidelines of Rice and Gaines (1994)
by setting y/a to 0.8, giving values of y = 0.04 and
6 = 0.01.

Results

Associations between Parasite Species Richness
and Host Diversification

Total parasite species richness was significantly positively
correlated with the evolutionary diversity of primate clades
(fig. 1). Thus, parasite diversity on a per host species basis
was higher among primates from relatively more diverse
clades. The direction and strength of results for overall
parasite species richness were similar for both measures
of host diversification (RRD vs. PDI) and when using non-
parametric tests (table 1). Results involving tests of all
parasites combined were insensitive to exclusion of out-
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Figure 1: Overall parasite species richness and host phylogenetic diversity.
Plots show host diversity contrasts (relative rate difference) versus evo-
lutionary changes in parasite species richness after controlling for sam-
pling effort.
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Table 1: Associations between parasite species richness and host
phylogenetic diversity

Ratio of positive to
negative diversity

RRD  PDI T, contrasts
All parasites 2.54% 2.45% 27* 40+/29—
Helminths 1.62 1.41 .09 28+/41—
Protozoa 2.08* 1.84 .18 38+/31—
Virus 2.13*%  2.25%  .26% 38+/31—

Note: Table shows ¢ statistics, with sign of the ¢ statistic corresponding
to the slope of the relationship in bivariate regression analyses; a nonpara-
metric correlation coefficient (Spearman’s r,); and the proportion of diversity
measures that were positive (after excluding four contrasts involving no
difference in diversity). Two-tailed, n = 73 contrasts. RRD = relative rate
difference; PDI = proportional dominance index.

* P<.05.

liers, although the total amount of variation accounted for
was low in these tests (r* < 0.10).

Separate analyses based on viral, protozoan, and hel-
minth parasite species richness showed that the strength
of the relationship between host diversification and par-
asite diversity varied among parasite groups. Viruses were
largely responsible for the positive association between
overall parasite species richness and host diversity (table
1), with some analyses of protozoa also producing statis-
tically significant results. For helminths, the direction of
the overall relationship was always positive, but most of
the contrasts were negative, and no results were statistically
significant. Results were generally similar after excluding
outliers for all tests involving PDI, but protozoa and virus
diversity were no longer significant predictors of RRD
when outliers were removed (f, = 1.80 and 1.78, respec-
tively). Because significance levels in tests involving pro-
tozoa depended on the measure of diversification (table
1), we also repeated tests using the two major phyla of
protozoa reported from primates. Significant results were
obtained in analyses of Apicomplexa (RRD: t = 2.27,
df = 72, P = .026) but not Euglenozoa (RRD: ¢t = 0.52,
df = 72).

The Importance of Other Host Traits

For analyses of the association between total parasite spe-
cies richness, host diversification, and other primate traits,
no host socioecological variables were significant predic-
tors of host diversity in any of the stepwise analyses (e.g.,
for RRD, P values ranged from .08 for longevity to .83 for
female mass when all variables were entered into the
model). By comparison, total parasite species richness re-
mained a significant predictor of host diversity in all tests
(table 2). In tests that examined specific parasite groups
separately, parasite species richness was a statistically sig-
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Table 2: Associations between parasites and host diversifica-
tion, controlling for potentially confounding primate socio-
ecological traits

Other socioecological

RRD PDI variables entered
All parasites  3.75%%*  3.38**  Longevity (f = —1.99")
Helminths 2.27* 1.96" None
Protozoa 2.67* 2.33* None
Virus 2.37% 2.24% None

Note: Table shows  statistics, with sign of the ¢ statistic corresponding
to the slope of the relationship in multiple regression analyses. Two-tailed,
n = 43 contrasts. Variables used in the stepwise model: parasite species
richness, body mass, longevity, population density, day range length, and
geographic range size. Results differ from table 1 for helminths, protozoa,
and viruses because a different number of contrasts were used (i.e., only
those species with information on all variables were included in these
tests). RRD = relative rate difference; PDI = proportional dominance
index.

" P<.10.

* P<.05.

e P<.001.

nificant predictor of primate diversity in all tests for pro-
tozoa and viruses, with helminths significant in one test
and nearly significant in the other test (table 2), but again,
no socioecological variables were significant as covariates.
In tests with three outliers removed, population density
was the only host trait that was statistically significant, and
this reduced the relative importance of total parasite spe-
cies richness and the richness of helminths, protozoa, and
viruses tested separately (e.g., for all parasites and RRD,
population density: ¢, = 2.32, P = .03; residual parasite
species richness: t, = 1.81, P = .08, two-tailed test; see
also Isaac et al., in press). Thus, the association between
host evolutionary diversity and parasite species richness
(fig. 1) was largely independent of other host traits that
have been shown to influence host diversity and parasite
richness, but this depended on the method of analysis.

Mechanism 1: Parasites as Drivers of Host Diversity

To investigate mechanisms that could account for the pat-
tern shown in figure 1, we first examined the association
between parasite species richness and five measures of sex-
ual selection in primates involving female choice or male-
male competition (table 3). Body mass dimorphism was
significantly associated with parasite diversity in only one
phylogenetic test (involving viruses) and in some non-
phylogenetic tests (viruses and body dimorphism: ¢ =
2.99, df = 113, P = .002). Sexual dichromatism also ac-
counted for variation in parasite species richness in some
nonphylogenetic tests (all parasites: t = 2.15, P = .034;
helminths and protozoa also were significant), but these
results became nonsignificant after controlling for primate

phylogeny (table 3). Moreover, one-half of the compara-
tive tests produced results consistent with a negative as-
sociation, suggesting that the lack of significant results is
not due to low statistical power.

Second, we examined the association between measures
of sexual selection and primate diversification using the
program MacroCAIC. We found no evidence for a link
between sexual selection and host diversity, with all tests
producing nonsignificant patterns in the direction oppo-
site to predictions (table 3). Thus, we found no evidence
for the hypothesis that parasites drive greater host speci-
ation as mediated by their potential links with traits under
sexual selection.

Mechanism 2: Hosts as Drivers of Parasite Diversity

To test whether parasite species richness is higher in diverse
lineages as a result of greater opportunities for host sharing
or host shifting among sympatric primates, we examined
whether parasite species richness increased with two mea-
sures of host geographic range overlap. Associations be-
tween parasite species richness and host geographic over-
lap were significant for both total parasite diversity and
viruses tested separately (table 4). Among specialist par-
asites, measures of host geographic range overlap were
correlated positively with total parasite diversity and with
the diversity of protozoa and viruses tested separately. For
generalist parasites, however, measures of primate geo-
graphic range overlap were not significantly correlated
with parasite richness (viruses were the only exception;
table 4). Results remained similar when restricted to an-
thropoid primates, but nonphylogenetic tests produced
few significant results.

Despite positive associations between host geographic
range overlap and parasite diversity, we found no support
for the prediction that host evolutionary diversity was as-
sociated with greater host sympatry (table 5). Moreover,
host sympatry measures were correlated with total geo-
graphic range size. Although larger geographic ranges
could favor host sharing or host shifting among primate
taxa, larger ranges might also increase opportunities for
parasite exposure because of greater habitat diversity or
greater contact with nonprimate taxa. Indeed, when geo-
graphic range was taken into account, overlap measures
were less commonly significant in table 4, except in the
case of viruses (e.g., number overlapping and specialist
parasites: t = 2.22, df = 105, P = .028; generalist para-
sites: t = 2.04, df = 105, P = .044, directed tests).

Discussion

An increasing number of studies have demonstrated dif-
ferences in the potential for evolutionary diversification
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Table 3: Associations between measures of primate sexual selection and parasite diversity and host phy-

logenetic diversity

Contrasts analysis (CAIC)

MacroCAIC analysis

N All parasites Helminths Protozoa Viruses N PDI RRD
Body dimorphism 105 97 1.08 .85 1.79* 72 —1.67 —1.60
Canine dimorphism 54 —1.34 —.46 -.79 —1.58 41 —-113 -—1.11
Sexual swellings 4 —.17 .62 —.59 44 5 —.32 —.53
Sexual dichromatism 7 .33 1.34 1.36 —1.10 5 =203 —2.06
Bright genitalia 12 —.62 .06 —1.71 —.15 7 —l64 —1l.e6l

Note: Table shows ¢ statistics, with sign of the t statistic corresponding to the slope of the relationship. Analyses were
conducted with directed tests, as described in “Methods.” Parasite measures were residuals after controlling for sampling effort.

In analyses of body mass dimorphism and canine dimorphism, we controlled for body mass, but results were similar when
body mass was not included. Analyses using MacroCAIC provide fewer contrasts because comparisons involving sister species

are uninformative (i.e., no difference in diversity is possible with only two species). RRD = relative rate difference; PDI =

proportional dominance index.
* P<.05.

among taxonomic lineages and have explored hypotheses
for underlying mechanisms (Purvis and Hector 2000), in-
cluding factors affecting rates of speciation or extinction
across different clades (Barraclough and Nee 2001). An-
tagonistic coevolution can also operate through intersexual
conflict and has been proposed as a major factor that
promotes diversification in lineages of hosts and their nat-
ural enemies, specifically by increasing speciation rates and
evolutionary divergence among populations (Rice and
Holland 1997; Parker and Partridge 1998; Arnqvist et al.
2000; Doebeli and Dieckmann 2000; Gavrilets 2000). Al-
though previous studies have focused on parasites as main-
taining host genetic diversity within single host-parasite
systems (e.g., Dybdahl and Lively 1998; Burdon and Thrall
1999) and patterns of cospeciation among narrowly de-
fined host and parasite lineages (e.g., Hafner and Page
1995; Johnson and Clayton 2002), our article represents
the first comparative analysis of broad patterns of host
diversity in relation to parasite diversity across a wide array
of parasite taxa.

Our results indicate a robust positive relationship be-
tween parasite species richness and host phylogenetic di-
versity. In other words, primates from more diverse line-
ages harbor a greater number of parasite species on a per
host species basis. Results are most consistent in analyses
of all parasites combined and for viruses and protozoa
examined separately. This pattern could emerge if more
diverse clades of primates are better sampled for parasites,
but our use of citation counts specifically controlled for
sampling effort biases among host taxa. Our article illus-
trates a comparative approach that could easily be repeated
for other host and parasite taxa. As more information on
broadly sampled parasite phylogenies becomes available,
more powerful methods for host-parasite evolution can
be implemented, as well as approaches based on host and

parasite characteristics that may influence diversification
rates.

The relative diversity of evolutionary lineages increases
when extinction rates decline or speciation rates increase.
In subsequent analyses, we found no support for a mech-
anism in which parasites increase host diversity through
effects on speciation rates as mediated by sexual selection.
A commonly cited hypothesis is that parasites play an
important role in sexual selection and that species with
greater levels of parasitism experience more intense sexual
selection on traits that signal resistance to or tolerance of
high parasite burdens (Hamilton and Zuk 1982; Andersson
1994; Moore and Wilson 2002). The link between sexual
selection and host diversity arises because sexual selection
has been proposed as an “engine” of speciation (Lande
1981; Owens et al. 1999; Katzourakis et al. 2001; Turelli
et al. 2001). However, our analyses did not support a link
between parasite species richness and measures of sexual
selection in primates. Moreover, primate lineages with ev-
idence of more intense sexual selection were not associated
with increased evolutionary diversity. Thus, if parasites
drive host diversification by providing pressure for evo-
lutionary branching, this probably occurs via mechanisms
other than sexual selection.

We also investigated a mechanism that reversed the di-
rection of causality, specifically by proposing that more
rapidly expanding primate lineages provide greater op-
portunities for parasite accumulation and diversification,
as compared with lower diversity host clades. Hosts in
rapidly diversifying lineages might be more likely to over-
lap geographically with close relatives, with these sympatric
populations providing an effectively larger total population
of hosts for generalist parasites that utilize a wide range
of host species. Increased overlap also could increase op-
portunities for specialist parasites to host shift, followed
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Table 4: Association between host geographic range overlap and parasite species

richness
All parasites Helminths Protozoa  Viruses

All parasites:

Number overlapping 1.81* .36 1.70 2.57**

Total overlapping area 1.79* —.09 1.25 3314
Specialists:

Number overlapping 2.98*% 1.47 3.00%*  3.57%%*

Total overlapping area 3.12%* 1.14 3.19%%  3.20%%
Generalists:

Number overlapping 1.13 —.27 .87 2.09*

Total overlapping area .93 —1.00 —.02 3.21%%

Note: Table shows ¢ statistics, with sign of the ¢ statistic corresponding to the slope of the

relationship. Results are from analyses of independent contrasts using residual parasite species

richness. All P values from directed tests using 108 contrasts.

" P<.10.
* P<.05.
** P<.01.
e P<.001.

by rapid evolution in novel hosts (e.g., Ricklefs and Fallon
2001; Zietara and Lumme 2002). In support of this hy-
pothesized mechanism, we found that primate host sym-
patry correlated positively with parasite species richness,
particularly for viruses, protozoa, and specialist parasites
(table 4). However, when geographic range size was in-
cluded as an additional independent variable, measures of
host sympatry were significant predictors of parasite spe-
cies richness only for viruses. Moreover, measures of host
evolutionary diversity showed no association with mea-
sures of host overlap (table 5). These tests examined over-
lap among primate hosts on the basis of the assumption
that more closely related hosts provide the most likely
reservoirs for parasites (e.g., Pfennig 2000; Perlman and
Jaenike 2003), but by doing so, we might have missed
nonprimate sources of infection. For example, some pri-
mate pinworms share a most common recent ancestor with
species of pinworms that infect rodents (Hugot 1999).
Geographic range overlap with other mammalian hosts
may therefore be informative in future tests of the hy-
pothesis that host diversification and parasite richness are
correlated.

In context of host-pathogen coevolution, the Red Queen
hypothesis (Van Valen 1973) is important because it pre-
dicts that species interactions will influence evolutionary
dynamics in the absence of any changes in the abiotic
environment. Evidence for primate diversity increasing
with parasite richness is consistent with the Red Queen
hypothesis and suggests that antagonistic coevolution
might play a role in increasing both host and parasite
diversity. The question is whether there is a tight causal
mechanism, or “interconnectedness” (Eldredge 1989), be-
tween primate speciation rates and parasite numbers ir-

respective of other factors. The tests we conducted point
to no other significant correlates of host diversification
rates in primates, with the exception of population density
in some tests (see also Isaac et al., in press). However, we
cannot rule out other biogeographic factors (e.g., sympatry
with other mammalian hosts) as increasing both primate
diversity and parasitism within primate clades. It is also
possible that a more general arms race occurs between
hosts and parasites. For example, Buckling and Rainey
(2002) showed experimentally that phage-imposed selec-
tion for resistance led to rapid increases in allopatric di-
vergence among bacterial populations, in part because
resistance-conferring traits were linked to different bac-
terial characteristics in different environments. A similar

Table 5: Tests of association between host geographic
range overlap and host diversity

Host sympatry measure and host
diversity measure £,

Number overlapping:

RRD 43

PDI 22
Total overlap:

RRD .52

PDI .26

Note: Table shows t statistics, with sign of the ¢ statistic corre-
sponding to the slope of the relationship in bivariate regression
analyses. Removal of four to five outliers produced similar results.
No results were statistically significant (n = 73 contrasts). r, =
—0.03 for number overlapping and —0.01 for total overlap, both
nonsignificant. Including geographic range had no effect on the
outcome of the statistical tests. RRD = relative rate difference;
PDI = proportional dominance index.



mechanism in primates would be difficult to detect with-
out comparative estimates of host resistance phenotypes
or genotypes in parasite-rich versus parasite-poor taxa.

Our results provided no support for the idea that a high
diversity of infectious diseases increases primate extinction
risk (and reduces host phylogenetic diversity). This is im-
portant because parasites are commonly viewed as causing
declines in primates and other host taxa, which may then
lead to extinction (MacPhee and Marx 1997). For example,
pathogens have been implicated in dramatic declines of
black-footed ferrets, lions, wild dogs, Hawaiian forest
birds, a range of amphibians, and harbor seals (reviewed
in Dobson and Grenfell 1995; Daszak et al. 2000; Lafferty
and Gerber 2002). Nearly all recent outbreaks of parasites
and infectious diseases leading to wildlife declines in recent
years have been directly or indirectly linked with human
activities, including host crowding leading to stress and
increased contact rates among wildlife species, interactions
between wildlife and domesticated animals, pollution, cli-
mate change, and the direct introduction of novel path-
ogens (Harvell et al. 1999; Altizer et al. 2000; Daszak et
al. 2000; Dobson and Foufopoulos 2001; Lafferty and Ger-
ber 2002). Emerging diseases or pathogens introduced or
exacerbated by human activity have been shown to dec-
imate primate populations, as evidenced by recent ex-
amples of Ebola virus outbreaks in gorillas and chimpan-
zees (Walsh et al. 2003). The frequency of such epidemics
(and resulting host population declines) probably has in-
creased in recent years because of human activities that
cause novel pathogen introductions or host shifts (Dobson
and Foufopoulos 2001). Therefore, although our results
did not show a generally negative effect of parasites on
host diversity, it is possible that future increases in parasite-
mediated host extinctions could lead to such a negative
effect.

One final explanation for lower parasite diversity among
species-poor primate lineages is that higher extinction
rates in declining primate lineages are associated with re-
ductions in parasite diversity; in other words, parasites are
lost as host populations decline, causing parasites to go
extinct before their hosts. Thus, while we have focused on
the factors involving increased speciation that may increase
parasite species richness in more diverse hosts, increased
host extinction rates could reduce parasite richness in less
diverse hosts when parasites, particularly specialists, be-
come extinct before their hosts. Testing this hypothesized
mechanism requires estimates of host extinction rates and
should provide further insights into causal mechanisms
underlying patterns of host and parasite diversity in nat-
ural systems.

Increasingly, successful conservation programs are rec-
ognized as those that maintain populations with intact
evolutionary processes (Crandall et al. 2000; Stockwell et
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al. 2003). The importance of species interactions and geo-
graphically structured populations has been highlighted as
a major factor promoting both genetic and species diver-
sity in natural communities (Thompson 1999). Although
the risks they pose to threatened taxa are apparent, par-
asites and infectious diseases can play an important role
in maintaining host genetic and evolutionary diversity (re-
viewed in Altizer et al. 2003). Our study also highlights
the possibility that diverse host lineages provide new evo-
lutionary opportunities for diverse assemblages of para-
sites. Given that many parasites themselves have become
extinct along with their specific hosts (Gompper and Wil-
liams 1998), it becomes important to consider the impacts
of mammalian extinctions on the collective biodiversity
represented by their parasites.
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