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UMII 5119 Ecosystèmes Lagunaires, Université Montpellier II, CC 093, 34095 Montpellier Cedex 5,

France

(*author for correspondence, e-mail: robert.poulin@stonebow.otago.ac.nz)

Received 22 July 2003; accepted 7 January 2004

Co-ordinating editor: P. Harvey

Abstract. Several studies have searched for the key forces behind the diversification of parasite

assemblages over evolutionary time. All of these studies have used parasite species richness as their

measure of diversity, thus ignoring the relatedness among parasite species and the taxonomic

structure of the assemblages. This information is essential, however, if we want to elucidate which

processes have caused an assemblage of parasites to acquire new species. Here, we performed a

comparative analysis across 110 species of mammalian hosts in which we evaluated the effects of four

host traits (body mass, population density, geographic range, and basal metabolic rate) on the

diversity of their assemblages of helminth endoparasites. As measures of diversity, we used parasite

species richness, as well as the average taxonomic distinctness of the assemblage and its variance; the

latter measures are based on the taxonomic distance between two parasite species, computed across

all possible species pairs in an assemblage. Unlike parasite species richness, both the average taxo-

nomic distinctness and its variance were unaffected by the number of hosts examined. These two

measures of parasite diversity also proved highly repeatable among host populations of the same

mammalian species; in contrast, parasite species richness was unreliable as a species character, as it

varied as much within a host species than among different host species. Using phylogenetically

independent contrasts, and correcting for potential confounding variables, we found that host

population density correlated positively with parasite species richness. There were, however, no other

relationships between any of the four host traits investigated and either of our measures of parasite

diversity. The processes facilitating the taxonomic diversification of parasite assemblages thus remain

unclear, but their elucidation will be necessary if we are to fully understand parasite evolution.
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Introduction

As scientists strive to understand how current patterns in biodiversity have

developed over evolutionary time (Huston, 1992; Rosenzweig, 1995; Tokeshi,

1999; Enquist et al., 2002), studies of the diversity of parasite assemblages are

playing an increasingly important role (Poulin and Morand, 2000). Because the

evolutionary history of the parasites’ habitats can be reconstructed in the form
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of host phylogenies, and because the events leading to new species joining

parasite assemblages are relatively well understood, it is possible to search for

the key factors that have caused certain parasite assemblages to diversify more

than others over time (Poulin, 1998; Page, 2003). Parasite assemblages thus

represent excellent models for studies of biodiversity.

Two different theoretical frameworks have served to generate predictions

about the factors that may promote the diversification of parasite assemblages.

First, based on island biogeographical theory (MacArthur and Wilson, 1967;

Kuris et al., 1980), host features that promote high rates of parasite speciation

or colonization by new parasite species should be associated with high parasite

diversity. For instance, hosts with broad geographical ranges should overlap

with the distributions of several other host species, from which they can acquire

new parasite species (Gregory, 1990). Host species with high metabolic rates

should have higher food intake, and thus a greater likelihood of acquiring most

of the food-borne parasites in a particular habitat, than hosts with lower

metabolic rates (Gregory et al., 1996). As with larger islands, larger-bodied

host species should be able to accommodate more parasite species than small

ones, as they represent greater and more permanent resources for parasites.

Across host species, relationships between the richness of parasite assemblages

and either host body mass, host geographical range or host metabolic rate have

been reported for a range of host and parasite taxa, but they are far from

universal (Gregory, 1990; Bell and Burt, 1991; Gregory et al., 1991, 1996;

Poulin, 1995, 1997, 1998; Morand and Poulin, 1998; Morand, 2000; Morand

and Harvey, 2000).

The second theoretical source of hypothesis regarding parasite diversity has

been epidemiological modelling (Dobson and Roberts, 1994; Roberts et al.,

2002). It is possible to derive from epidemiological models the conditions

necessary for a parasite species to invade and persist in a host population. A

key factor facilitating the establishment of a parasite is host population den-

sity, which determines the contact rate between infective stages and hosts:

below a given threshold host density, a parasite species cannot persist in a host

population. In comparisons among different host species, we can predict that

those occurring at higher population density should harbour more species of

parasites, because they exceed the persistence threshold of more parasite spe-

cies than hosts with low population density. Some comparative studies on

mammals have found empirical support for this prediction (Morand and

Poulin, 1998; Arneberg, 2002).

To date, all previous studies have used species richness (usually corrected for

sampling effort) as their sole measure of the diversity of parasite assemblages.

Richness is a convenient measure, but it does not capture all facets of diversity

(Purvis and Hector, 2000). Recent advances in phylogenetics are now com-

plementing studies of the community ecology of free-living organisms, allowing
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one to take into account the evolutionary relationships among species coex-

isting in an assemblage (see Shimatani, 2001; Webb et al., 2002). Applied to

parasite assemblages, measures of diversity that incorporate information about

the relationships among parasite species could shed light on the actual pro-

cesses of diversification. There are two main ways in which new species can join

a parasite assemblage (Poulin, 1998; Page, 2003). First, they can originate from

within the assemblage, when one parasite species undergoes speciation without

the host also speciating. Such intra-host speciation by parasites may appear

unlikely, but there is evidence that it does happen (Paterson and Gray, 1997).

The large numbers of congeneric parasite species occurring in certain assem-

blages, forming true species flocks, also indicate that parasite lineages can

radiate within single host species over time (Schad, 1963; Kennedy and Bush,

1992; Beveridge et al., 2002). Second, new parasite species can come from

outside the assemblage, when a parasite from a sympatric host species colo-

nizes the assemblage by switching hosts (Paterson and Gray, 1997). Studies of

parasite diversity that focus on species richness cannot distinguish between

intra-host speciation and host-switching, and thus cannot determine which of

these two processes has been the main source of diversity. If intra-host speci-

ation has been rampant in a parasite assemblage, we would expect most of its

species to be closely related, belonging to the same genera or families. If, in

contrast, host-switching has been the main cause of parasite diversification in

an assemblage, we would not expect the parasite species to be too closely

related, since they are the product of independent colonization events. We need

a measure of diversity that goes beyond mere species richness, a measure that

takes into account the relationships between parasite species in an assemblage

if we are to unravel their evolution.

Host features known or expected to influence parasite species richness may

do so by facilitating either intra-host speciation or the acquisition of new

parasites via host-switching. Specifically, we predict that host geographical

range and host metabolic rate should be associated with the acquisition of new

parasites by host-switching, because they determine the exposure of a host to

novel parasites. Hosts with broad geographical ranges inhabit a wider variety

of habitats and are in contact with more other host species than those with

restricted ranges, and hosts with high metabolic rate consume more food and

are open for colonization by more food-borne parasites than those with lower

metabolic rates. Host body size and host population density, in contrast,

should facilitate both intra-host speciation and acquisition of parasites by host

switching, because they influence mainly the number of parasite species that

can be supported in an assemblage, and not necessarily their origins.

In the present study, we examine the relationship between four features of

host species (body mass, geographical range, population density, and basal

metabolic rate) and the diversity of helminth parasite assemblages across
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species of mammal hosts. We use two measures of diversity, parasite species

richness and the taxonomic distinctness of species within an assemblage. The

latter measure is based on the average taxonomic distances between species in

an assemblage, ranging from a minimum value when all species belong to the

same genus, and a maximum value when they all belong to different phyla

(Clarke and Warwick, 1998, 1999; Warwick and Clarke, 2001). Ours is the first

study of the determinants of parasite diversity that also attempts to distinguish

between the possible evolutionary origins of this diversity.

Methods

Data collection

We revisited the data base assembled by Poulin (1995) from published sources

to construct our data set, with additional information from other surveys

published more recently (the data used and the original literature sources are in

an Appendix available from http://www.otago.ac.nz/zoology/downloads/pou-

lin/MammalHelminthData.xls or from RP upon request). The surveys chosen

all provided data on the helminth endoparasites (trematodes, cestodes, nem-

atodes and acanthocephalans) found in populations of mammal hosts. We

focused on gastrointestinal helminths. Given the ambiguous information pre-

sented in some of the surveys, some helminths from other organs may have

been included occasionally by mistake; however, given the size of the data set,

such small errors are unlikely to obscure existing patterns. We only included

host populations in which at least two helminth species have been found,

because the taxonomic distinctness of a parasite assemblage cannot be com-

puted for single-species assemblages (see below). For each host population, the

total number of hosts examined for parasites and the total number of parasite

species (i.e. parasite species richness) found were recorded. The number of

hosts examined, or sampling effort, is often a key determinant of the number of

parasites found in a survey (Walther et al., 1995), and must therefore be in-

cluded as a potential confounding variable. For the computations of taxo-

nomic distinctness (see below), we used the proposed taxonomies of Gibson

et al. (2002) for trematodes, Khalil et al. (1994) for cestodes, Anderson (2000)

for nematodes, and Amin (1985) for acanthocephalans. The original authors’

identification of parasite species was taken as valid, with synonymous names

checked using the preceding taxonomic references.

Data on body masses of all mammalian host species were obtained from

Damuth (1987) or Grzimek (1990). Data on host population density (number

of individuals per km2) were obtained for a subset of host species from Damuth

(1987). Data on host basal metabolic rate (cm3 O2/g h) were obtained from a
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different subset of host species, mainly from McNab (1988), but also from

Elgar and Harvey (1987) and McNab (1992). Data on geographic range size

(number of 500 km wide squares covering the species’ range when its distri-

bution is plotted on a cylindrical equal-area projection map) were obtained for

a small subset of host species from Diniz-Filho and Torres (2002).

Taxonomic distinctness of parasite assemblages

For each mammal population, we computed the average taxonomic distinct-

ness (Dþ) and the variance in taxonomic distinctness (Lþ) of the parasite

species present. When parasite species are placed within a taxonomic hierarchy,

based on the Linnean classification into kingdom, phyla, classes, orders,

families, genera and species, the average taxonomic distinctness, Dþ, is simply

the mean number of steps up the hierarchy that must be taken to reach a taxon

common to two parasite species, computed across all possible pairs of parasite

species in an assemblage (Clarke and Warwick, 1998, 1999; Warwick and

Clarke, 2001). Thus, if two species are congeners, one step (species-to-genus) is

necessary to reach a common node in the taxonomic tree; if the two species

belong to different genera but the same family, two steps will be necessary

(species-to-genus, and genus-to-family); and so on, with these numbers of steps

averaged across all species pairs. For any given species pair, the number of

steps corresponds to half the path length connecting two species in the taxo-

nomic tree, with equal step lengths being postulated between each level in the

taxonomic hierarchy. Step lengths are standardized so that the distinctness of

two species connected at the highest taxonomic level is set equal to 100 (Clarke

and Warwick, 1999); with six levels above the species in the taxonomy we used,

each step length was thus equal to 16.67. The greater the taxonomic distinct-

ness between parasite species, the higher the number of steps needed, and the

higher the value of Dþ. A high value means that on average the parasites in a

host population are not closely related. Formally, Dþ is computed as follows

(see Clarke and Warwick, 1998):

Dþ ¼ 2

PP
i<j xij

sðs� 1Þ

where s is the number of parasite species, the double summation is over the set

{i ¼ 1; . . . ; s; j ¼ 1; . . . ; s, such that i < j}, and xij is the taxonomic dis-

tinctness between parasite species i and j, or the number of taxonomic steps

required to reach a node common to both.

The index Dþ measures the average taxonomic distinctness between species,

and does not capture all of the taxonomic structure of a set of parasite species.

It is possible to have two host populations, each harbouring the same number

of parasite species and each characterised by an identical value of Dþ, but with
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one host population clearly supporting a broader taxonomic range of parasites.

Asymmetries in the taxonomic distribution of species across higher taxa can

sometimes be missed by Dþ, which is only the average taxonomic distinctness;

in these situations complementary information can be obtained by examining

the variance in taxonomic distinctness (see Clarke and Warwick, 2001;

Warwick and Clarke, 2001):

Kþ ¼
PP

i6¼jðxij � -Þ2

sðs� 1Þ

where - is simply the average taxonomic distinctness, or Dþ. The variance Lþ

conveys separate information of how much taxonomic heterogeneity there is

among a group of parasite species. Note, however, that Lþ can only be com-

puted when at least three parasite species are found in a host population (it

always equals zero with two species). To calculate Dþ and Lþ, a computer

program was developed using borland Cþþ Builder 5.0 (it can be downloaded

from http://www.otago.ac.nz/zoology/downloads/poulin/TaxoBiodiv1.2).

Statistical analyses

To determine whether parasite species richness, average taxonomic distinct-

ness, Dþ, and the variance in taxonomic distinctness, Lþ, are true host species

characters, i.e., features that vary less among populations of the same host

species than among host species, we performed a repeatability analysis fol-

lowing that of Arneberg et al. (1997). Using host species for which at least two

samples were available, we analysed the variation in helminth species richness,

Dþ and Lþ using an ANOVA in which host species was the only factor. A

significant effect of host species would indicate that the measures are repeatable

within host species, i.e., that they are more similar to each other than to values

from other host species. We estimated the proportion of the total variance

originating from differences among host species, as opposed to within species,

following Sokal and Rohlf (1995, p. 214).

The analyses were first carried out using all host samples in the data set.

They were then repeated using only host samples in which at least 20 host

individuals have been examined for helminths, to reduce the potential effect of

sampling error on our findings. We report in detail the results of the first set of

analyses, and only present information from the more conservative analyses

where relevant.

Closely related host species are likely to harbour similar number of parasite

species, and possibly taxonomically related parasite species, because these were

inherited from a recent common ancestor; this means that they do not repre-

sent independent statistical observations. We must therefore control for phy-

logenetic influences when evaluating the effects of host body mass,
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geographical range, basal metabolic rate or population density on the diversity

of parasite assemblages. To achieve this, we used the phylogenetically inde-

pendent contrasts method (Felsenstein, 1985; Harvey and Pagel, 1991),

implemented with the CAIC version 2.0 program (Purvis and Rambaut, 1994).

Contrasts were derived from a host tree constructed from published studies on

mammalian phylogenetic relationships (McKenna et al., 1997; Bininda-

Emonds et al., 1999; DeBry and Sagel, 2001; Matthee et al., 2001; Murphy

et al., 2001; Jones et al., 2002). For host species represented in the data set by

more than one population, we obtained species values by averaging population

values. Contrasts were computed on log-transformed data and all regression

analyses were forced through the origin (Garland et al., 1992). We obtained

contrasts corrected for the influence of one or more confounding variables

(e.g., sampling effort) by taking the residuals of regressions of a selected var-

iable against the potential confounding variables. Because the subsets of host

species for which we had data on population density, basal metabolic rate or

geographical range were different and in one case rather small, the influence of

each of these variables on parasite species richness and taxonomic diversity was

assessed in separate analyses, all controlling for the confounding effect of host

body mass.

Results

In total, data from 188 mammalian populations, representing 110 host species

(across 18 orders), were obtained from 128 published surveys (see electronic

Appendix available from http://www.otago.ac.nz/zoology/downloads/poulin/

MammalHelminthData.xls or from RP). These data were derived from the

examination of 17,378 individual mammals, for an average of 92.4 hosts per

sample (range 5–1142). Only 94 of the 110 host species included populations

from which a sample of at least 20 individuals had been taken. Although data

on host body mass were obtained for all 110 mammalian species, data on other

variables were only available for a subset of these species: population density

for 59 species (7 orders), basal metabolic rate for 64 species (8 orders), and

geographic range size for 18 species (order Carnivora only).

Across all samples, the number of hosts examined per sample correlated

positively with parasite species richness (r ¼ 0.382, n ¼ 188, p ¼ 0.0001), but

not with either Dþ (r ¼ 0.083, n ¼ 188, p ¼ 0.2584) or Lþ (r ¼ 0.0003, n ¼ 179,

p ¼ 0.997). Measures of taxonomic distinctness are thus independent of sam-

pling effort, as shown in earlier studies (Rogers et al., 1999). However, parasite

species richness correlated negatively with Dþ (r ¼ )0.352, n ¼ 188, p ¼ 0.0001)

and positively with Lþ (r ¼ 0.237, n ¼ 179, p ¼ 0.0014), indicating that mea-

sures of taxonomic distinctness are influenced by the number of parasite species
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in a sample (Fig. 1). Also, Dþ and Lþ covaried negatively (r ¼ )0.357, n ¼ 179,

p ¼ 0.0001), such that an increase in average taxonomic diversity is associated

with a decrease in its variance. Essentially the same relationships were found

when we used host species values rather than values from individual host

populations, and whether host samples with fewer than 20 individual hosts were

included or not. Thus, in the comparative analyses below using phylogenetic

contrasts, parasite species richness is always corrected for sampling effort, and

Dþ and Lþ are always corrected for parasite species richness.

Using only the 35 mammalian host species for which data were available

from at least two populations, the repeatability analyses indicated that hel-

minth taxonomic distinctness, measured as either Dþ and Lþ, can be treated as

a host species character, but that helminth species richness is a little too var-

iable within species to be reliably taken as a host species characteristic (Fig. 2).
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Figure 1. Relationships between helminth parasite species richness and both their average taxo-

nomic distinctness, Dþ, and its variance, Lþ, across 188 mammalian populations.
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Estimates of helminth species richness from different populations of the same

host species tend to be more similar to each other than to those of other

species, but this trend is not quite significant (F34,78 ¼ 1.526, p ¼ 0.0639). Only

14.5% of the variation in helminth species richness among host samples is

associated with differences between host species, rather than with differences

among populations within species. In contrast, estimates of average helminth

taxonomic distinctness, Dþ, from the same host species are more similar to each

other than expected by chance (F34,78 ¼ 3.146, p ¼ 0.0001), with 48% of the
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Figure 2. Rank plots of helminth species richness and average taxonomic distinctness, Dþ. The 35

mammalian host species for which more than one populations were sampled are ranked according

to their mean log-transformed values of either parasite species richness or Dþ, with rank 1 given to

the species with the lowest mean value; all sample estimates are plotted for each species. If variation

is small within compared to between host species, we expect a relatively narrow band of points from

the lower left to the upper right corner, with few or no points in either the upper left or lower right

corner.
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variation among samples accounted by differences between host species. Thus,

estimates of helminth Dþ are repeatable within the same mammalian host

species, whereas those of helminth species richness are much more variable

(Fig. 2). Similarly, estimates of Lþ are also more similar within than among

host species (F33,76 ¼ 2.552, p ¼ 0.0004), with 39% of the variation among

samples accounted by differences between host species.

Using independent phylogenetic contrasts, we found that host body mass

correlated negatively with both host population density (r ¼ )0.320, n ¼ 47,

p ¼ 0.0282) and host basal metabolic rate (r ¼ )0.813, n ¼ 51, p ¼ 0.0001),

and positively with host geographic range (r ¼ 0.552, n ¼ 16, p ¼ 0.0265). The

latter three variables were therefore corrected for host body mass in the fol-

lowing analyses.

Across phylogenetic contrasts, there were only two significant relationships

between a host variable and any of the three measures of parasite diversity we

used (Table 1). First, parasite species richness covaried positively with host

population density (r ¼ 0.404, n ¼ 47, p ¼ 0.0052; Fig. 3). This remained true

when we included only host species with sample sizes of at least 20 individuals

(r ¼ 0.350, n ¼ 41, p ¼ 0.0248). Second, the variance in parasite taxonomic

distinctness, Lþ, correlated positively with host basal metabolic rate (r ¼ 0.334,

n ¼ 48, p ¼ 0.0204; Fig. 4). This relationship, however, was greatly influenced

by an outlier in the bottom left corner of the plot in Figure 4; if this point is

removed from the analysis, the relationship disappears (p ¼ 0.2166). When

including only the 94 host species with sample sizes of at least 20 individuals,

the same positive relationship was also found (r ¼ 0.347, n ¼ 45, p ¼ 0.0196),

again breaking down when the same outlier is removed.

Table 1. Summary of the correlations between host traits and three measures of helminth parasite

diversity among mammal hosts, using phylogenetically independent contrasts

Host trait Parasite species richness D+ L+

Host body mass 0.115 )0.010 )0.122
(85) (85) (80)

Host population density 0.404* )0.009 0.077

(47) (47) (45)

Host geographic range 0.146 )0.157 0.051

(16) (16) (16)

Host basal metabolic rate 0.193 )0.138 0.334**

(51) (51) (48)

Host population density, geographic range and basal metabolic rate are corrected for host body

mass, parasite species richness is corrected for sampling effort, and the average (Dþ) and variance

(L+) in parasite taxonomic distinctness are corrected for parasite species richness; numbers of pairs

of contrasts in each analysis are given in parentheses.

* p < 0.01; ** p < 0.05.
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Discussion

Although several relationships between host features and the number of para-

site species they harbour have been documented (Poulin, 1997, 1998; Morand,

2000), these have provided little information on the likely processes that have

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

C
on

tr
as

t i
n 

pa
ra

si
te

 s
pe

ci
es

 r
ic

hn
es

s

-0.5 0 0.5 1

Contrast in host population density

Figure 3. Helminth parasite species richness (corrected for sampling effort) as a function of host

population density (corrected for host body mass) in mammalian host species, based on 47 phy-

logenetically independent contrasts.
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Figure 4. Variance in helminth taxonomic distinctness, Lþ (corrected for parasite species richness)

as a function of host basal metabolic rate (corrected for host body mass) in mammalian host

species, based on 48 phylogenetically independent contrasts.
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led to the diversification of parasite assemblages. Here, we attempted to shed

light on whether certain host features, if any, might influence which process of

diversification, intra-host speciation or host colonization, has been predomi-

nant in a parasite assemblage. We focused on the taxonomic distinctness of the

species in endoparasite assemblages, rather than their mere numbers. Our re-

sults show that the taxonomic distinctness of a host’s helminth assemblage is

similar enough across conspecific host populations to be considered a host

species trait, whereas helminth parasite species richness is too variable. How-

ever, none of the four host features we investigated (body mass, population

density, geographic range, and basal metabolic rate) correlated with the tax-

onomic distinctness of helminth parasite assemblages.

We did find a positive relationship between host population density and

helminth species richness. This association has been reported before for both

helminth endoparasites (Poulin and Morand, 1998; Arneberg, 2002) and

arthropod ectoparasites (Stanko et al., 2002) of mammals. It highlights the

importance of epidemiological processes in determining how many parasite

species can coexist in a host population. However, neither host population

density nor any of the other three host characteristics examined here had any

influence on the taxonomic distinctness of parasite assemblages. In particular,

we expected host geographical range and host metabolic rate to affect the

acquisition of new parasites by host-switching, because both should influence

the exposure of a host to novel parasites. Hosts with broad geographical ranges

come into contact with more other host species than those with restricted

ranges (Gregory, 1990), and hosts with high metabolic rates consume more

food and are accessible for colonization by more food-borne parasites than

those with lower metabolic rates (Gregory et al., 1996). The latter is true

because basal metabolic rate correlates strongly with rates of energy expendi-

ture by active animals, at least in mammals (Koteja, 1991), such that basal

metabolism is a good estimator of an animal’s overall activity levels and food

requirements. After excluding the effect of a single outlier (see Fig. 4), there

was no evidence that either host geographic range or metabolism correlates

with the taxonomic diversity of helminth parasite assemblages.

Mammals are a suitable host group for a study like the present one. Among

species of vertebrate hosts, the number of genera represented in parasite

assemblages increases as a power function of the number of species (Mouillot

and Poulin, 2004). In groups such as birds or fish, the exponent of the power

function is almost one, suggesting that almost all parasite species belong to

different genera. Such a pattern would be consistent with a history dominated

by independent host colonization events (Mouillot and Poulin, 2004). In

contrast, in mammals, the exponent is significantly lower, suggesting that a

mixture of host colonization and intra-host speciation is probably responsible

for the observed diversity of parasite assemblages in mammals (Mouillot and
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Poulin, 2004). At one extreme, there are mammal species dominated by a very

few well-represented genera or families. These congeneric parasites are some-

times so numerous that they appear to form true species flocks; examples

include strongyloid nematodes in horses and other ungulates, cloacinid nem-

atodes in kangaroos, and lecithodendriid trematodes in bats (Schad, 1963;

Kennedy and Bush, 1992; Beveridge et al., 2002). And at the other extreme,

there are mammal species harbouring no more than one parasite species per

genus. The reasons for this variation are unclear. At first glance, large host

body size appears to be associated with a higher probability of harbouring

many congeneric parasite species, but this relationship is not very robust

(Poulin, 1999). As the results of the present study indicate, the causes of the

taxonomic diversity of parasite assemblages remain to be found.

It may even be futile to search for host characteristics that shape the taxo-

nomic diversity of parasite assemblages. Recently, Enquist et al. (2002) sug-

gested that the processes which structure the taxonomic diversity of woody

plant communities operate in a regular manner over millions of years and

across broad geographical gradients. Diversity might be more strongly regu-

lated by local ecological and evolutionary rules, and only weakly influenced by

environmental or historical factors such as dispersal barriers or speciation

(Gotelli, 2002). The lack of explanation coming from host body mass, popu-

lation density, geographic range or basal metabolic rate for taxonomic diver-

sity patterns in parasite assemblages substantiates this hypothesis, i.e., such

external factors may have less influence on diversity patterns than general

processes ruling species coexistence at the within-host scale. Alternatively,

historical events may be responsible for much of the parasite diversity observed

in extant host species, but without any link to gross attributes such as body

mass or basal metabolic rate. These host features have probably varied con-

siderably over millions of years of host evolution, and their current state may

be a poor predictor of the past diversification of parasite assemblages.

One of the most interesting results of the present study is the finding that

helminth species richness is too variable, i.e., not repeatable enough, across

populations of the same host species to be considered as a true host species

trait. Several examples from our data set can be used to illustrate this. For

instance, in three populations of the raccoon, Procyon lotor, in the United

States of America, helminth species richness was 7, 14 and 33 (Jordan and

Hayes, 1959; Snyder and Fitzgerald, 1985; Harkema and Miller, 1964). Host

sample sizes were large in all cases (100, 245 and 209, respectively), and cannot

explain the considerable variation in the number of helminths found in these

populations. In contrast, the values of average taxonomic distinctness, Dþ, of

these assemblages were, respectively, 88.1, 87.7 and 80.7: these were clearly

much less variable. Across all nine populations of P. lotor included in our data

set, the coefficient of variation (standard deviation · 100/mean) of species
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richness values was 62.73, whereas that for Dþ was 3.68. The same pattern is

true for other mammal species that are well represented in our data. For

example, among our eight populations of muskrat, Ondatra zibethica, where

helminth species richness ranges from 5 to 18, the coefficient of variation in

species richness was 40.06, whereas that for Dþ was only 9.15. This suggests

that although some host populations do not accumulate as many helminth

species as others, they all sample across the same taxonomic breadth of par-

asites. This has huge implications for the many earlier comparative studies of

parasite diversity (see reviews in Poulin, 1997, 1998; Morand, 2000) that have

all used parasite species richness as a measure of diversity. These studies are all

using a measure that is too variable within host species to be informative, or

even reliable.

The use of diversity measures other than species richness can cast a different

light on certain aspects of biodiversity. Recently, introduced salmonid fish

populations were shown to acquire parasite assemblages just as taxonomically

diverse as those found in their native range (Poulin and Mouillot, 2003); in

contrast, earlier findings, based on species richness, had suggested instead that

introduced fish populations invariably have depauperate parasite assemblages

(Kennedy and Bush, 1994). Although in this study we could not find an eco-

logical feature of mammalian hosts that was associated with the taxonomic

distinctness of their helminth parasite assemblages, we showed that the mea-

sures Dþ and Lþ can be viewed as host species traits whereas parasite species

richness is just too variable. The use of these new measures of diversity will

undoubtedly bring us closer to understanding how parasite biodiversity

evolves.
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