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Comparative ecology uses interspecific relationships among traits, while accounting for the phylo-
genetic non-independence of species, to uncover general evolutionary processes. Applied to
biogeographic questions, it can be a powerful tool to explain the spatial distribution of organisms.
Here, we review how comparative methods can elucidate biogeographic patterns and processes,
using analyses of distributional data on parasites (fleas and helminths) as case studies. Methods
exist to detect phylogenetic signals, i.e. the degree of phylogenetic dependence of a given character,
and either to control for these signals in statistical analyses of interspecific data, or to measure their
contribution to variance. Parasite–host interactions present a special case, as a given trait may be a
parasite trait, a host trait or a property of the coevolved association rather than of one participant
only. For some analyses, it is therefore necessary to correct simultaneously for both parasite phylo-
geny and host phylogeny, or to evaluate which has the greatest influence on trait expression. Using
comparative approaches, we show that two fundamental properties of parasites, their niche breadth,
i.e. host specificity, and the nature of their life cycle, can explain interspecific and latitudinal vari-
ation in the sizes of their geographical ranges, or rates of distance decay in the similarity of parasite
communities. These findings illustrate the ways in which phylogenetically based comparative
methods can contribute to biogeographic research.

Keywords: distance decay of similarity; host specificity; geographical range; latitude;
life cycles; phylogenetic signal
1. INTRODUCTION
Comparisons between different species, whether
expressed as casual observations or based on quanti-
tative analyses, have been a powerful heuristic tool in
the development of ecological thought [1,2]. For
example, several classical studies of resource use and
species coexistence have relied heavily on differences
among closely related species to generate hypotheses
or test their predictions [3–5]. In addition, much
coarser comparisons can be made by any amateur
biologist. For instance, elephants and tortoises live
for decades, whereas mice and frogs live for a few
years at best, an obvious pattern hinting at a link
between body size and longevity. It could be argued
that comparative ecology uses a bottom-up approach,
starting with comparisons among a subset of species
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to derive more general principles and establish the
generality of evolutionary phenomena.

In contrast to the bottom-up approach employed by
comparative ecology, biogeographic studies tend to
take a top-down approach. Biogeography aims to
document and understand patterns of biodiversity at
large spatial and temporal scales [6]. It relies heavily
on geological processes and historical events to explain
the distribution of specific organisms. At the intersec-
tion between comparative ecology and biogeography,
macroecology has emerged based on a large body of
theory linking individual-level traits with statistical
patterns of abundance, distribution and diversity,
with its scope now spanning all levels of organization
from genes to ecosystems [7–10]. Though the
interests of both disciplines overlap, macroecology
distinguishes itself from biogeography by its focus on
the relationships between organisms and their environ-
ment as seen through these statistical patterns [11,12].
Macroecology is sometimes criticized for making
limited use of geographical data and focusing too
This journal is q 2011 The Royal Society
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much on statistical relationships among species traits
[13]. However, mapping species distributions alone
cannot distinguish among competing hypotheses
proposed to explain large-scale patterns, whereas stat-
istical analysis of interspecific ecological data can [14].
Thus, comparisons among species represent one of the
most fundamental tools of macroecology, and via this
shared perspective, comparative ecology can inform
biogeographic research.

Comparative ecology, like everything else, only
makes sense in the light of evolution. The traits
shared by conspecific individuals are the product of
evolution, as are the differences that exist between
species. Comparisons made between species must
therefore be placed within the context of their evo-
lutionary history, as the degree of independence
between any two species, in a statistical sense, is pro-
portional to their phylogenetic affinities [15]. There
has been much debate among ecologists regarding
the need to control for phylogenetic influences in com-
parative analyses, or the benefits of doing so [16–18].
For instance, is a phylogenetic correction necessary
when relating variation among species to the operation
of immediate environmental factors acting on eco-
logical rather than evolutionary time-scales? [19]
Mounting evidence suggests, however, that numerous
ecological and life-history traits show a strong phylo-
genetic signal, i.e. they vary among species in direct
proportion to their shared phylogenetic history [20].
The phylogenetic non-independence of ecological
traits extends to properties such as niche breadth and
geographical range size ([21–24], but see [25]),
though such properties are often assumed by ecol-
ogists to be strong reflections of environmental
influences and only indirect phenotypic expressions
of genotypes. Early macroecological studies based on
comparisons among species generally did not include
a phylogenetic correction. However, given the accumu-
lating evidence of its ubiquitous importance, and the
availability of phylogenetic information for a rapidly
increasing range of taxa, the trend has changed; for
most research questions, it is now recommended prac-
tice to consider the relationship between evolutionary
history and current macroecological patterns [26].

The goal of this review is to illustrate how compara-
tive ecology incorporating phylogenetic information
can shed light on biogeographic patterns and their
link to ecological traits. We will achieve this by using
our own studies on parasitic organisms to illustrate
both the basic approach and some key findings. Our
case studies will be limited to two types of parasites:
fleas and helminths. Fleas (Siphonaptera) are charac-
teristic ectoparasites of mammals and are most
abundant and diverse on small- and medium-sized
host species. They usually alternate between periods
when they feed on the body of their host and periods
when they occur in its burrow or nest. In most flea
species, egg, larval and pupal development is entirely
off-host. The larvae are usually not parasitic and feed
on debris and materials found in the burrow and/or
nest of the host. In contrast, parasitic worms or
helminths (Trematoda, Cestoda, Nematoda, Acantho-
cephala) are internal parasites characterized, except for
some nematode taxa, by a complex life cycle requiring
Phil. Trans. R. Soc. B (2011)
the sequential infection of two or more hosts of differ-
ent species for the completion of a single parasite
generation. Adult worms live inside a vertebrate defini-
tive host, whereas their larval stages infect either
vertebrate or invertebrate intermediate hosts, depend-
ing on the parasite species; transmission among these
hosts occurs either via predation of one host by the
next one in the life cycle, or through free-living infec-
tive stages. Thus, a review of flea and helminth
comparative ecology incorporates two broad and dis-
tinct sets of life history and host-exploitation strategies.

Our review begins in §2 with a look at the close links
between parasite and host distributions, and at how
phylogenetic history has shaped the traits of extant
parasite taxa. In §3 we briefly discuss the various
ways in which phylogenetic data can either inform or
confound comparative analyses in parasite ecology
and biogeography. We follow this in §4 by focusing
on two fundamental properties of parasites, their
niche breadth (¼host specificity) and the nature of
their life cycle, and illustrate how they can shape bio-
geographic patterns. Indeed, we show that these two
individual-level properties can be used to generate
testable hypotheses about interspecific variation in
parasite distributions. §6 counters this by demonstrat-
ing how a key host trait, i.e. vagility or dispersal ability,
can in turn drive biogeographic patterns in parasite
assemblages. Finally, in §7 we identify gaps in our
understanding of parasite biogeography, and highlight
the ways in which a comparative approach can fill
them in.
2. FUNDAMENTALS OF PARASITE ECOLOGY
Parasites present some interesting challenges for com-
parative studies in ecology and biogeography. By
definition, parasites are dependent upon their host
for essential resources. This does not simply involve
the acquisition of nutrients, but also entails physical
attachment to the host or residence within the latter’s
body for prolonged periods of time, if not for most
of the parasite’s life. This has important implications
for the spatial ecology and evolutionary history of
parasites.

Firstly, the spatial distribution of parasites must
necessarily be closely coupled with that of their
hosts. Because parasites require suitable hosts for
nutrients and other resources, they cannot occur
where those hosts are absent. Therefore, the maximum
geographical range of a parasite must equal the com-
bined ranges of its hosts. As a corollary, because
parasites are where the hosts are, parasite species
richness must covary across localities with host spe-
cies richness [27–29]. Assuming that most host
species harbour at least one host-specific parasite
species, then all else being equal, a positive relation-
ship between host and parasite species richness is
inevitable and generally supported, independent of
variability among areas in either their size or how well
they have been investigated for parasite diversity
(figure 1). Hotspots of host diversity are thus generally
hotspots of parasite diversity, too.

Secondly, the tight dependence of parasites on their
hosts leaves a deep imprint on many parasite ecological
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Figure 1. Parasite species richness as a function of host
species richness across geographical areas, for (a) freshwater
trematodes and their vertebrate hosts from 25 biogeographic
regions in Europe, and (b) fleas and their small mammalian

hosts from 37 regions of the world. Data on fleas and mam-
mals are corrected for host sampling effort and area size, i.e.
they are residuals from a multiple regression (data from
Krasnov et al. [28] and Thieltges et al. [29]).
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Figure 2. Hypothetical scenarios for the influence of host or

parasite phylogeny on trait expression in five parasite species
occurring on five host species. Realized host–parasite species
combinations are indicated by boxes aligned with branch tips
of either the host or parasite phylogenetic tree; the parasites
are assumed to be generalists capable of infecting more than

one host species, and in turn each host species harbours
more than one parasite species. The magnitude of trait
expression is indicated by the shading inside each box, ran-
ging from low (white) through moderate (grey) to strong
(black) expression. Trait expression can be influenced

(a) by parasite phylogeny only, regardless of what host species
a parasite infects, (b) by host phylogeny only, to a similar
extent in all parasites infecting a given host species or (c) by
a combination of both phylogenies acting in concert.
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properties. However, host characteristics have varying
degrees of influence on parasite biology, depending
on which trait is considered: parasite traits mapped
onto a host phylogeny may thus show varying degrees
of fit (figure 2). Some properties of parasites are true
parasite species traits, independent of the host. For
example, allocation of reproductive investment
between testis size and testis number varies among
cestode species within a clade, but independently of
the host species they exploit [30]. Other parasite
species traits show a strong phylogenetic signal but
are additionally modulated by the identity or
characteristics of the host. For example, interspecific
variation in parasite body size is often related signifi-
cantly to variation in host body size, especially for
internal parasites [31–33]. Other traits are even
more strongly influenced by the host: they are best
considered as coevolved properties of a host–parasite
association rather than specific traits of either antagon-
ist. For instance, parasite virulence, i.e. the harm
caused to the host by infection and usually measured
as parasite-induced reduction in host fitness, can
hardly be seen purely as a parasite trait [34]. Instead,
it is the outcome of a genetically determined parasite
strategy of resource exploitation, and of host counter-
adaptations including immunological responses and/
Phil. Trans. R. Soc. B (2011)
or compensatory mechanisms. Indeed, the same para-
site species can cause very different fitness losses in
different but closely related host species [35,36].

In addition, some other variables, like parasite
species richness in different host species, are arguably
true host traits (figure 3). Through the phylogenetic
history of host species within a given clade, parasite
species are acquired or lost like other traits, and they
can be mapped onto a host phylogeny [37]. Parasite
species are either inherited from an ancestor (by
cospeciation), gained (via host-switching or coloni-
zation, or by intra-host speciation) or lost (after
missing the boat during speciation, or following extinc-
tion). These changes in numbers of parasite species
occur at different rates in different host lineages,
possibly influenced by host ecological traits, making
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Figure 3. Changes in parasite species richness in host
lineages over phylogenetic time. The shaded area represents
the phylogenetic relationships among three host species. The
lines mapped onto this phylogeny identify parasite lineages

(denoted a– f ). When the host speciates, parasites often
co-speciate such that each daughter host species inherits
the ancestor’s parasites (lineage a). Parasites can also ‘miss
the boat’ during host speciation (lineages b and c not inher-
ited by host 3), or go extinct some time after host

speciation (lineage c, black circle), and thus be absent from
one or more daughter host species. New parasites are
acquired by hosts through colonization (i.e. host-switching,
lineages d– f, shown by arrows) or following intrahost para-
site speciation, i.e. parasite duplication without host

speciation (in lineage b, shown by star). The result is that
related host species harbour different numbers of parasites
from each other and from their common ancestor.
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it essential to control for host phylogeny in any test of
the determinants of parasite species richness [38].
Thus, the extent to which host and/or parasite phylo-
genetic influences may affect the expression of a trait
is highly variable. Depending on the nature of the vari-
ables included in a comparative study, one may
therefore need to take into account parasite phylogeny,
host phylogeny or both.
3. MEASURING PHYLOGENETIC INFLUENCES
ON PARASITE ECOLOGY
(a) Phylogenetic signal

With respect to morphology, closely related species tend
to share attributes inherited from their common ances-
tor. However, with respect to ecological attributes,
phylogenetic niche conservatism is best seen as an evo-
lutionary conjecture, which stipulates that closely related
species should be more ecologically similar than
expected based on the timing of their phylogenetic
divergence [22,39]. As a hypothesis, it is usually
tested by measuring a statistical pattern known as the
phylogenetic signal, which corresponds to the degree
of phylogenetic dependence of a given character [40];
a null phylogenetic signal simply indicates that the
character is totally independent from the phylogeny.
As a trait experiencing random evolution (Brownian
motion) will inevitably result in at least a weak phylo-
genetic signal, phylogenetic niche conservatism should
lead to a stronger phylogenetic signal than expected
Phil. Trans. R. Soc. B (2011)
under Brownian motion. Hence, phylogenetic niche
conservatism can also be defined as the tendency for
related species to exhibit greater phylogenetic signal
than expected under a scenario of Brownian trait evo-
lution. Establishing the presence of a phylogenetic
signal among comparative data is the first step in
a comparative analysis, as it determines whether
correcting for phylogenetic influences is necessary.

Several methods have been proposed for the detection
of phylogenetic signals, all using a slightly different
approach to compare the distribution of trait values
among the branch tips in a phylogenetic tree to that
expected from some null model [39–43]. Each method
has its own merits and disadvantages. For instance,
they are not equally robust to incomplete phylogenetic
data on branch length or topology, and they make differ-
ent assumptions about underlying models of character
change [43]. Nevertheless, when applied to the same
data, different methods generally reveal similar patterns
of phylogenetic resemblances among the traits of species
within a clade [44]. Applying any of these methods to
several comparative datasets typically reveals ubiquitous
phylogenetic signals, not just for morphological traits
but also among ecological and behavioural traits
[20,40,45].

Several traits of parasites also show conservatism
based on phylogenetic relationships. Sometimes, no
formal test is necessary to demonstrate this pattern.
For instance, the complex life cycles of related trema-
todes typically display similar patterns with respect to
the types of host used. Species in the family Schistoso-
matidae all have a two-host life cycle involving a snail
and an endothermic vertebrate, whereas those in the
family Opecoelidae have a three-host cycle involving a
snail, another invertebrate (usually a crustacean) and
a fish. The same sort of conservatism can be seen
among families of nematodes or cestodes, indicating a
strong phylogenetic signal in ontological niche shifts
by parasites, corresponding to transmission from one
host to the next during their development. Other
aspects of parasite biology are more labile and not so
obviously subject to phylogenetic signals. For instance,
the number and specific identities of host species
exploited by a parasite species at any given stage of its
life cycle vary among closely related species. Neverthe-
less, when tested rigorously, sister species of helminth
parasites of birds, and of fleas parasitic on small mam-
mals, are more similar than expected by chance for
numbers of host species used or their taxonomic diver-
sity, suggesting a phylogenetic signal [46]. Local
availability of host species can influence estimates of
how many hosts are used, or of which host species are
preferred. Indeed, generalist flea species exploit subsets
of host species only slightly taxonomically distinct from
random subsets taken from the local species pool,
suggesting strong local constraints affecting measures
of host use [47]. This probably explains why the phylo-
genetic signal in the number of host species used by
given flea species, as well as in the average abundance
achieved by fleas on their hosts, is much stronger
when based on continental-scale data than on
regional-scale data [44]. Thus, when examined at the
appropriate scale, ecological traits of parasites generally
show clear phylogenetic signals.
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(b) Correcting for phylogenetic influences

When a phylogenetic signal has been demonstrated (or
when one is strongly suspected) in a comparative data-
set, correcting for phylogenetic influences while testing
for associations among ecological variables is neces-
sary, or at least well justified. The phylogenetically
independent contrast, or PIC, method has been the
main way of achieving this over the past 20 years
[48]. Put simply, the method computes the difference
in trait values between sister branches issued from the
same node in a phylogeny, and uses these differences,
or contrasts, in statistical analyses instead of the
species values on the branch tips [15,48,49]. In the
past decade, the phylogenetically corrected generalized
least squares (GLS) method has rivalled the PIC
method in popularity [20,50–52]. Contrary to the PIC
method, GLS tests for the relationships between original
character values rather than between contrasts. This
method controls for the confounding effect of phylogeny
by incorporating the phylogenetic autocorrelation of the
data in the error structure [20,50]. In essence, GLS
employs maximum-likelihood estimation of an index of
phylogenetic dependence and incorporates it into the
analysis to control for any phylogenetic effect [52].
The index of phylogenetic dependence is essentially a
measure of phylogenetic signal [51]. Both PIC and
GLS are actually similar in assuming a Brownian
model of trait evolution to model the expected covari-
ance of traits among species [53]. Most applications of
PIC and GLS involve dependent variables that are con-
tinuously distributed, but analysis of binary dependent
variables within a phylogenetic context is also possible
using a logistic regression approach [54]. All these and
other related methods, like the recently proposed
phylogenetic principal component analysis [55], can be
implemented with a range of readily available statistical
packages.

The relevance of adopting these methods instead of
performing analyses on ‘raw’ trait values becomes clear
when their performance under a range of scenarios is
compared with that of a straight correlation across
species values [56]. Based on analyses of simulated
data, PIC, GLS and other comparative methods incor-
porating phylogenetic information are generally better
in detecting existing relationships among traits than
correlations among species values regardless of the
evolutionary model used to generate the data. The
outcome of analyses of real biogeographic data also
often depends on whether or not phylogenetic infor-
mation is considered. For instance, Krasnov et al.
[57] tested for an interspecific relationship between
the latitudinal centre of the geographical range of
fleas parasitic on small mammals and their host speci-
ficity, the latter measured as the average taxonomic
distinctness among the host species used by a flea
(see §4b). When the raw species values were analysed,
host specificity did not correlate with the position of
the centre of the geographical range (p ¼ 0.3). How-
ever, correcting for the confounding effect of
phylogeny using PIC revealed a significant positive
correlation between these two parameters (p , 0.01).
The contrasting results suggest that phylogenetic
effects may mask true relationships. The adaptive
component of the geographical pattern resulting
Phil. Trans. R. Soc. B (2011)
from species-level responses occurred independently
of phylogeny, but could only be seen after the strong
phylogenetic signal was neutralized.
(c) Estimating relative effects of phylogeny and

other factors

Correcting for phylogenetic influences may serve some
purposes, such as allowing the ‘phylogeny-free’ analy-
sis of comparative data. In other cases, phylogeny
might be of interest in its own right, e.g. one might
want to estimate the relative effects of phylogenetic
conservatism versus other factors on the expression
of particular species traits. Two related methods, the
phylogenetic eigenvector regression (PER) and
multiple regression on distance matrices (MRM),
provide ways of achieving this [58–60]. In these multi-
variate analyses, all predictor variables and the
response variable are expressed as distance matrices,
all of which are unfolded into distance vectors.
In simple terms, a matrix of pairwise phylogenetic dis-
tances is constructed for all species being compared;
these may consist of patristic distances, i.e. the sums
of branch lengths linking two species in a tree. This
phylogenetic distance matrix is then used as a predic-
tor variable; other predictor variables and the
response variables may include geographical distances
between the geographical ranges of species as well as
interspecific differences in a range of traits. The signifi-
cance of the regression model as well as the effects of
individual predictors are determined using per-
mutations, and the fraction of the variation explained
by each predictor can also be calculated. These
approaches are already used to address biogeographic
questions [60,61].

In parasite biogeography, this sort of method can be
very useful when the nature of a trait requires correct-
ing simultaneously for both parasite phylogeny and
host phylogeny, or when one must evaluate which of
the two phylogenies has the greatest influence on
trait expression. This situation would not arise if the
coevolutionary history of a clade of parasites with
their particular clade of hosts followed Farenholz’s
rule, an old hypothesis in parasitology stating that
the phylogenetic tree of parasites is a mirror image of
that of their hosts. Some of the earliest studies of
host–parasite coevolutionary history using molecular
phylogenetics indeed suggested almost perfect congru-
ence between host and parasite phylogenies (e.g. [62]).
In such cases, controlling for parasite phylogeny in a
comparative analysis would automatically also control
for host phylogeny without any additional steps.
However, subsequent co-phylogenetic studies have
indicated that parasite trees that mirror host trees are
exceptions rather than the norm; indeed, frequent
host-switching and less-than-strict host specificity
seem to characterize many host–parasite associations
(see [63] for review). If both the evolutionary history
of parasites and that of their hosts are believed to influ-
ence the trait under study, then simultaneous
correction for both sets of phylogenetic influences is
required. While the original methods developed for
comparative analysis, like PIC, allow control for only
one phylogenetic tree, methods such as PER and
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MRM can deal with multiple phylogenies. All host–
parasite species combinations just need to be
mapped onto the branch tips of both a host phylogeny
and a parasite phylogeny before each phylogeny gets
converted into a distance matrix [64].

Comparative ecology now comes with a compre-
hensive set of tools to investigate relationships among
species traits, including those relating to geographical
distribution, while accounting for the evolutionary
baggage carried by all extant species via inheritance
from common ancestors. The following sections will
apply these tools to varying degrees in an attempt to
extract ‘phylogeny-free’ patterns reflecting the true
influence of ecological properties on biogeographic
phenomena. More specifically, we will focus on key
ecological properties of parasites or their hosts, make
predictions regarding their likely effects on the geo-
graphical distributions of parasites, and test those
predictions using methods that eliminate as much as
possible any confounding influence of phylogenetic
history.
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Figure 4. Relationships between geographical range size
(square kilometres) and two measures of host specificity,
(a) the number of host species exploited and (b) their average

taxonomic distinctness, across flea species parasitic on small
mammals in Australia. Data are phylogenetically indepen-
dent contrasts computed on log-transformed values (data
from Krasnov et al. [71]).
4. PARASITE NICHE BREADTH AND
BIOGEOGRAPHY
The host provides both food and shelter for parasites,
and therefore the simplest way of measuring realized
niche breadth for parasites is to equate it with host
specificity. Different measures of host specificity
exist, and hereafter we will consider two of them: the
number of host species used by a parasite, and their
phylogenetic diversity, which can be measured as the
average pairwise taxonomic or phylogenetic distance
between the host species used [65]. As discussed in
§3a, host specificity is also phylogenetically conserved,
with closely related parasite species showing more
similar values of host specificity than expected by
chance [44,46]. Finally, host specificity is a key prop-
erty of parasites: it is a determinant of their local
extinction risk and of their likelihood of successful
establishment following introduction to a new region,
with generalist species less prone to local extinction
and better invaders than specialists [66,67]. In
addition, in the case of fleas, generalist species also
achieve higher abundance on their hosts, i.e. greater
numbers of individuals per individual host [68]; there-
fore, host specificity is also a determinant of individual
fitness and population success. For these reasons, we
might expect host specificity to explain some of the
interspecific variation in the geographical distribution
of parasites.

(a) Niche breadth and geographical range size

Interspecific relationships between the degree of
specialization for resources and the size of the geo-
graphical range have been reported for various taxa
[8,69]. The niche breadth hypothesis provides a
simple explanation [70]: specialists can tolerate only
limited abiotic conditions or feed on a restricted
range of resources, and therefore can only exist in a
narrow subset of localities, whereas generalists with
broad tolerance and diets can exist in a wider range
of places. For parasites, this should mean that general-
ist species (with low host specificity) have a wider
Phil. Trans. R. Soc. B (2011)
geographical range than specialists. A larger geo-
graphical range in generalist parasites may result, in
part, from the larger total range size of their entire
host species combined. In addition, the probability
that a parasite can persist in any locality should
depend on its ability to exploit local hosts, regardless
of the latter’s geographical distribution. Generalist
parasites are more likely than specialists to cope with
host extinctions and changes in host abundances at
these local scales, allowing them to maintain larger
geographical distributions. Thus, the niche breadth
hypothesis is a viable explanation for any link between
host specificity and geographical range size in
parasites.

This was tested for fleas parasitic on small mammals,
using data for a total of 341 flea species from seven dis-
tinct geographical regions and employing the PIC
method [71]. In all regions, generalist flea species
achieved a larger geographical range than specialist
species confined to a narrow spectrum of host species
(figure 4). This was true if host specificity was measured
as the number of host species used by a flea or as their
taxonomic diversity. The independence of this result
from any phylogenetic inheritance strengthens the
causal inference one can make between parasite niche
breadth and geographical range size, and also suggests
that the underlying mechanism is not specific to the
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Figure 5. Relationships between the latitude of the centre of

the geographical range and (a) flea geographical range size
(square kilometres) and (b) the average taxonomic distinct-
ness of host species exploited, across flea species parasitic
on small mammals in the Palaearctic. Data are phylogenet-

ically independent contrasts computed on log-transformed
values (data from Krasnov et al. [57]).
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particular flea taxa included in the study. However, it
remains unclear whether this pattern holds true for
other parasite and host groups, and future studies will
need to revisit the relationship between parasite niche
breadth and range size.

(b) Latitudinal gradients in parasite

niche breadth

Latitudinal gradients in numbers of species or in their
properties represent some of the best-documented
large-scale patterns in biogeography. The inter-
relationships among latitude, geographical range size
and niche breadth are particularly informative, as
they may represent the visible outcome of universal
ecological processes [72–75]. One such gradient,
known as Rapoport’s rule, involves the widely reported
increase in the geographical range size of species with
increasing latitude, i.e. species at high latitudes tend
to have broader geographical ranges than those at
lower latitudes [72,75]. Another latitudinal gradient
with good empirical support, at least for some taxa,
is the positive relationship between latitude and
niche breadth, with generalist species occurring at
greater frequency at high latitudes and specialists
being more common in the tropics [74]. The mechan-
isms linking these two broad patterns have been
hypothesized to involve the effect of high species rich-
ness on specialization as (i) species richness generally
peaks at low latitudes, (ii) specialist species with
narrow niche breadth are more frequent in species-
rich communities, and (iii) as seen above, generalist
species achieve larger geographical ranges than special-
ists [74]. To date, however, empirical tests of these
patterns have mostly been performed without correc-
tions for phylogenetic relatedness, and whether they
exist as the outcome of ecological processes or follow-
ing evolutionary inheritance remains unclear.

Using data on 120 flea species parasitic on small
mammals in the Palaearctic, and employing the PIC
method, we confirmed that both geographical range
size and niche breadth, measured as the taxonomic
diversity of host species used, increase with increasing
latitude [57]. These patterns are independent of phy-
logenetic influences (figure 5) and, in the case of
host taxonomic diversity, became apparent only after
correcting for those influences. However, the real chal-
lenge will be determining to what extent they are the
outcome of processes acting on parasites as opposed
to being a consequence of parasite biogeography
merely mirroring host biogeography. Indeed, mam-
mals serving as hosts for fleas also show latitudinal
gradients in niche breadth and geographical range
size (e.g. [76,77]). Testing whether these patterns
develop independently among their parasites as
opposed to being constrained to follow host patterns
may require a simultaneous correction for parasite
phylogeny, host phylogeny and host ecology, using
one of the methods mentioned earlier.
5. PARASITE LIFE CYCLE AND BIOGEOGRAPHIC
PATTERNS
Host specificity is not the only key parasite property
that may shape parasite biogeography. Except for a
Phil. Trans. R. Soc. B (2011)
few nematode taxa, helminth parasites have complex
life cycles requiring a parasite to infect two or more
host species, in a given order, in order to complete a
single generation. The parasite completes a new devel-
opmental stage inside each host, and shows different
levels of host specificity at each stage. The life cycle
can thus add another layer of complexity to the host
requirements of parasites, making it also a key deter-
minant of their risk of local extinction and of their
likelihood of surviving following introduction to a
new region [66,67]. General life cycle patterns are
also clearly phylogenetically conserved, i.e. members
of any given genus or family must use hosts belonging
to the same broad taxon to complete their life cycle.
For example, trematode species of the family
Cryptogonimidae almost invariably have a snail to
small-fish to large-fish life cycle, whereas those of the
family Strigeidae tend to have a snail–fish–bird cycle.

The variation among the types of hosts used by
parasites suggests a mechanism through which the
life cycle can influence biogeographic variables. Para-
sites rely almost entirely on their hosts, in particular
the definitive host in the case of helminths, for disper-
sal at both small to large spatial scales. Therefore, the
vagility of the definitive host should be the main deter-
minant of a parasite’s dispersal potential [78]. For
instance, all else being equal, when comparing hel-
minth parasites that spend the first part of their life
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cycle in freshwater habitats, we would expect those
using birds or mammals as definitive hosts to disperse
more readily across the region than those using fish, as
the latter remain more or less confined to a single
water body. This expectation is confirmed by phylo-
geographic studies on regional scales that find greater
gene flow among lake populations of trematode species
maturing in birds than among those maturing in fish
[79]. We might also expect that host vagility is an
important factor affecting geographical range size, as
parasites of vagile hosts have a higher probability of
dispersing to new localities than those exploiting
hosts with limited vagility.

This prediction was tested with comparative data
on European freshwater trematode species. In the
absence of a comprehensive phylogeny of trematodes
extending beyond the family level, the taxonomic
affiliations (genus, family, etc.) of each species were
entered as factors in a semi-nested design, in an
attempt to distinguish between phylogenetic influences
leading to conserved values and true effects of host
vagility [80]. In the end, phylogenetic influences
proved insignificant. The results of the analysis also
showed that host vagility is not related to the size of
trematode geographical ranges. In other words, para-
sites exploiting highly vagile definitive hosts such as
birds do not achieve consistently larger geographical
ranges than those using fish hosts that are thus
restricted in their movements to a single lake or
watershed (figure 6). Host dispersal may not be as
Phil. Trans. R. Soc. B (2011)
important at continental scales as on the regional
scales mentioned above, especially if other factors are
at play. For instance, a general difference in host speci-
ficity between bird parasites and fish parasites, through
its connection with range size, could offset any effect of
host-dispersal abilities. These relationships should be
revisited when good comparative data on the host
specificity of European freshwater trematodes are
compiled.
6. HOST DISPERSAL AND DISTANCE DECAY OF
SIMILARITY
Although host vagility does not appear to influence the
geographical range size of helminth parasites, it may
nevertheless have important biogeographic implications.
Host dispersal should facilitate the homogenization of
parasite communities across geographical space. Like
other assemblages, parasite communities in any given
host species show a clear decay in compositional simi-
larity as a function of the distance separating them:
nearby host populations tend to have many parasite
species in common, whereas distant ones share very
few. This phenomenon applies to varying degrees to a
wide range of host and parasite taxa [81–86]. Several
mechanisms can act, alone or in combination, to pro-
duce a decrease of the similarity in species composition
between two communities with increasing distance
between them [87]. For instance, the spatial autocorrela-
tion of climatic and abiotic variables can lead to species-
sorting in geographical space, or landscape topography
may constrain either direct or host-mediated dispersal
of parasite species.

The rate at which similarity in parasite communities
decays with increasing distance between host popu-
lations can be measured in many ways. These include
the slope of the similarity-versus-distance relationship
in log–log or semi-log space, or the halving distance,
i.e. the distance at which similarity is reduced by half
its maximum value as calculated from a linear
regression [87]. All else being equal, we might expect
similarity in parasite communities to decay at a slower
rate among populations of a highly vagile host species,
such as a bird, than among those of hosts with limited
movement, such as freshwater fish constrained to phys-
ically separated water bodies. Such a pattern was
observed in parasite communities of the marine snail
Hydrobia ulvae, which serves as the first intermediate
host for a range of trematode parasites that use either
birds or fish as definitive hosts. The halving distance
for the trematode species using birds as definitive
hosts was approximately two to three times larger
than for species using fish hosts, suggesting that host-
dispersal ability is a strong driver of distance decay
patterns [85]. However, tests of this prediction are
challenging for several reasons. First, environmental
differences between two localities can affect the
similarity in their parasite communities independently
of geographical distance [88,89]. Indeed, for a given
geographical distance between two host populations,
they are more likely to share parasite species if they
occupy habitats with similar environmental conditions
(figure 7). Second, geographical variation in the com-
position of parasite communities has only been
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examined quantitatively in a handful of host taxa, which
limits any inference about the role of their ecological
characteristics [90]. Dispersal ability is not the only
trait that varies among host species, and interspecific
comparisons of the rates of distance decay in parasite
community overlap among different host species will
need to be performed within a phylogenetic framework,
to account for other inherited similarities and differ-
ences. Two of the most fundamental questions in
parasite biogeography, i.e. what determines variation
in parasite diversity among host species and among
areas, and what controls parasite species turnover in
space, can only be properly answered if informed by
phylogeny. While the former question has been
addressed within a rigorous phylogenetic context (see
[38,67,91]), the latter has not. Estimating rates of
distance decay in similarity provide a quantitative
measure of spatial species turnover in parasite commu-
nities, which now needs to be examined with proper
comparative methods.
7. CONCLUDING REMARKS
The comparative approach has always been and will
remain an essential tool for ecology and biogeography.
It provides a solid conceptual and methodological
bridge between the local-scale focus of ecology and
the large-scale view of biogeography, by linking local
selective forces with interspecific patterns of variation
across space. Comparative ecology has had to overcome
a few obstacles, some of which still stand. The main
ones have been the reluctance of many ecologists
to acknowledge the signature of phylogeny in studies
of ecological phenomena acting on short time-scales,
Phil. Trans. R. Soc. B (2011)
and the lack of robust phylogenies for a wide range
of taxa. Nevertheless, the use of phylogenetically
grounded comparative analyses has become standard,
although there are still important challenges to be
met. One of them is the need to incorporate both
phylogenetic and spatial data into interspecific compari-
sons. The use of approaches based on distance matrices
is an obvious way of achieving this (see [92]). A second
important challenge for phylogenetically based
comparative methods will be shifting the emphasis
from p-values to effect sizes, and to allow for model
uncertainty within an information theoretic framework
(see [53]).

Comparative analyses assessing interspecific
relationships among traits grounded in a phylogenetic
framework have identified global patterns in parasite
biogeography, and helped to distinguish among the
possible underlying processes. In many cases, indi-
vidual-level properties such as niche breadth (i.e.
host specificity) or life-cycle characteristics are driving
some emergent large-scale patterns in the distribution
of parasites. Our understanding of the geographical
determinants of parasite diversity remains patchy,
however. A major problem is the availability of good
data, as data on parasite diversity in any given area
generally lag several years behind data on free-living
organisms. As the examples above show, fleas parasitic
on small mammals and trematodes of freshwater ver-
tebrates rank among the better-studied host–parasite
systems, simply owing to the availability of data compil-
ations. However, it remains unclear how well the
observed patterns hold for other parasite–host sys-
tems. There is a myriad of parasitological data
buried in the literature, not only in Western journals
but in particular in Russian and Chinese sources.
As electronic databases are constantly growing, the
compilation of extensive parasitological datasets
should become increasingly feasible in the near
future. At the same time, the availability of modern
phylogenies for both parasite and host groups is also
constantly growing, paving the way for comparative
ecological studies of the effects of individual-level
traits on large-scale biogeographic patterns.

As data become available, making sense of them will
be a considerable challenge too, given that the ultimate
drivers of parasite diversity are entangled among the
host and parasite phylogenetic histories, the geo-
graphical history of the area and a range of ecological
processes. In particular, we should expect the presence
of phylogenetic signals in the effects of ecological pro-
cesses on organisms; for example, the influence of
solar radiation or habitat productivity on the diversity
of different taxa should be more similar among closely
related taxa than among distantly related ones. In the
context of global change and the risk of emerging
diseases, the goal of predicting future biodiversity
patterns and species distributions will therefore re-
quire a greater integration of possible phylogenetic
influences.
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