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SUMMARY

The host specificity of a parasite is not merely a function of how many host species it can exploit, but also of how closely

related these host species are to each other. Here, a new index of host specificity is proposed, one that takes into account the

average taxonomic or phylogenetic distance between pairs of host species used by a parasite. The index is derived from

measures of taxonomic distinctness used in biodiversity studies. It is easy to compute and interpret, ranging from a

minimum value of 1 when all host species are members of the same genus, to a maximum of 5, when all host species belong

to different classes. The variance of this measure can also be computed, and provides additional information on the

taxonomic or phylogenetic structure of the host assemblage. Using data on helminth parasites of Canadian freshwater

fishes, we show that the new index, unlike the mere number of known host species, is independent of study effort i.e. the

number of published records of a parasite. Although the index and the number of known hosts are not entirely indepen-

dent statistically, each captures a different aspect of host specificity. For instance, although acanthocephalans infect

significantly more host species than trematodes, cestodes or nematodes, there is no difference in the average index value

among these 4 helminth taxa, suggesting that the average taxonomic distances between the host species of a parasite do not

vary among these higher taxa. We recommend the use of our new index in future comparative studies of host specificity, in

particular when the focus is on the evolutionary history of parasites and of their past colonizations of host lineages.
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INTRODUCTION

One of the most fundamental properties of any

parasite species is its host specificity (Adamson &

Caira, 1994). In its most basic sense, the specificity

of a parasite is determined by the number of host

species it can exploit successfully (i.e. ‘host range’

sensu Lymbery, 1989). Although its measurement

is not as straightforward as it may seem, this single

feature of parasites is important for many reasons.

For instance, it reflects, better than any other par-

ameter, the breadth of their ecological niche, and

thus their exact position and role in the biosphere. In

addition, host specificity will determine the likeli-

hood that a parasite will successfully invade a new

habitat, or adjust to new hosts following its intro-

duction to a new geographical area. Host specificity

is therefore an important life-history trait of para-

sites, just as important if not more so than body size

and fecundity. It has, however, proven extremely

difficult to quantify in any way that would allow

meaningful comparisons among species.

The main problem is that not all host species

are equal. Two parasite species that each exploit

4 host species at the corresponding stage of their

life-cycles, say, as adults, may not be equally special-

ized. From an ecological perspective, parasite

species A might be very common in 1 host species

but rare in the other 3, whereas parasite species B

might be equally prevalent and abundant in all 4 of

its hosts. This pattern would suggest differences in

host preferences or host exploitation. Rohde (1980,

1993, 2002) has developed indices of host specificity

based on the relative intensities or prevalence of in-

fection of a parasite in all its known host species.

Despite some weaknesses (see Poulin, 1998), these

indices at least take into account the relative im-

portance of different host species as resources for

parasites. Often, though, interest in host specificity

is motivated by studies of host–parasite coevolution

or by assessments of the risks of a parasite species

colonizing a new host species, say, following a

species introduction. If we now consider the above

2 hypothetical species of parasites from an evolution-

ary perspective, it is not the prevalence or intensity

of infection that matters the most, but the phylo-

genetic relationships among the host species. If all 4

host species of parasite species A are congeners,

whereas those of parasite species B all belong to

different families, we have a situation in which one

parasite (species A) is much more specific than the

other because its hosts represent only a single host
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genus. Parasites with low host specificity are those

characterized by broad taxonomic ‘ jumps’ during

their evolutionary history, regularly switching from

one host species to a distantly related one. A useful

measure of host specificity needs to take host re-

lationships into account: the number of host species

used on its own is inadequate for comparisons

among different parasite species.

Recently, Caira, Jensen & Holsinger (2003) pro-

posed a new index of specificity that attempts to in-

corporate basic phylogenetic information on the host

species used by a parasite. Their index considers not

only how many host species are used by a parasite,

but also how many genera, families and orders these

hosts belong to. This is certainly a step in the right

direction. This new index, however, is still not en-

tirely satisfactory. Consider 2 parasite species, each

parasitizing 10 host species representing 5 genera. In

the first parasite species, 6 host species are con-

geners, and the other 4 each belong to a different

genus. In the second parasite species, the 5 host

genera each have 2 species exploited by the parasite.

Caira et al.’s (2003) index would fail to discriminate

between these 2 hypothetical parasite species, be-

cause it is not sensitive to the uneven distribution of

host species among higher taxa. What we need is

an index of host specificity that takes into account

the finer phylogenetic or taxonomic structure of the

group of host species used by a parasite.

Here, we present a new index that does just that.

It is inspired from measures of phylogenetic diver-

sity recently proposed in the scientific literature, in

particular in biodiversity and conservation studies

(e.g. Faith, 1992; Humphries, Williams & Vane-

Wright, 1995; Purvis & Hector, 2000; Shimatani,

2001; Barker, 2002). More specifically, it is derived

from the measures of taxonomic distinctness de-

veloped in recent studies of marine biodiversity by

Clarke & Warwick (1998, 1999, 2001; Warwick &

Clarke, 1998, 2001). We illustrate the use of this

index with data on helminth parasites of Canadian

freshwater fishes. We show that the new index has

several properties that make it an unbiased estimator

of the mean taxonomic distance between the hosts

used by a parasite.

METHODS

The new index

The proposed specificity index, STD, measures the

average taxonomic distinctness of all host species

used by a parasite species. When these host species

are placed within a taxonomic hierarchy, based on

the Linnean classification into phyla, classes, orders,

families, genera and species, the average taxonomic

distinctness is simply the mean number of steps up

the hierarchy that must be taken to reach a taxon

common to 2 host species, computed across all

possible pairs of host species (Fig. 1). Thus, if 2 host

species are congeners, 1 step (species-to-genus) is

necessary to reach a common node in the taxonomic

tree; if the 2 species belong to different genera but

the same family, 2 steps will be necessary (species-

to-genus, and genus-to-family); and so on, with

these numbers of steps averaged across all host

species pairs. For any given species pair, the number

of steps corresponds to half the path length connect-

ing two species in the taxonomic tree, with equal

step lengths of one being postulated between each

level in the taxonomic hierarchy. The greater the

taxonomic distinctness between host species, the

higher the number of steps needed, and the higher

the value of the index STD: thus it is actually in-

versely proportional to specificity. A high index

value means that on average the hosts of a parasite

species are not closely related. Formally, the index is

computed as follows (see Clarke & Warwick, 1998) :

STD=2

PP

i<j

vij

s(sx1)
,

where s is the number of host species used by a para-

site, the double summation is over the set {i=1, … s ;

j=1, … s, such that i<j}, and vij is the taxonomic

distinctness between host species i and j, or the

number of taxonomic steps required to reach a node

common to both (see Fig. 1).

Using the standard 5 taxonomic levels above

species i.e. genus, family, order, class andphylum, the

maximum value that the index STD can take (when

all host species belong to different classes) is 5, and

its lowest value (when all host species are congeners)

is 1. Given that few (if any) parasite species, at a

given stage in their life-cycle, infect hosts belonging

Fig. 1. Hypothetical taxonomic trees for the hosts of

3 species of parasites. Each parasite species is found on

4 host species, A–D. In (a), all 4 host species are

congeners, and thus they average a single step toward a

common node i.e. STD=1. In (b), the 4 hosts belong to

2 different genera but to the same family, with some

species pairs, such as A–B, requiring 1 step to reach a

common node, and others, such as A–C, requiring 2 steps.

Example (c) shows even greater taxonomic distinctness,

with the 4 hosts belonging to different families within

the same order. Note that the maximum possible value

of STD in these examples is 3, because there are

3 taxonomic levels above species.
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to different phyla, this range is sufficient for all

practical purposes, and we recommend it as a stan-

dard procedure.

It should be noted that the concept of taxonomic

distinctness can easily be used in a full phylogenetic

context, by replacing taxonomic trees such as those

in Fig. 1 by proper phylogenetic trees with known

branch lengths, with only a slight modification to the

equation above (see Clarke &Warwick, 2001). How-

ever, given that we do not yet have fully-resolved

phylogenies for all host taxa, it is probably more

practical to stay within a taxonomic framework, at

least at present. In addition, it is possible to incor-

porate ecological information, such as the prevalence

or intensity of infection of the parasite in each of its

host species, into the computations of taxonomic dis-

tinctness (Clarke & Warwick, 1998; Barker, 2002).

Again, however, such ecological data are not always

available for all host species, especially when dealing

with several parasite species in a comparative analy-

sis ; we therefore here focus on the simpler version of

the index, based solely on the presence of the para-

site on host species.

The index STD measures the average taxonomic

distinctness between host species, and does not

capture all of the taxonomic structure of a set of host

species. It is possible to have 2 parasite species, each

infecting the same number of host species and each

characterized by an identical value of STD, but with

1 parasite species clearly capable of infecting hosts

across a broader taxonomic range (see Fig. 2). Asym-

metries in the taxonomic distribution of host species

across higher taxa can sometimes be missed by STD,

which is only the average taxonomic distinctness ; in

these situations complementary information can be

obtained by examining the variance in taxonomic

distinctness (see Clarke & Warwick, 2001) :

VarSTD=

PP

ilj

(vijx$)2

s(sx1)

where $ is simply the average taxonomic distinct-

ness, or STD. The variance in STD is not as in-

formative as STD itself, and not as convenient as an

index, but it conveys separate information of how

much taxonomic heterogeneity there is among a

group of host species. In other words, VarSTD

measures the ‘evenness’ of the distribution of taxa

across the taxonomic tree (Warwick & Clarke, 2001)

or the ‘complexitiy’ of this hierarchical tree. Note,

however, that the variance in STD can only be com-

puted when a parasite exploits 3 or more host species

(it always equals zero with 2 host species).

The only apparent weakness of STD is that it

cannot be applied to parasite species infecting only

1 host species. There is no pair of host species in these

cases from which an average taxonomic distance can

be computed. There are 2 obvious ways of dealing

with such highly host-specific parasites. First, they

can be excluded from any comparative analysis in

which STD is computed for other, less specific para-

site species; after all, they show maximum speci-

ficity, and the computation of an index will not tell

us more about them. Second, they can be assigned a

STD value of 1, since by definition ‘all ’ host species

for such specialized parasites belong to the same

genus. This option has merits when it is the host

taxonomic level beyond which parasites do not col-

onize new hosts that is of interest, whereas the for-

mer option is preferable when one is interested in the

taxonomic extent of host switching in parasites that

have actually achieved switches.

Data and analyses

We obtained data on the host fish species used

by species of trematodes, cestodes, nematodes and

acanthocephalans parasitizing Canadian freshwater

fishes. The data were obtained from the checklists

of Margolis & Arthur (1979). For certain parasite

groups, there are more up-to-date host lists (e.g.

for trematodes, see Gibson, 1996), and revisions of

helminth taxonomy may have affected the species

status of a few helminths included in our analyses,

but these would have little impact on the results as a

whole. Besides, these data are used only to illustrate

the usefulness of the new index.

Data were gathered only for parasite species that

use fish as definitive hosts, i.e. that occur in fish as

adult worms. Number of known host species were

recorded for each of these helminth species. In ad-

dition, we computed our new index of host taxo-

nomic distinctness, STD (only for parasite species

with more than 1 known host species), as well as its

variance (only for parasite species with more than

Fig. 2. Hypothetical taxonomic trees for the hosts of

2 species of parasites, in which both parasites exploit

the same number of host species and have identical STD

values. The greater asymmetry of the tree in (b), however,

leads to a greater variance in taxonomic distinctness than

in (a). In example (b), many hosts are congeners, but one

belongs to a different family altogether, creating more

variation in the number of steps required to reach the

common node of pairs of species, than in example (a)

where all host species belong to the same family (modified

from Clarke & Warwick, 2001).
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2 known hosts) for these helminth species. To calcu-

late the index and its variance, a computer program

was developed using borland C++ Builder 5.0.

The fish taxonomy used for the calculations was that

proposed by Nelson (1994), because his comprehen-

sive taxonomic hierarchy is based on a phylogenetic

scheme; other phylogenies/taxonomies could have

been used, however. We used the 6 taxonomic levels

(species, genus, family, order, class, and phylum) rec-

ommended above; these were necessary anyway

because some of the helminths infect both fish and

lampreys, which only come together at the phylum

level. Finally, we also recorded for each helminth

species the number of published records of its oc-

currence. This variable serves as a measure of study

effort. A parasite only recorded once is likely to have

been found on a single host species, regardless of

how many it actually parasitizes; the number of

known host species is therefore positively related to

study effort, or how often a particular parasite has

been recorded (see Poulin, 1992). This confounding

variable was thus taken into account in our analyses.

Data on number of known host species and num-

ber of published records were log-transformed prior

to analysis using standard parametric tests, even

if raw values are sometimes reported in tables or

figures.

RESULTS

We obtained data for a total of 170 species of hel-

minths parasitic in Canadian fishes. Of these, 108

species had at least 2 host species and could be as-

signed a STD value. The distribution of numbers of

known host species was clearly skewed, with most

helminth species being found in only one or two

host species (Fig. 3). The distribution of STD values

was closer to normal, with a modal value of just

over 3 (Fig. 4). This indicates that a typical helminth

of freshwater fish infects host species belonging to

different orders. The frequency distribution of

VarSTD values (Fig. 4) shows that most are small,

and thus that highly asymmetrical patterns of host

relationships such as that in Fig. 2B are rather un-

common.

The number of knownhost species correlated posi-

tively with the number of published records across

all helminth species (r=0.716, N=170, P=0.0001) :

the more is published about a parasite species, the

longer its list of known hosts is likely to be (Fig. 5).

The same was not true for either STD (r=0.146,

N=108, P=0.1306) or VarSTD (r=0.103, N=82,

P=0.3560) across helminth species for which these

indices could be computed (Fig. 5). Both these

measures are apparently insensitive to study effort,

making them less biased indices of host specificity

than just the number of known host species.

The index STD is not entirely independent of

the number of known host species, however: the

2 measures are positively correlated (r=0.446,

N=108, P=0.0001). The roughly triangular scatter

of points (Fig. 6) suggests that although both low

and high values of STD are possible when few host

Fig. 3. Frequency distribution of known number of host

species among helminth species parasitic on Canadian

freshwater fishes.

Fig. 4. Frequency distribution of STD and VarSTD

values among helminth species parasitic on Canadian

freshwater fishes.
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species are known, low values of STD become in-

creasingly less likely for parasites with many hosts,

probably because these parasites are more likely to

include hosts from a broader taxonomic origin. Even

after correcting the number of known hosts for study

effort, by using the residuals of a regression against

the number of published records, the correlation

with STD remains significant (r=0.403, N=108,

P=0.0001). In contrast, VarSTD does not covary

with the number of known hosts (r=0.002, N=82,

P=0.9891), even after a correction for study effort

(r=x0.098, N=82, P=0.3787). It appears, how-

ever, that VarSTD can achieve a wider range of

values in parasites with few known hosts than in

parasites with many known host species (Fig. 6).

There is also a weak positive correlation between

STD and VarSTD (r=0.213, N=82, P=0.0552).

This is not too surprising, as the variance and mean

of a group of numbers are never independent, but it

also means that these two indices capture some of the

same features of a taxonomic assemblage of host

species.

Comparisons among the 4 helminth taxa (trema-

todes, cestodes, nematodes and acanthocephalans)

are also revealing. Although they do not differ with

respect to study effort, the 4 taxa have different

numbers of known host species (Table 1). On aver-

age, acanthocephalan species exploit twice as many

host species as nematodes do, and 3 times more host

species than trematodes or cestodes. However, the 4

taxa do not differ significantly with respect to STD or

VarSTD (Table 1). This means that although acan-

thocephalans colonize more new host species than

other helminths, they do not make bigger taxonomic

‘ jumps’ when they switch hosts.

DISCUSSION

Recent interest in host–parasite coevolution has fol-

lowed in the footsteps of progress in phylogenetic

reconstructions of the evolutionary history of related

Fig. 5. Relationships between the number of published

records of each helminth species found in Canadian

freshwater fishes, and 3 measures of their host specificity:

the number of known host species per parasite species,

STD and VarSTD.

Fig. 6. Relationships between the number of known host

species per helminth species and both STD and VarSTD,

across helminth parasites of Canadian freshwater fishes.
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groups of animals (see Brooks & McLennan, 1993;

Paterson & Gray, 1997; Jackson, 1999). This em-

phasis on phylogenetic relationships should be re-

flected in any measure of host specificity, because the

host specificity of parasites is a simple concept en-

compassing their evolutionary history of associations

with different host taxa (Caira et al. 2003). Here, we

present a simple measure of host specificity that

quantifies precisely the average relatedness of the

host species used by a parasite. A single value cannot

capture all the nuances associated with the concept

of host specificity. From an evolutionary perspec-

tive, however, our new index provides a brief sum-

mary of a parasite’s history of host switching, and

of the average taxonomic (or phylogenetic) distance

between hosts during host switches.

Not only is the new index providing an accurate

assessment of host relatedness, but it also possesses

other desirable features. First, it is independent of

study effort, just as the index used in biodiversity

studies from which STD is derived is independent

of sample size (Rogers, Clarke & Reynolds, 1999;

Clarke & Warwick, 1999, 2001; Warwick & Clarke,

1998, 2001). The strong link between study effort

and the number of recorded host species has plagued

past attempts to use this simple count as a measure of

host specificity (Poulin, 1992). Our new index is not

affected by this problem. Second, although STD

does correlate with the number of known host

species, the two parameters clearly measure different

things. This is illustrated clearly in the comparisons

of the values for the four helminth groups. Despite

showing much longer lists of known host species, on

average, than other helminth taxa, the acantho-

cephalans had values of STD or VarSTD similar to

those of trematodes, cestodes and nematodes. Using

our index sheds new light on these comparisons, and

suggests that there are no real differences in host

specificity among the four helminth taxa. Acantho-

cephalans might be more likely to colonize new host

species, but in doing so they do not make longer

taxonomic ‘ jumps’ than other helminths.

The usefulness of the index, and its ability to dis-

tinguish between parasite species that exploit the

same number of host species, can be best seen in

specific examples. Consider the trematodes Homa-

lometron armatum andAcetodextra amiuri. Both have

four known host species according to Margolis &

Arthur (1979), including the bullhead Ictalurus nebu-

losus on which both trematodes are found. How-

ever, whereas the other 3 fish hosts of A. amiuri are

also all in the family Ictaluridae, those of H. arma-

tum belong to different orders (Siluriformes, Perci-

formes, and Acipenseriformes). This is reflected in

the STD values of A. amiuri and H. armatum, which

are 1.67 and 3.83, respectively. Only STD can dis-

criminate quickly and quantitatively between para-

site species like these, i.e. parasites with equal

numbers of host species but with very different

colonizing abilities.

Alternatively, STD can help to see through ap-

parent differences in host specificity that are based

solely on the number of known host species. For

example, consider the nematodes Philometra cylin-

dracea and Rhabdochona cascadilla. According to

Margolis & Arthur (1979), the former occurs in 4

host species and the latter in 38 host species, despite

both species having received similar study effort

(8 and10published surveys, respectively,mentioning

these parasite species). Despite this marked differ-

ence, however, their STD values are practically

identical : 3.33 and 3.36, respectively. These 2 nema-

tode species have therefore crossed very similar

taxonomic distances when they colonized new host

species over their evolutionary history. One species,

R. cascadilla, has made more such colonizations than

the other, as shown by its longer list of known hosts,

and that is where the difference lies. This difference

may simply be due to contrasting opportunities for

colonisation: half of the hosts of R. cascadilla are

cyprinids, by far the most speciose family of Cana-

dian freshwater fishes, whereas P. cylindracea does

not infect any cyprinid. Exploiting hosts belonging

to speciose taxa promotes host switching among re-

lated host species (Poulin, 1992). The number of

known hosts and STD convey information about

different aspects of a parasite’s history of host col-

onization. Both are easy to compute, and they should

both be used in future comparative analyses of large

numbers of parasite species in order to elucidate

Table 1. Comparisons of study effort and 3 measures of host specificity (means¡S.D.) among 4 large taxa

of helminths parasitizing Canadian freshwater fishes

Parasite taxon N
No. of records
/species

No. of host
species STD VarSTD

Trematodes 63 4.76 (5.03) 4.16 (4.58) 2.69 (1.03) 0.69 (0.46)
Cestodes 50 6.92 (8.52) 4.01 (4.21) 2.66 (0.94) 0.87 (0.73)
Nematodes 39 5.49 (5.45) 6.85 (9.12) 2.82 (0.84) 0.82 (0.56)
Acanthocephalans 18 7.78 (6.26) 12.61 (14.41) 3.05 (0.92) 0.94 (0.53)

ANOVAs F3,166=1.195 F3,166=4.017 F3,104=0.668 F3,78=0.721
P=0.3133 P=0.0086 P=0.5738 P=0.5424
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which factors contribute to both the frequency of

host switches, and the relative taxonomic distances

involved in those switches.

The variance in STD, or VarSTD, also provides

useful information, but is not as readily useful as

STD itself. A high variance usually means that one

main branch in the taxonomic tree of host species

contributes proportionally more species to the list

than other branches, but the exact value of VarSTD

does not lend itself to easy interpretation. In con-

trast, values for STD have a simple biological mean-

ing. An STD value of 1.1 means that most of the

known host species of a parasite are congeners, a

value of 1.8means that they belong to the same family

but are mostly from different genera, a value of 2.5

indicates that several of them belong to different

orders, and so on. We therefore recommend STD

as an index of specificity, but encourage the use of

VarSTD as a source of additional information about

the taxonomic structure, complexity or unevenness

of the host assemblage (see Clarke & Warwick,

2001).

Our new index emphasizes phylogenetic or taxo-

nomic distances between host species, but it ignores

ecological distance. It is conceivable that 2 closely

related host species diverge with respect to one or

more ecological features important for parasite col-

onization, such as host diet or body size, whereas

2 more distantly-related host species may live in

sympatry and share several ecological features. In

such cases, the ecological distance between hosts

becomes the main determinant of the likelihood of

host switching, with phylogenetic distance playing a

secondary role. Ecological distances are more diffi-

cult to quantify than phylogenetic or taxonomic dis-

tances, however, and cannot easily be integrated into

an index of host specificity. In addition, phylogen-

etic and ecological distances are likely to go hand in

hand, in most situations, such that members of the

same genus tend to have similar body sizes, diets,

habitat preferences, etc. Another aspect of specificity

not integrated into our index is that of microhabitat

specificity. Two parasite species may exploit the

same 3 host species, with one found everywhere in

the gut and the other restricted to a very short sec-

tion of the gut. The latter parasite is therefore more

specialized than the former, but on a scale not

covered by our index.

In conclusion, we present a new index of host

specificity that measures the average taxonomic dis-

tances between all the host species used by a para-

site. The new index is easy to compute, independent

of sampling effort, and it conveys information that is

not provided by the mere number of host species

known to be exploited by a parasite. An even better

index would be one that incorporates ecological in-

formation such as the prevalence or abundance of

the parasite in each of its host species. This could

be achieved by weighing the different branches of

the host taxonomic tree according to prevalence or

abundance; given the general lack of good ecological

data for many parasite species, the usefulness of this

more complete version of the index would be lim-

ited. The version of STD presented here is likely to

be the one with the broadest application. Similar

indices, from which the present one is derived, have

been used in biodiversity studies and have provided

new light on the conservation value of certain natural

assemblages, or on the impact of anthropogenic dis-

turbances on biodiversity (e.g. Warwick & Clarke,

1995, 1998; Rogers et al. 1999; Purvis & Hector,

2000; von Euler & Svensson, 2001; Barker, 2002).

These new indices have shifted the emphasis from

the mere number of species in a locality to the di-

versity of the higher taxa that they represent. Ap-

plied to the specificity of parasites for their hosts, our

new index can do the same thing, and become a

powerful tool in future studies of parasite specialis-

ation.
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