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The distribution of parasites across mammalian hosts is complex and rep-

resents a differential ability or opportunity to infect different host species.

Here, we take a macroecological approach to investigate factors influencing

why some parasites show a tendency to infect species widely distributed in

the host phylogeny (phylogenetic generalism) while others infect only closely

related hosts. Using a database on over 1400 parasite species that have been

documented to infect up to 69 terrestrial mammal host species, we characterize

the phylogenetic generalism of parasites using standard effect sizes for three

metrics: mean pairwise phylogenetic distance (PD), maximum PD and phylo-

genetic aggregation. We identify a trend towards phylogenetic specialism,

though statistically host relatedness is most often equivalent to that expected

from a random sample of host species. Bacteria and arthropod parasites are

typically the most generalist, viruses and helminths exhibit intermediate

generalism, and protozoa are on average the most specialist. While viruses

and helminths have similar mean pairwise PD on average, the viruses exhibit

higher variation as a group. Close-contact transmission is the transmission

mode most associated with specialism. Most parasites exhibiting phylogenetic

aggregation (associating with discrete groups of species dispersed across the

host phylogeny) are helminths and viruses.
1. Introduction
Parasites that can infect a wide range of host species, i.e. generalist parasites, are

often highlighted as threats to biodiversity conservation and public health

due to their widespread impact and likelihood of emergence in novel hosts

[1–5]. Conventionally, parasitologists quantify parasite generalism (or, conversely,

specificity) by the taxonomic breadth of their host species, for instance, by number

of host species that a parasite can infect [6–8]. Studies using such generalism

metrics have provided important insights into the ecology and evolution of para-

sites, but have been less successful in identifying which host species are at greatest

risk of future emergent infectious diseases, and which parasites are likely to cause

those outbreaks. In part, this is because simple metrics do not fully characterize all

dimensions of parasite generalism, and they are often not calibrated against null
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expectations. Parasite species can be contrasted by their average

differences (e.g. the mean relatedness of all their hosts) or by

their extreme differences (e.g. the maximum PD among their

hosts). They may also differ in terms of their tendency to

infect discrete clusters of host species—their tendency towards

phylogenetic aggregation. Thus, a phylogenetic perspective

contrasting observations to null expectations provides a power-

ful framework for exploring parasite generalism and the factors,

such as parasite type and transmission mode, that underlie pat-

terns of host–parasite associations. Considering multiple axes

of generalism also provides opportunities for developing

metrics for future work aimed, for example, at teasing apart

the role of host-shifts and co-speciation in the evolutionary ecol-

ogy shaping contemporary host–parasite dynamics [9] and

predicting emerging threats to humans and wildlife [10].

One of the challenges for understanding the distribution

of parasites is to account for how host species differ in their

exposure and susceptibility to the same parasite [8,11], and

how phylogeny predicts host–parasite associations through

these effects. The rapid development in integrating information

on evolutionary history into biodiversity research [12,13] has

inspired recent research aimed at bringing an evolutionary

perspective to the mechanisms underlying parasite generalism

and for identifying unknown existing or potential host species

[10,11,14,15]. For example, mammalian parasites capable of

infecting multiple host species from disparate evolutionary

lineages (i.e. distant relatives in a phylogeny) are more likely

to cause zoonotic disease outbreaks than others [16]. Here,

we quantify the phylogenetic relatedness among host species

infected by the same parasite, i.e. a parasite’s phylogenetic gen-

eralism (or phylogenetic host specificity), to identify the factors

that determine host–parasite relationships at macroecological

scales. We also present a novel index to characterize the

distribution of a parasite on the host phylogeny. For example,

parasites may exhibit patterns consistent with ‘creeping’

through the phylogeny via related hosts (potentially indica-

tive of co-speciation), taking large ‘leaps’ across host clades

(i.e. more consistent with host shifts) or some combination of

these patterns. This macroecological perspective is not designed

to definitely establish mechanisms associated with particular

host or parasite species, but provides a common vocabu-

lary to articulate parasite generalism and associates this with

taxonomic and transmission mode parasite traits.

The distribution of parasites across host species has

previously been shown to depend on the phylogenetic related-

ness among host species [17–20]. Closely related host species

share common evolutionary history, and thus common para-

sites, at least until their divergence [21,22]. They also show

higher similarity in their biology than distantly related hosts

[23–25], including characteristics associated with immune

responses, and behaviours associated with encounter probabil-

ities related with diet, that can modify the potential for host

switching via exposure and susceptibility [26–28]. However,

two recent studies, using relatively restricted datasets on para-

sites in different mammalian clades, uncovered substantial

variation in the degree of phylogenetic generalism. Most

parasites infecting multiple primate hosts appeared to be phy-

logenetic generalists [16], but for carnivores, many multi-host

parasites were constrained by host phylogeny, especially

helminths and viruses [18]. Earlier work also revealed that

many helminth species tend to exhibit taxonomically restricted

host ranges [7,11,29] but suggested that viruses, due to their

rapid mutation rates, should more readily adapt to new hosts
that are not necessarily closely related to existing hosts

[30–32]. These mixed results presented in different systems

invite a broader-scale investigation as to why some parasites

overcome the physiological and ecological barriers between

distantly related host species, while others are localized

within a set of phylogenetically close relatives.

We address this challenge by analysing a large amount of

data describing mammalian host–parasite associations in

wild mammals of four orders: Artiodactyla, Carnivora,

Perissodactyla and Primates. Approximately half of the parasite

species studied (781/1490) infect at least two host species. We

compare the phylogenetic generalism of these parasite species

in relation to two main factors: the higher-taxon parasite

group (i.e. arthropods, bacteria, helminths, protozoa and

viruses) and the transmission modes of each parasite species

(i.e. close-contact transmission, complex life cycle transmission,

environmental transmission and vector-borne transmission).

Our aim is to identify patterns of parasite sharing by different

hosts in relation to host phylogeny, and the principles that

govern these patterns. Our study is unparalleled in terms of

the diversity of host and parasite species considered. This

breadth is made possible by the newly published Global

Mammal Parasite Database (GMPD) v. 2.0 [33], which includes

an extensive record of parasite occurrence in free-ranging popu-

lations of over 400 mammal species from the focal orders,

coupled with information on the taxonomy and characteristics

of the parasite species. In addition to considering the host range

of multi-host parasite species, we also examine a commonly

neglected component of ecological parasitology—the number

of single-host parasites in relation to parasite taxonomy and

transmission mode, as well as the position of their host in

the phylogeny.
2. Material and methods
Records of parasite associations with terrestrial mammals were

obtained from the GMPD [33,34]. These records include Latin

binomials and taxonomic classification for host and parasite

species, and transmission mode for the majority of parasite species

(80%). Transmission modes were assigned in the GMPD based on

an extensive literature review [33,34], and comprise: close contact,

environmental, vector-borne and complex life cycle transmission

(i.e. with intermediate hosts transitioning parasites to definitive

hosts, including via predator–prey interactions). Literature

searches always included ‘parasite’, ‘pathogen’ or ‘disease’ to

minimize the possibility of unintentionally including records of

post-mortem colonization by opportunist organisms (especially

bacteria and arthropods). The GMPD data were analysed in R

[35] to establish the number and identity of parasite species per

host species and the number and identity of host species per para-

site species. The analysis includes 404 terrestrial mammal host

species. Because Perissodactyla is under-represented, with only

10 species compared to 115, 178 and 101 for Carnivora, Primates

and Artiodactyla, respectively, we combined this order with

Artiodactyla to form an ‘ungulate’ group consisting of 111 species.

A published phylogeny of mammals [36,37] was used to

obtain the phylogenetic distance (PD) between all pairs of hosts.

Although more recent mammal phylogenies have been published,

we use this version because it matched the mammal taxonomy in

the GMPD. Previous work has demonstrated that pairwise dis-

tance metrics, which we use here, are not generally biased by

small differences in phylogenetic topology [38]. For the set of

hosts of each parasite species, the mean pairwise PD between

hosts was calculated, as was its standard effect size [39]. The

latter was obtained using the R package picante [40], under a null

http://rspb.royalsocietypublishing.org/
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Figure 1. Boxplot of standard effect sizes of mean pairwise PD in each para-
site group stratified by transmission mode. Negative values indicate that a
parasite species tends to infect host species that are more closely related
than expected by chance (under the null model). Conversely, positive
values indicate the opposite. In terms of deviation from the null model,
12.4% of standard effect sizes are significantly negative (none of the positive
values are statistically significant). Solid horizontal line indicates the global
median standard effect size (20.93).
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model in which the community data matrix (host–parasite associ-

ations) was randomized 1000 times with the independent swap

algorithm [41], maintaining occurrence frequencies of host and

parasite species, and weighting the PD of selected host pairs

based on their abundance in the GMPD. This measure captures

the average relatedness of the host species of a given parasite

species on a standardized scale, allowing for easier comparison

among parasites. Two further standard effect size metrics were cal-

culated on each parasite species’ host set assuming the same null:

maximum PD of any two hosts in a parasite’s set, and the ratio of

the mean of the minimum PD (average nearest-neighbour dis-

tance) to the single maximum PD [42]. The former metric

provides a standardized measure of each parasite’s breadth

across the host phylogenetic tree (hereafter termed ‘span’). The

latter metric identifies the nearest host for each host in the parasite

set, averages these overall hosts in the set, and then scales by the

(single) maximum distance for whole group (i.e. span). Thus, it

provides a measure of the tendency for the set of host species to

exhibit an aggregated distribution within the span (hereafter

termed ‘aggregation’).

The null model used in the main text is a weighted null

model that uses a weighted mean for PD values of selected

hosts pairs. The weighting is the relative frequency of the hosts

in the GMPD, and, therefore, incorporates the potential sampling

bias inherent in the GMPD; certain host species are more com-

monly studied. An alternative null model was also explored in

the electronic supplementary material that does not use weighted

means, allowing a comparison of results when including and

ignoring the potential sampling bias. The raw values for each

metric of phylogenetic specificity, i.e. before applying standard

effect size calculations, are compared across parasite types in

the electronic supplementary material.

The null modelling approach allows the calculation of

standard effect sizes that return a z-score and a p-value, where

z-scores below 21.96 (phylogenetically specialist parasites)

represent significant differences from the null expectation,

assuming the null model generates a normally distributed set

of scores [43]. Scores in the interval 21.96 , z ,þ1.96 are equiv-

alent to a random host set under the null model. While z-scores

greater than þ1.96 are theoretically possible, they do not occur

under the null models considered. An important caveat is that

at low host richness, which includes parasites that infect few

host species and host–parasite associations that are under

sampled, there is less power to detect patterns of phylogenetic

specialism [16]. Therefore, it is important to consider trends in

the data, such as a tendency to observe negative z-scores, in

addition to statistical significance of individual randomizations.

Host evolutionary distinctiveness, measured as millions of

years of evolutionary separation, was estimated directly from

the mammal phylogeny [36,37] using the evol.distinct function

in the R package picante [40], with the equal splits option in

which shared branches are apportioned equally among descen-

dant lineages [44]. The terminal branch length of each host was

also recorded as an additional measure of evolutionary isolation.
3. Results
Host communities of a parasite exhibited a trend towards

being more related than expected by chance, indicated by

negative z-scores for mean pairwise PD between host species

(figure 1). The global median standard effect size was 20.93,

with 96% of parasites having negative standard effect sizes

that are predicted for phylogenetic host specialists. However,

only 12.4% of parasites have significantly negative standard

effect sizes. No parasites were found to have significantly

positive standard effect sizes.
The proportion of significantly negative standard effect

sizes varies across parasite types, with smallest to largest

proportions corresponding to bacteria, arthropods, helminths,

viruses and protozoa, respectively (test for equality of

proportions, p , 0.001, electronic supplementary material,

figure S1 top panel). The proportion of significantly negative

standard effect sizes is not significantly different across

parasite transmission modes (test for equality of proportions,

p ¼ 0.65, at the 95% significance level, electronic supplemen-

tary material, figure S1 bottom panel). However, across the

full range of standard effect sizes, each of the two covariates

(parasite type and transmission mode) and their interaction

explain significant differences between mean values

(ANOVA: p , 0.001 for parasite type, transmission mode and

interaction, details in electronic supplementary material, table

S1). Additionally, we explored a less conservative null model

that ignores the frequency of host records (unweighted) in

the GMPD and compared patterns with the weighted null

model used here (electronic supplementary material, figure

S2). In general, standard effect sizes are highly correlated

across the two null models, with more extreme negative

effect sizes observed in the unweighted model, and viruses

and bacteria being the parasite types most likely to be re-

classified as phylogenetic specialists in an unweighted null

model (electronic supplementary material, figure S2). Exclud-

ing parasite species with only one known host species does

not bias results as the frequency of parasite types and trans-

mission modes is congruent across single- and multi-host

parasites (electronic supplementary material, figure S3).

http://rspb.royalsocietypublishing.org/
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Parasite type by transmission mode interactions are particu-

larly driven by protozoa and viruses, and by close contact and

vector-borne transmission (electronic supplementary material,

figure S4). Close contact transmission is generally associated

with extreme specialism in these groups and vector-borne

transmission is generally associated with generalism. Parasites

that infect hosts only within one group (carnivores, primates

or ungulates) exhibit patterns of host relatedness that are

qualitatively similar to the overall pattern (electronic sup-

plementary material, figures S5 and S6). Departures from the

general pattern include the observation of several specialist bac-

teria infecting carnivores (electronic supplementary material,

figure S5) and the relative lack of importance of transmission

mode on patterns of specialization for parasites infecting

primates and ungulates (electronic supplementary material,

figure S6).

Helminths and viruses have standard effect sizes for mean

pairwise PD that are intermediate among the five parasite

types, and their mean values are very close to each other. How-

ever, it is notable that viruses exhibit much wider variation in

degree of generalism (figure 2), containing many extreme

specialists (large, negative standard effect sizes) but also

many generalists. By contrast, helminths tend to be more con-

sistent in their degree of generalism, and contain relatively few

species that are at either extreme of the generalism–specialism

spectrum. This illustration underscores the importance of

examining the variance in phylogenetic specialism of a parasite

type in addition to its average level.

In our investigations of span (maximum PD) and aggre-

gation (the ratio of mean minimum to span), we found that

parasite taxonomic groups exhibit variation in both of these

metrics. Protozoa, viruses and helminths contain several
parasite species whose span is significantly smaller than

expected by chance (figure 3 points left of boxes in subplots).

No parasite has a span that is bigger than expected by

chance, which is not surprising because the spans associated

with random host species selected in the null model are

frequently large. Viruses and protozoa additionally contain

some species whose hosts are more aggregated than expected

by chance (figure 3, points below boxes in subplots). By con-

trast to parasite type, patterns of span and aggregation are

similar across transmission modes (electronic supplementary

material, figure S8). An example of two parasites, Leptospira
interrogans and Trypanosoma cruzi, with similar span but very

different aggregation patterns is provided in figure 4.

To investigate whether the evolutionary isolation of hosts

influences host–parasite associations, we constructed a set of

negative binomial generalized linear models, to accommodate

over-dispersion in the number of parasite species per host

species (variance to mean ratio approximately 25), meaning

that a small number of host species are associated with a

large number of parasite species. These models have the

number of parasite species per host species as the response

variable, and either host evolutionary distinctiveness or host

terminal branch length as the main predictor variable (elec-

tronic supplementary material, figure S10). Each model was

fitted with and without the inclusion of a second predictor vari-

able, the number of host records in the GMPD, which was used

to control for sampling bias. Only one model showed that more

evolutionarily distinct hosts (but not those subtending from

longer terminal branches, and not in models that included the

number of host records) had significantly fewer parasite species

(electronic supplementary material, table S2). Even ignoring the

indication that these patterns appear to be largely driven by

the number of host records (a measure of host sampling bias

that was significant in all models in which it was applied), the

data showed substantial noise in the negative relationship

between evolutionary distinctiveness and parasitism, and the

analyses revealed that, on average, a lineage loses one parasite

species per million years (electronic supplementary material).
4. Discussion
We have shown that the vast majority of multi-host parasites in

mammals have negative standard effect sizes for host pairwise

phylogenetic distance, suggesting phylogenetic constraints on

host breadth. However, individual parasites rarely have a

phylogenetic host breadth that differs significantly from

randomly sampled host communities. In addition, appro-

ximately half of the parasite species are only known to

associate with a single-host species.

Of the five parasite types we consider, bacteria are the most

generalist, while protozoa and viruses are more specialist.

Transmission mode impacts the opportunity for parasites to

encounter novel host species, for example, via low interspecific

host contact rates, vector feeding preferences, disparate trophic

links associated with complex life cycle transmission and low

parasite survivorship in the environment. However, trans-

mission mode was less influential in determining parasite

generalism compared with parasite taxonomy, where taxon-

omy likely captures numerous biological traits for which data

are currently lacking, such as mutation rates and immunogeni-

city. Additionally, there were interactions between parasite

type and transmission mode; both protozoan and viral

http://rspb.royalsocietypublishing.org/
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parasites exhibit specialism when transmission is through close

contact, in agreement with primate parasite research that used

taxonomy to classify host specificity [7]. Protozoan parasites

that are environmentally transmitted are also often more

specialist than expected by chance, whereas vector-borne pro-

tozoa are typically generalist. Some caution must be applied

when jointly considering parasite type and transmission

mode, as they are not truly independent predictors, with

some transmission modes more characteristic of particular

parasite types. An important area for future research will be

to determine the extent to which apparent patterns of host

specificity are controlled by intermediate hosts, paratenic

hosts and vectors.

Previous research based on taxonomic definitions of gener-

alism has suggested that viruses and protozoa are relatively

generalist and helminths relatively specialist [7]. Some of the

differences between these previous findings and the ones we
present here emerge from our consideration of host phyloge-

netic breadth; taxonomic definitions may exaggerate rare but

large host species jumps by classifying a parasite as, for

instance, associating with hosts of multiple orders, even if

that parasite is most often associated with hosts within the

same genus (where we capture large jumps with the comp-

lementary standard effect size for span). In addition, and in

contrast with purely taxonomic definitions of generalism,

examining the standard effect sizes of host phylogenetic diver-

sity metrics allows for continuous, standardized measures that

facilitate comparison across parasite species and with null

expectations thereby providing more robust hypotheses testing.

By using phylogeny rather than taxonomic definitions we

found, for example, that while viruses often infect closely

related hosts, as has been observed previously [18], they

are also a group that contains several parasites whose hosts

are distantly related. Similarly, previous research on a subset

http://rspb.royalsocietypublishing.org/
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of primate helminths demonstrated strong patterns of co-

speciation, with occasional cross-clade host switching [45].

This pattern of host–parasite association is reflected in our

observation that the level of host specificity of several

helminths is equivalent to that of random host sets, and

these parasites may both ‘jump’ and ‘creep’ through host

phylogeny, evidenced by several examples of large-span and

high-aggregation helminths.

When interpreting patterns of phylogenetic host breadth, it

is important to recognize that phylogenetic patterns in the

hosts of parasites can represent multiple drivers of parasite

sharing. These include the geographical ranges of hosts [17],

although the relationship between host species relatedness

and range overlap is complex [39]. Host behaviour and diet

breadth may also correlate with degree of relatedness between

host species. In primates, these traits were relatively weakly

related to host phylogeny [46], but body size exhibited a

strong phylogenetic signal, and is known to predict factors

influencing parasite transmission in mammals, such as social-

ity and intensity of home range use [47]. The primates exhibit

lower average body size than the other host taxa that we inves-

tigated, and if parasites differentially infect different sized

hosts, this could account for some of the phylogenetic related-

ness of a parasite’s host set. Finally, related host species may

exhibit similar immune responses or molecular similarities

involved with entry of pathogens into cells, driven by com-

parable selection pressures [48], which could account for

congruent parasite communities in related host species. We

hope the patterns of host relatedness uncovered in this study

will encourage future research aimed at establishing more

mechanistic explanations for parasite sharing, although these

may be complicated by confounded predictors.

While the underlying data in our analyses represent

known host–parasite associations, they are not complete [49].

Nonetheless, our sample of multi-host parasites is not a taxono-

mically biased sample when compared to single-host parasites,

and we have established the likely biases associated with well-

studied host species, as well as which parasite types are

most impacted by these biases by comparing null modelling

approaches. We acknowledge that the associations between
hosts and parasites are not necessarily indicative of parasite

fitness, and certain parasite types may disproportionately rep-

resent low or near-zero fitness associations with hosts. For

example, a helminth species with a paratenic host may obtain

a rare ultimate host that is not technically a definitive host

because no reproduction occurs. However, we assume the

data, at minimum, reflect a correlation between the likelihood

of observing a parasite with a putative mammal host species

and that mammal species acting as a viable host.

The patterns of sharing of parasites among host species are

controlled by several factors that are not measured explicitly

and sharing may arise via several different mechanisms. Para-

sites may jump between host species, establishing in each, as

demonstrated by rabies virus [50]. Parasites can also maintain

themselves in some reservoir host species and occasionally spill

over to others, as occurred, for example, in Middle East Respirat-

ory Syndrome (MERS) coronovirus transmission from camels to

humans [51]. In addition, some parasites that are apparently

shared between hosts may be different species [52], while other

multi-species parasite groups may be less speciose than currently

acknowledged [53]. While the GMPD data use a standardized

protocol for parasite nomenclature [33], it is possible that the ten-

dency for taxa to be lumped versus split is different across the

parasite types we consider, and this could ultimately impact

the robustness of statistical analyses. The study of only four

mammal orders opens the possibility that parasites that appear

specialist, may infect other host species not considered here.

In addition to the taxonomic limitations of the data, variation

in host richness across all parasite species may also bias and

impact the power of statistical inference associated with the

null modelling approach. If a parasite has only two host species,

then picking many pairs of host species at random and compar-

ing their relatedness to the relatedness of the observed pair may

be more likely to result in the observation occurring towards

the centre of the distribution of random relatedness. This is less

likely to occur when the host richness of a parasite is high. For

these reasons, we caution against over-interpreting the lack of

significantly specialist parasites and emphasize the observation

that the vast majority of parasites have negative effect sizes,

suggesting phylogenetic constraints.
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Another limitation concerns variation in sampling effort

and host richness. The variation in richness may be partly

attributed to the fact that some parasites are simply studied

less than others, or hosts that harbour a particular parasite

may be sampled less often. Even though we control for

sampling effort using appropriate null models, this may not

account for sampling effort perfectly, as assumptions are

involved that may not be met. Collectively, the above caveats

impact the inference we can draw on future potential for

novel host acquisition from existing data based only on obser-

vations of presence, although promising statistical approaches

have recently been put forward [54–56]. It is, however, worth

speculating on some of the underlying drivers that might have

given rise to contemporary observations, and identifying areas

that warrant further study.

Plausibly, parasites with rapid evolution may be both good

adaptors to, and explorers of, host space, as is indicated by

many of the viruses, which exhibit associations with dispersed

clusters of host species in the mammal phylogeny, perhaps

indicative of taking occasional leaps to novel host species

followed by subsequent colonization of closely related host

species. For successful host shifts, there must also be the oppor-

tunity for host jumps: reservoir and naive hosts must come into

contact, at least indirectly [57]. One obvious barrier to host shifts

is geography. Host species geographical ranges have previously

been shown to be one of the strongest predictors of viral parasite

sharing among primates [17], but are only implicitly included

here via the non-independence of range overlap and phylo-

genetic relatedness [58]. The explicit inclusion of geography is

a promising line of macroecological inquiry that could provide

further insights into parasite host range.

By extending taxonomic definitions of generalism, using a

large set of host and parasite species, and using standard effect

sizes for complementary measures of average host relatedness,

span and aggregation in the host phylogeny, the nuanced pat-

terns of host–parasite associations are clarified. Further
biological interpretation will require extensive accumulation

and accessibility of additional variables that are known to

impact host specificity. These additional variables include the

size of parasites, their mode of reproduction and mutation

rates of these parasitic organisms [30,59]. Such data will provide

a means to address outstanding questions. For example, is the

low specificity of bacteria attributable to mutation rates, horizon-

tal gene transfer or the need to maintain broadly acting virulence

genes to compete with other microbes in the environment? [60].

Does virus architecture, as summarized by the Baltimore classi-

fication [61], influence host specificity directly and via the

frequency of vector-borne transmission? Is helminth host

specificity constrained by the number of intermediate hosts? [62].

The large number of parasite species included in this

study allows us to propose some broad ‘rules’, for example,

that bacteria are more generalist than protozoa. However,

future studies on restricted subsets of related parasites will

allow consideration of phylogenetic structure of the parasite

species. Recent analyses in this spirit have shown that viral relat-

edness in the bat rabies system is an important factor partly

controlling the sharing of parasite species among host species

[63]. Addressing these questions will greatly improve our under-

standing of parasite diversity, and which potential host species,

including humans, are at risk of acquiring novel parasites.
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