
EV
O

LU
TI

O
N

Disease mortality in domesticated animals is predicted
by host evolutionary relationships
Maxwell J. Farrella,1 and T. Jonathan Daviesb,c,d

aDepartment of Biology, McGill University, Montreal, QC, Canada H3A 1B1; bBotany, Forest, and Conservation Sciences, University of British Columbia,
Vancouver, BC, Canada V6T 1Z4; cBiodiversity Research Centre, University of British Columbia, Vancouver, BC, Canada V6T 1Z4; and dAfrican Centre for DNA
Barcoding, University of Johannesburg, Johannesburg, South Africa 2092

Edited by Douglas Futuyma, Stony Brook University, Stony Brook, NY, and approved February 28, 2019 (received for review October 8, 2018)

Infectious diseases of domesticated animals impact human well-
being via food insecurity, loss of livelihoods, and human infec-
tions. While much research has focused on parasites that infect
single host species, most parasites of domesticated mammals
infect multiple species. The impact of multihost parasites varies
across hosts; some rarely result in death, whereas others are
nearly always fatal. Despite their high ecological and societal
costs, we currently lack theory for predicting the lethality of multi-
host parasites. Here, using a global dataset of >4,000 case-fatality
rates for 65 infectious diseases (caused by microparasites and
macroparasites) and 12 domesticated host species, we show that
the average evolutionary distance from an infected host to other
mammal host species is a strong predictor of disease-induced mor-
tality. We find that as parasites infect species outside of their
documented phylogenetic host range, they are more likely to
result in lethal infections, with the odds of death doubling for
each additional 10 million years of evolutionary distance. Our
results for domesticated animal diseases reveal patterns in the
evolution of highly lethal parasites that are difficult to observe
in the wild and further suggest that the severity of infectious dis-
eases may be predicted from evolutionary relationships among
hosts.
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Infectious diseases that cross species barriers are responsible
for severe human health burdens (1) and act as direct and

synergistic drivers of species extinctions (2). Many of these dis-
eases infect domesticated animals and impact human well-being
via loss of food security, labor and livelihoods, costs of preven-
tion and control programs, and increased human infection (3).
However, the severity of disease can vary dramatically among
parasites. Canine rabies alone results in ∼59,000 human deaths
and 8.6 billion US dollars in economic losses annually (4). By
contrast, other diseases rarely result in death. For example,
bovine brucellosis largely impacts cattle by causing abortion,
infertility, and reduced growth, but disease-induced mortality in
adult cows is uncommon (5).

Well-established theory on single-host parasites predicts that
the reduction in host fitness due to infection (termed “vir-
ulence”) should evolve to an optimal level determined by a
trade-off with transmission (6). For multihost parasites, optimal
virulence may be subject to additional trade-offs, with selec-
tion for high or low virulence depending on the ecologies and
evolutionary histories of each susceptible host species (7–9). In
the absence of trade-offs, a wider host breadth should provide
a larger pool of susceptible individuals, increasing opportu-
nities for transmission and the evolution of higher virulence
(10). However, adaptation to novel hosts may reduce a para-
site’s ability to use resources of their coevolved hosts (11, 12),
resulting in limited replication and decreased virulence (13).
This trade-off is supported by comparative studies of plant
RNA viruses and avian malaria parasites, in which specialist
parasites tend to be more virulent than generalists (14, 15).
Yet generalist parasites remain highly virulent in some host
species (16).

Our ability to predict the outcome of a given host–parasite
interaction is currently limited because the full suite of traits
underlying virulence is either poorly estimated or unknown
for the vast majority of host–parasite interactions. How-
ever, our understanding of evolutionary relationships is often
much better, and host phylogeny can be used as a proxy
for latent traits and evolutionary histories that have shaped
contemporary host–parasite associations (17). For example,
closely related hosts suffer similar impacts for some para-
sites of Drosophila (18, 19), consistent with the prediction
that parasite virulence should covary with host phylogeny.
However, there have been few studies that have devel-
oped and tested theories of how host evolutionary relation-
ships influence disease outcomes across multiple host–parasite
combinations.

As parasites adapt to infect novel host species increasingly
distant from their coevolved hosts, they are expected to expe-
rience increased fitness costs (13), leading to the prediction of
lowered virulence following greater phylogenetic jumps. This
pattern, termed “nonhost resistance” (13), may act in opposi-
tion to resistance evolved by hosts in response to infection, which
is expected to decrease with evolutionary distance from a para-
site’s coevolved hosts and lead to phylogenetically distant hosts
experiencing more intense disease (13). The relative strengths of
these opposing relationships will likely influence the virulence of
a given host–parasite interaction.

Infectious diseases of domestic species, many of which have
severe economic impacts (3), present a unique opportunity to
explore the links between virulence, host specificity, and the
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evolutionary relationships among hosts. While virulence can
take many forms, mortality is most widely reported. The World
Organisation for Animal Health (OIE) publishes yearly reports
documenting the numbers of cases and deaths caused by dis-
eases of importance for international trade (20), providing a
remarkable dataset of disease-induced mortality for multiple
parasites across different host species. We examined data from
4,157 reports (in which no host culling was recorded) from
155 countries across 7 years, representing 202 unique host–
parasite combinations with large variation in average mortality
(Fig. 1A).

For each parasite, we identified the set of documented mam-
mal host species from two recently published global host–
parasite databases (21, 22), returning 788 unique host–parasite
interactions (Fig. 1B). For each host–parasite combination, we
then calculated the mean phylogenetic distance from all docu-
mented host species to the infected species, which we refer to
as “host evolutionary isolation” (Fig. 2). This metric is analo-
gous to measures of mean phylogenetic relatedness to a focal
species, which have been used to analyze species invasions (23)
and predict disease pressure in plant communities (24). Since
parasites typically infect closely related species (13, 17), we
assume that the phylogenetic centroid of susceptible species indi-
cated the most likely position of hosts to which a parasite is
best adapted, and that the distance from a host to this cen-
troid may provide a reasonable proxy for the relative extent
of coadaptation between parasite and host. However, for the
vast majority of these diseases, there is limited knowledge of
reservoir species or ancestral hosts. We modeled the prob-
ability of death as a function of host evolutionary isolation
and number of documented host species (host species rich-
ness) using a hierarchical Bayesian approach (25) that allowed
us to adjust for additional factors, including the number of
cases per report and the effects of parasite, host, country,
and year.

Results
We found that disease-induced mortality was highest when in-
fected hosts were evolutionarily distant from other documented
hosts (Figs. 3A and 4 and SI Appendix, Table S3), with an increase
of 10 million years of evolutionary isolation resulting in a dou-
bling in the odds of host death (odds ratio 50% credible interval:
1.99–2.15). This predicts that a parasite infecting an Artiodactyl,
which otherwise infects only Primate hosts, would have ∼4.8
times higher odds of host death than a parasite that otherwise
infects hosts in the order Carnivora. This effect size is compara-
ble in magnitude only to the number of cases and much greater
than the effect of all ecological and socioeconomic predictors
in our model. The effect of host evolutionary isolation became
stronger when single-host parasites were excluded (SI Appendix,
section 2.2.1), indicating that the results are not driven simply by
differences between single-host and multihost parasites.

We found some support for a positive relationship between
mortality and host species richness (50% credible interval does
not overlap zero), opposite to what would be predicted if there
was a trade-off between parasite generalism and virulence (para-
sites with larger host richness causing lower mortality). However,
there was large variability in the strength of this relationship,
as was the case for all parasite-level predictors. Reports with
high host mortality were associated with fewer infected individ-
uals (Figs. 3B and 4), consistent with the upper extreme of a
virulence–transmission trade-off. High mortality may naturally
limit transmission; however, human interventions to limit spread
may also be strongest for deadlier outbreaks in domesticated
animals.

Our model also revealed large variation in mortality among
countries (Fig. 3 and SI Appendix, Fig. S2), indicating that effec-
tive disease-management practices from one nation could be
identified and introduced to other nations. Countries with large
positive effects—higher mortality than otherwise predicted—
may have lower capacities for detection and prevention of
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B

Fig. 1. (A) Heatmap of mean host by parasite mortality derived from the OIE World Animal Health yearly reports from 2005 to 2011 (data from refs. 26–32;
full heatmap with disease common names is included in SI Appendix, Fig. S1). (B) Bar plot of the number of documented mammal host species per parasite
derived from the Global Mammal Parasite Database 2.0 (21) and the Enhanced Infectious Disease Database (22). The order of parasites matches the column
order in A.
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Fig. 2. (A) Example of how host evolutionary isolation is calculated. Red
circles indicate the infected host; blue circles indicate documented hosts.
Host evolutionary isolation is calculated as the mean phylogenetic distance
from the infected host to all documented host species. (B) Examples with
Mycoplasma mycoides and rabies virus. Documented hosts are indicated by
blue bars on the host phylogeny, with host evolutionary isolation (Evol.
isolation) and average mortality calculated for goats (Capra hircus; shown
in red).

outbreaks. For example, top-ranked Sri Lanka and Kyrgyzs-
tan have struggled to develop legislation and infrastructure
for addressing veterinary public health issues (33) and have
deteriorated veterinary and sanitation systems (34). In con-
trast, nations with large negative country effects (e.g., the for-
mer Yugoslav Republic of Macedonia, China, and Iran) suffer
considerable infectious-disease burdens, but have made great
improvements in surveillance, control, and eradication programs
(35–37). In addition, we found support for a negative relationship
between mortality and gross domestic product (GDP) per capita
(Fig. 4), indicating that wealthier countries may allocate greater
resources toward animal-health and disease-control efforts.

Discussion
We found that as parasites infect domesticated species out-
side of their typical evolutionary host range, they have a higher
probability of resulting in lethal infections. However, high mor-
tality was also associated with fewer infected individuals. Our
findings suggest that disease spillover into evolutionary isolated
hosts is marked by increased virulence, but potentially at the
cost of decreased transmission. The high mortality observed
in our data likely occurs through multiple pathways, including
the maladaptation of both host and parasite, and the decou-
pling of transmission from virulence. While it is difficult to
isolate the different mechanisms leading to high mortality, we
suggest that the evolutionary distances among infected and
susceptible hosts can, to some extent, capture these multiple
dimensions.

For some host–parasite combinations, elevated mortality may
be explained by a decoupling of virulence from transmission.
Consistent with this hypothesis, many vertebrate arboviruses
commonly use birds as reservoir hosts, but fail to transmit
after spillover into mammal hosts, such as humans and horses,
where they are regularly fatal (38). To investigate this, we ran
an additional model identifying parasites associated with avian
reservoirs, but found no strong evidence that these parasites
cause higher mortality (SI Appendix, section 2.2.3 and Table S6).
It is possible that the positive relationship between virulence
and evolutionary isolation breaks down at these larger phyloge-
netic distances. For example, nonhost resistance may be more
common following large phylogenetic jumps (39). Expanding
our framework to include nonmammal hosts may provide
additional insight into trade-offs faced by parasites exhibiting
extreme phylogenetic generalism.

In evolutionarily isolated hosts, mortality may result from a
combination of direct damage caused by parasites and damage
caused by the host’s immune response to infection, which may
impose different selective pressures on the evolution of virulence
(40). Hosts that contribute little to transmission provide one
pathway by which transmission can become decoupled from vir-
ulence, resulting in parasites experiencing little or no selection to
reduce hypervirulence (7, 13). This can occur when the majority
of transmission is facilitated by a reservoir host, as has been sug-
gested for foot and mouth disease in southern Africa, which uses
asymptomatic African buffalo as a reservoir, but causes severe
outbreaks after spillover in domestic cattle (41). In the example
of rinderpest in Africa, cattle facilitated the sustained transmis-
sion of the virus, which caused widespread mortality following
spillover into wild ungulates (42). Many of the domesticated-
animal diseases we analyzed here may represent spillover of
infections from wildlife reservoirs; however, identifying reservoir
species can be challenging, and, for many parasites, the reservoir
species are unknown.

Virulence may also become decoupled from transmission if
parasites infect tissues unrelated to transmission, such as bacte-
rial meningitis infection of the CNS (43) or when parasite stages
can persist for long periods of time in the environment (6). While
there was no clear relationship between transmission mode and
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Fig. 3. Posterior predictions of the probability of death as a function of host evolutionary isolation (in millions of years) (A) and the number of cases (B).
Solid blue lines represent the mean logistic curve; dashed yellow lines represent the upper and lower bounds of the 50% credible interval. Gray lines depict
equivalent mean curves offset by the posterior mean effects for each country.

host mortality in our model (Fig. 4), parasite identity had an
important effect (SI Appendix, Table S3 and Figs. S2 and S3),
suggesting that other parasite traits modify virulence.

The animal diseases for which we have multiple case-fatality
estimates are weighted toward those that have large impacts on
international trade. Our analysis is also focused on host–parasite
interactions that have measurable effects (i.e., we do not con-
sider, for example, cases where a pathogen failed to infect a host
or where infections were largely asymptomatic). Gathering addi-
tional data on asymptomatic infections would be challenging,
but would provide further insights into limits of parasite host
range. While the OIE-listed diseases may more often display
high mortality, we suggest that they provide a window into the
evolution of virulence that would otherwise be hard to observe.
In natural systems, spillovers of highly virulent diseases often
display stuttering chains of transmission before burning out (12),
and thus instances of deadly disease in wildlife may frequently
go undocumented (16). High host densities allow parasites to
maintain transmission, despite causing high mortality (44), and
artificially high densities of domesticated animals may facilitate
the maintenance of more deadly diseases, allowing us to better
observe their behavior.

Predicting the outcomes of novel host–parasite interactions
presents a major challenge in disease ecology. There is a pressing
need to address this challenge, given rapid rates of ecosys-
tem transformation, which can generate communities never
before seen in evolutionary history and promote disease emer-
gence in novel hosts. Proactive approaches to document wildlife
hosts (45) may help predict mortality of emerging diseases,
and disease burdens may be reduced by implementing effec-
tive disease-management practices. As a step toward this, we
have shown host evolutionary isolation to be a strong predic-
tor of infection-induced mortality in domesticated mammals and
quantified the potential for country-level initiatives to reduce
animal death.

Materials and Methods
With a global database of infection-induced mortality rates, we used a
Bayesian hierarchical modeling framework to examine the relationship
between host specificity and mortality for diseases of domesticated mam-
mals. To separate the importance of our two aspects of host specificity
(host evolutionary isolation and host species richness) from other factors
that might also influence host mortality, we included copredictors and hier-
archical terms in our model. At the parasite level, these included traits
for major modes of transmission, plus hierarchical effects of parasite type
to account for parasite traits not measured directly. We also included

Fig. 4. Estimated regression coefficients for continuous predictors. Blue
circles represent posterior means; yellow horizontal lines represent 50%
credible intervals; gray horizontal lines represent 95% credible intervals.
Predictors at the parasite and country level are indicated.
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hierarchical effects for host, host taxonomic order, country, and year of
reporting. Environmental conditions, which include socio-economic factors
such as the ability of local peoples to maintain animal health, effects of
ambient temperature on parasite growth rate, or coinfection with other
parasites, may also influence host mortality. To adjust for these addi-
tional country-level effects, we included per capita GDP and latitude per
country, in addition to modeling variation among countries. The virulence-
transmission trade-off suggests that outbreaks resulting in large numbers
of infected individuals are unlikely to be associated with high mortality,
as premature host death restricts transmission rate, ultimately resulting in
lower case numbers for more lethal diseases (46). We therefore also included
the number of cases per report as an offset variable. We estimated the
effect sizes of these predictors on host mortality with a Bayesian hierarchical
binomial-logit model. For additional information on materials and methods,
see SI Appendix, section 1.

To assess the sensitivity of our model to exclusion of subsets of the
data, and inclusion of additional or substitute predictors, we constructed
five alternative models described in SI Appendix, section 2.2. These com-
prise models that exclude single-host parasites, exchange host species
richness for host taxonomic diversity, include whether parasites are known
to have avian reservoirs, exchange parasite type for parasite taxonomic
family, and include the number of citation counts per parasite as a mea-

sure of study effort. We show that, for each of our alternative mod-
els, the effect sizes of our main model predictors remain qualitatively
unchanged.

Data and Code
All data and code necessary to reproduce the results can be
found at doi.org/10.6084/m9.figshare.7497137 (47).

This archive includes underlying data and R scripts used to
download and process additional covariate data, Stan model
code for the main model and four alternative models, and R
scripts used to run models, generate simulated data to validate
the main model, and generate model plots and tables.
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