PN
@ CrossMark

Parasitology Towards a mechanistic understanding of
, competence: a missing link in
cambridge.org/par . . .
diversity-disease research
. Tara E. Stewart Merrill @2 and Pieter T. J. Johnson
Review

Cite this article: Stewart Merrill TE. Johnson Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, CO 80309, USA
PTJ (2020). Towards a mechanistic

understanding of competence: a missing link Abstract

in diversity-disease research. Parasitology Lo . . . . . . .

1-12. https://doi.org/10.1017/ Biodiversity loss may increase the risk of infectious disease in a phenomenon known as the
$0031182020000943 dilution effect. Circumstances that increase the likelihood of disease dilution are: (i) when

hosts vary in their competence, and (ii) when communities disassemble predictably, such

Received: 21 February 2020 that the least competent hosts are the most likely to go extinct. Despite the central role of com-

Revised: 3 June 2020

Accepted: 4 June 2020 petence in diversity-disease theory, we lack a clear understanding of the factors underlying
competence, as well as the drivers and extent of its variation. Our perspective piece encourages
Key words: a mechanistic understanding of competence and a deeper consideration of its role in diver-

Competence; dilution effect; diversity-disease;

) e sity—disease relationships. We outline current evidence, emerging questions and future direc-
intraspecific variation

tions regarding the basis of competence, its definition and measurement, the roots of its

Author for correspondence: variation and its role in the community ecology of infectious disease.
Tara E. Stewart Merrill,
E-mail: Tara.StewartMerrill@colorado.edu

Introduction

Ongoing patterns of biodiversity loss and disease emergence have raised questions about
whether and how these two phenomena are linked. In particular, proposed associations
between community diversity and patterns of infectious disease have spurred research exam-
ining how parasites and pathogens (hereafter ‘parasites’) are transmitted in complex ecological
communities. Theory suggests that multi-host communities can regulate parasite transmission
through several pathways. First, community composition dictates the range of host species that
are available to a parasite for potential infection. Second, host species densities (or biomass)
determine the contact, or exposure rates, between host and parasite. Finally, the competence
of each species determines the extent to which it can successfully transmit a parasite.
Together, these three factors (community composition, species’ densities and species’ compe-
tence) provide a conceptual framework for linking diversity with the spread of infection
(Fig. 1). But while community composition and species densities are well-understood metrics
in disease ecology, competence is much less so, often with widely varying definitions across
studies and systems. Consequently, a limited understanding of competence may impede pro-
gress in diversity-disease research.

Within the diversity-disease framework, the dilution effect has emerged as a prominent
hypothesis through which the loss of species might result in an increase in parasite transmis-
sion (Dobson et al., 2006; Keesing et al., 2010; Ostfeld and Keesing, 2012). Disease dilution
operates when the presence of additional species directly or indirectly inhibits parasite trans-
mission, resulting in a negative relationship between species diversity and disease (Keesing
et al., 2006). While there are multiple mechanisms through which dilution can occur
(Keesing et al., 2006; Johnson and Thieltges, 2010), competence is a core component in medi-
ating the effect. When low-diversity communities have higher average competence than high-
diversity communities, transmission will increase as diversity declines (Ostfeld and LoGiudice,
2003; Johnson et al., 2013), assuming no concurrent changes in host density. This pattern can
occur when community disassembly (loss of species) is non-random, such that the most com-
petent hosts are also the least likely to go extinct (Joseph et al., 2013). Although the dilution
effect offers a compelling direct connection between diversity and disease, the search for nega-
tive diversity—disease relationships has yielded varied findings, including strong support,
contradictory evidence and sometimes non-linear relationships (Randolph and Dobson,
2012; Wood and Lafferty, 2013; Mihaljevic et al, 2014; Wood et al., 2014; Civitello et al.,
2015; Huang et al., 2016; Halliday and Rohr, 2019). These conflicting results have not dam-
pened interest in biodiversity—disease relationships by any means. Rather, they have encour-
aged a more mechanistic understanding of the type and strength of processes generating
diversity—disease associations (Johnson et al., 2015; Halsey, 2019; Rohr et al, 2020). This
mechanistic understanding will, on the one hand, require continued focus on transmission
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Fig. 1. The role of competence in diversity-disease theory. Ecological communities may regulate parasite transmission through a simple pathway. Community
composition (top) establishes the range of potential hosts available to a parasite. This suite of potential hosts varies in both rates of exposure (centre left)
and degree of competence (centre right). Together, exposure and competence determine the degree to which each species can contribute to overall transmission.
Our review raises key questions regarding competence in this pathway (bold arrows) and provides a framework to guide future attempts at answering them: What
mechanisms underlie among-species variation in competence? What are the drivers and extent of within-species variation? Do species’ competence values change
as a function or correlate of diversity? And how does host-parasite co-evolution strengthen or decouple the relationship between exposure and competence?

initial infection, recovery and parasite production (which we pro-
pose together comprise competence). Empirical studies have
echoed this theory, demonstrating that different patterns of para-
site spread can be effectively predicted by measuring these para-
meters. At the within-species level, genetic variation in plankton
susceptibility was found to directly fuel the size of fungal epi-
demics in experimental mesocosms (Strauss et al., 2018), where
susceptibility was measured as each genotype’s prevalence of
infection following controlled exposures. In the same system,
intraspecific variation in host recovery (measured using dose-
response curves for separate populations and time periods) was
also linked with the timing of fungal epidemics in temperate
lakes (Stewart Merrill, 2019). Similarly, Halliday et al. (2018)
identified a key competence trait in Lolium grasses (the immune
signalling hormone, salicylic acid) which, when manipulated,
decreased parasite production and altered the transmission of
an aggressive fungal pathogen. Hence, variation in competence,

even within a species, can strongly influence parasite transmission
and resulting disease.

Despite broad acknowledgement that competence is critical for
transmission, this property is a missing link in diversity—disease
research for several reasons. Inconsistency in the definition and
quantification of competence has led to non-standard interpreta-
tions in the literature. A paucity of metrics for competence and its
underlying traits (Martin et al., 2016) has also led to its empirical
absence from many diversity-disease studies. In essence, compe-
tence is the product of an organism’s ability to acquire, support
and maintain infection to enable transmission (Huang et al.,
2016), and emerges from an interaction of host and parasite traits.
Owing to the technical and logistical challenges of measuring
these complex properties, researchers have often relied on
assumed or coarsely measured estimates of competence. So
although the dilution effect proposes that parasite transmission
depends on the competence of hosts (or vectors) in a system,
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we often lack refined competence values to test the theory.
Furthermore, because competence is the outcome of multiple pro-
cesses encompassing a host-parasite interaction - any of which
can exhibit a broad range of variation - it is also likely that com-
petence is a highly variable property (Gervasi et al., 2015; Martin
et al., 2016). Despite this potential variation, studies of the dilu-
tion effect often attribute a species’ competence to a single, static
value, and within-species variation is rarely addressed. These
knowledge gaps leave our empirical tests incomplete: while para-
site transmission is evaluated in response to carefully measured
changes in community composition and species’ densities, the
competence values of those same species are either unknown or
treated as fixed constants. To better understand the regulatory
role of competence, efforts that move beyond approximations
and simplifying assumptions may be particularly valuable, as
will research that determines the drivers and extent of competence
variation, from the level of the host species down to that of the
individual host. In addition, identifying the relative importance
of competence for generating infection patterns will allow for a
more synthetic understanding of how species identities shape
diversity—disease relationships.

In this review, we advocate for a more mechanistic understand-
ing of competence and a deeper consideration of its role in diver-
sity—disease research (see bold arrows in Fig. 1). We begin by
developing a concrete definition of the term, informed by the step-
wise interactions of hosts and parasites, and use this definition to
decompose competence into its constituent mechanisms (Box 1).
In essence, we describe competence as a parasite’s within-host Ry;
given exposure, competence refers to the capacity of the host to
transmit infection. We then discuss two competence-related criteria
that increase the likelihood of disease dilution: first, that a species’
competence is inversely related to its extirpation risk, and second,
that competence is a robust trait (possessing limited within-species
variation). Finally, building on the theme of trait robustness, we
evaluate competence as a highly variable property, and consider
its variation through the lens of host-parasite co-evolution. Our
emerging questions and future priorities span the biological basis
of competence, the roots of its variation and its role in the commu-
nity ecology of infectious disease.

Unpacking competence: towards a unifying definition and
systematic quantification

What is competence, and how do we measure it? Competence is a
notoriously vague term, with multiple definitions and metrics
appearing throughout the diversity—disease literature (e.g. Telford
and Spielman, 1993; Komar et al, 2003; Hall et al, 2009;
Paaijmans et al., 2012). The first cause for this ambiguity may be
an ‘endpoints’ problem. Competence is generally thought to
represent the outcome of a host—parasite interaction (or how suc-
cessful a parasite is within a host), but existing definitions vary in
where the interaction begins, as well as where it ends. The second
cause for this ambiguity may be a quantifiability problem. As ecol-
ogists, we often count discrete frequencies (i.e. individuals in a
population) and measure tangible traits (i.e. body mass) - but com-
petence is neither. Support of a parasite is the outcome of a multi-
step process that can be influenced by both host and parasite traits
(Barron et al,, 2015; Gervasi et al., 2015; Martin et al., 2016; Downs
et al, 2019; Stewart Merrill et al., 2019); it can thus be hard to
denote competence with a single numerical value.

Despite the sources of this ambiguity, a clear definition of com-
petence is necessary for both isolating competence from other eco-
logical processes and for measuring it in a currency that is
comparable across systems. Here, we discuss competence as it
has been historically treated, with the goal of landing on a unifying
definition. To aid in our comparisons, we break the timeline of

host-parasite interactions into the following steps which comprise
the various definitions of competence: (i) exposure, the host is
exposed to a parasite infectious stage, (ii) infection, the parasite
establishes within or upon the host, (iii) development, the parasite
develops, grows and/or reproduces within the host to produce
the infectious stage, (iv) pre-transmission survival, the host survives
long enough to enable transmission, and (v) infectivity, the infected
host (as a donor host) successfully transmits infectious stages to the
environment, a recipient host or a recipient vector. This timeline
can be generally applied across parasite types and disease systems
(Barron et al., 2015; McCallum et al., 2017), whether transmission
occurs in the environment, via direct contact, via vectors or
through trophic transmission. Our consideration of competence
seeks to maintain this generality and identify key ingredients of
competence that are translatable among systems.

Perhaps the broadest definitions of competence arise in vector-
transmitted systems, where competence is an integrated measure
of interactions between hosts, parasites and their vectors. For
example, in early studies of tick-borne disease, rodent competence
was assessed by allowing naive ticks to feed on wild caught
rodents and establishing whether or not the ticks became infected
(termed ‘xenodiagnosis’y Mather et al, 1989; Telford and
Spielman, 1993; Ostfeld and Keesing, 2000). This measure is
effectively the product of infection prevalence and infectivity
(Van Buskirk and Ostfeld, 1995) and integrates rodent exposure,
infection, parasite development and pre-transmission survival in
the wild, as well as the rodent’s capacity to infect ticks in the
laboratory. Although the ticks in the referenced studies were well-
known vectors for the parasite of interest, vectors themselves have
competence that, in part, determines infectivity. Vector compe-
tence has also been broadly defined as any portion of the inter-
action - from initial bloodmeal to infection of the subsequent
host - that is governed by intrinsic factors (Beernsteen et al,
2000). The problem with these two definitions is that they blur
the lines of competence. That is, when competence includes a
donor host’s ability to give parasites to a vector, and a recipient
vector’s ability to acquire those parasites, it becomes unclear
where the recipient’s competence begins and the donor’s compe-
tence ends. Ultimately, such definitions can lead to difficulty in
partitioning competence values. For instance, if infection of a vec-
tor is used to measure host competence and the vector itself has
limited competence, then the host’s competence will be underes-
timated. Competence may therefore be better measured and inter-
preted when it is restricted to a given host—parasite interaction or
vector—parasite interaction.

At the other end of the spectrum are studies that narrowly
define competence as whether or not infection occurs following
exposure. This step, also often referred to as host susceptibility,
neglects subsequent variation in parasite development that can
be important for transmission. For instance, while multiple
birds can be infected by West Nile virus, variation in their com-
petence emerges from the magnitude and duration of their vir-
emia (Komar et al., 2003), which can depend on both host
resistance and the quality of the host as a resource. Similarly, pre-
transmission survival (which can be a component of tolerance)
may be an essential component of competence that is often over-
looked in susceptibility assays (Box 1). American Crows exemplify
the importance of pre-transmission survival: while crows are
highly susceptible to West Nile virus and support high viral
loads, their high pathogen-induced mortality decreases their effi-
cacy in transmitting infection back to mosquito vectors (Komar
et al., 2003; LaDeau et al., 2007; Nemeth et al., 2011).

Between these broad and narrow definitions lies a rich middle
ground for defining competence. Parasitism is an intimate inter-
action (Combes, 2001), and we propose that competence should
also be considered as an intimate property. That is, only the
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Box 1: How do we measure competence?

We break down competence into its constituent parts by modeling the host-parasite interaction as a series of states and
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transitions. Parasites moves along the infection pathway (red) as hosts transition from exposed, to infected, to transmittable.
Parasites are removed from the system (blue) through host defenses or pre-transmission host mortality. Model adapted from

Stewart Merrill (2019).
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instance, transformation of
cercariae into metacercariae
or within-host replication of
bacteria represent the
development rate.

p: Barrier resistance is a
mechanism by which hosts
prevent initial infection.
Physical and chemical
barriers are commonly used
by hosts to resist infection.

y: Established infections can
be killed through host
internal clearance. Elicited
immune defenses are
commonly used to clear
infections, such as
haemocytes that kill
developing fungal infections
in Daphnia.

m,: The first form of pre-
transmission mortality
occurs during exposure.
For example, high doses of
cercariae can kill tadpoles
during initial contact.

m;: Pre-transmission
mortality (a component of
tolerance) can also occur
between infection and
transmission. American
Crows, for instance, are
poor hosts for West Nile
Virus due to their high pre-
transmission mortality.

T: The transmittable state
may vary widely among
systems. How long a host
transmits a parasite
(shedding duration) depends
on the form of transmission
as well as host lifespan. For
instance, trophically
transmitted metacercariae
can be transmitted
instantaneously, whereas
egg producing adult
trematodes can have long-
term shedding. Sickness
behaviors and pathology
may further shape the
transmittable state.

Simplifying the model to obtain a within-host Ry — an index of competence

We simplify the model by condensing host mortality and defense into
Losses from E: By=p+my two loss terms for the parasite: ; comprises parasite losses from the
exposed class and 6, comprises parasite losses from the infected
class. Transmittable stages, T, will asymptote at T, when all surviving
Losses from I: 92 =y+my parasites accumulate in the transmittable state. T,, is a proxy for
parasite fitness following a given exposure event and can be thought of
: as the within-host R, of infection. Measuring each of these parameters
Accumulation of _ BA will provide a mechanistically-derived, fitness-based value for a host's
transmittable ® Tg + B)(@, +4) | competence for a given parasite. Examining the extent to which each
stages: parameter drives variation in T, will reveal key traits for transmission.

infection processes that are self-contained within a host-parasite
interaction comprise competence. These fundamental processes
are infection, parasite development and pre-transmission survival
and together encompass an organism’s capacity to transmit infec-
tion (Box 1). Exposure should be treated as distinct from compe-
tence, because it can be influenced by movements, behaviours and
interactions of multiple players in an ecological community, as
well as parasite choice (Johnson et al., 20194a) or vector selectivity
(Kilpatrick et al, 2006). Likewise, infectivity (the likelihood of
transmission from donor to recipient) depends on the behaviour
and susceptibility of a recipient host or vector outside of the host-
parasite interaction, so should not be treated as a component of

competence. Competence is then strictly the capacity of a host
to transmit infection. Given exposure, we can think of compe-
tence as host quality in the currency of a parasite’s potential fit-
ness, or the parasite’s within-host Ry (Box 1).

Both host and parasite traits can lead to deviations from the
infection pathway and thereby reduce competence (Box 1, transi-
tions to U and D). Host resistance, which ultimately serves to
reduce the burden of infection, can remove parasites at the
point of exposure (Box 1; u or ‘barrier resistance’) or lead to
host recovery from infection (Box 1; ¥ or ‘internal clearance’).
Death of a host can likewise nullify a parasite’s transmission,
whether mortality occurs in response to high host vulnerability
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or high parasite pathogenicity (Box 1). Although tolerance is not
relegated to one specific pathway in the infection process, it can
broadly permeate host-parasite interactions, thereby shaping
competence (Baucom and de Roode, 2011; Adelman and
Hawley, 2017; Burgan et al, 2019). Host tolerance is a strategy
by which hosts limit the fitness costs from parasites (Riberg
et al.,, 2007) and is generally thought to be inversely related to
both resistance and mortality (Rohr et al, 2010). By allowing
parasites to progress to their transmittable forms, tolerance should
hence promote competence.

Growing from a functional definition of competence is the
need to quantify competence more systematically. For many
diversity-disease relationships, species’ differences in competence
have not been measured or have been assumed based on prior
estimates, due to technical and logistic barriers that limit meas-
urement (Kilpatrick et al, 2006; Allan et al., 2009; Clay et al,
2009; Gottdenker et al., 2012). For others, competence has been
inferred from the prevalence of infection in natural populations
(Telfer et al., 2005; Carver et al., 2011). Infection prevalence as
a proxy is especially problematic because it conflates competence
with exposure. That is, a given species may be highly suitable for
infection but experience only limited parasite exposure; in this
case, low infection prevalence would incorrectly designate the spe-
cies as a low competence host. While estimates of host compe-
tence from the field are highly desirable, it is essential that field
studies adequately control for variation in parasite exposure. In
addition, infection prevalence does not provide information on
the number of parasite infective stages produced from an infec-
tion. By neglecting the magnitude of parasite production (and
for continuously-transmitted parasites, the duration of parasite
production), prevalence is a poor approximation of an organism’s
capacity to transmit infection.

Quantifying exposure has been historically challenging, but
parasite and disease ecologists across several systems have devel-
oped creative solutions. For environmentally transmitted para-
sites, eDNA has been used to quantify the density of parasite
propagules where they co-occur with hosts (Huver et al, 2015;
Hall et al, 2016). Similar technological innovations include
using host DNA from vector bloodmeals to establish host-vector
contact rates (Alcaide et al., 2009) as well as the use of radio track-
ing and radio frequency identification to measure contact among
hosts (Adelman et al., 2015; Manlove et al., 2017). Basic natural
history observations can also be leveraged to quantify per-capita
exposure. For instance, Stewart Merrill (2019) counted the num-
ber of infectious fungal spores contacting the site of infection in
wild-caught Daphnia hosts and assessed the prevalence of estab-
lished infections within the same populations. Resistant (and
thereby non-competent) populations could then be identified as
those that faced high levels of contact with fungal spores but
experienced low or zero prevalence of transmittable infections.
Simple empirical and quantitative methods that disentangle infec-
tion from exposure may be a valuable first step towards describing
natural levels of competence in the field, while the second step
will entail also quantifying the magnitude of parasite production.

Competence is a key variable in diversity—disease theory, and it
is thus important to obtain reliable estimates of competence that
encompass infection, parasite development and pre-transmission
survival. Importantly, each of these fundamental processes can be
dependent on the magnitude of exposure or on time. For instance,
pre-transmission mortality may increase as a function of infection
intensity [e.g. chytridiomycosis in frogs (Stockwell et al., 2010),
white nose syndrome in bats (Langwig et al., 2017)], and parasites
may be immunologically cleared with increasing time since infec-
tion (trematode metacercariae in frogs; LaFonte and Johnson,
2013). Dose-dependence and temporal dynamics of a host-para-
site interaction should thus be considered when quantifying

competence. Obtaining these refined values will require a strong
empirical foundation. To that end, controlled infection assays,
with high replication, can be especially powerful tools. Through
extending studies of competence to include multiple host geno-
types, populations, time periods and environmental conditions,
we can estimate average competence values for particular species,
and quantify the range of within-species variation (Box 2). In
addition, we can begin to explore how the components of compe-
tence correlate with one another and determine which compo-
nents may serve as proxies or simplifications of competence.

How to measure competence will vary from system to system,
but there are some essential ingredients that can guide our
attempts. First and foremost, any attempt to measure competence
should focus on ultimate parasite output given exposure (the ratio
between transmittable parasites and parasites exposed, or T/E in
Box 1). In an experimental setting, controlled exposures will pro-
vide both of these pieces of information. For parasites that repli-
cate within the host, such as viruses, fungi and bacteria, this ratio
will exceed one (unless the host recovered or died from infection).
In Daphnia-Metschnikowia interactions, for example, the number
of fungal spores produced per inoculated fungal spore can range
from zero to the tens of thousands, providing ample variation for
making comparisons. For parasites that do not undergo within-
host replication, such as many flatworms, this ratio will scale
from zero to one. For example, competent amphibian hosts
may allow up to 100% of administered trematode cercariae (E)
to form metacercariae that are infective to bird predators (T),
whereas in entirely non-competent amphibians, this value will
be 0% (Box 2). When a parasite is transmitted in one discrete
event, as with parasitoids and trophically-transmitted parasites,
the ratio of transmittable parasites to parasites exposed may be
a valuable representation of competence.

But what about when parasites possess continuous transmis-
sion? When hosts continually shed infective stages, be they virions
in circulation or helminth eggs exiting with feces, the competence
ratio should also be multiplied by the average lifespan of the infec-
tion. The duration of this patent infection period will be influ-
enced by host recovery, natural parasite mortality and host
mortality (Komar et al, 2003). Although measuring ultimate
competence from interactions is important for making biological
comparisons, the crux of our perspective piece is that we should
also determine its proximate causes. To that end, the model we
provide in Box 1 can be applied to longitudinal data (hosts experi-
mentally exposed in the lab, or sentinel hosts naturally exposed in
the field) to determine which components of the interaction are
bottlenecks or amplifiers of parasite production (see also
Supplementary Materials). By collecting infection state data
from hosts sampled through time, transition rates and associated
probabilities for the infection process can be estimated (Stewart
Merrill, 2019). Critical components of competence can then
serve as guides for identifying biomarkers for competence
(Gervasi et al., 2017; Burgan et al., 2018), as well as the molecular
and physiological mechanisms that comprise competence.

Sources and scales of competence variation: evaluating
criteria for the dilution effect

The dilution effect is expected to operate when two competence-
related criteria are met: first, when species’ competence values
are inversely correlated with their local extirpation risk, and
second, when competence is robust (possessing less within-species
variation than among-species variation). For biodiversity loss to
result in communities with higher average competence, competent
species must persist during community disassembly (Young et al.,
2013; Johnson et al., 2015). For species identities to be a primary
predictor of parasite transmission, each species’ competence value
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Box 2. A test drive of ideas

Box 2: A test drive of ideas

Building refined measures of competence into diversity-disease theory will require a multi-tiered approach where competence is
effectively measured (A and B), connected to species’ demographic patterns (C), and tested for robustness (D). Here, we apply

these approaches to a common trematode-amphibian interaction. The trematode parasite, Ribeiroia ondatrae, is explored in four
amphibian hosts: Pseudacris regilla (PSRE), Rana catesbeiana (RACA), Taricha granulosa (TAGR) and Taricha torosa (TATO).
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Longitudinal studies of host-parasite interactions can be used to identify where parasites are lost from a system.
A. When amphibians are exposed to trematode cercariae (E), only a subset of cercariae successfully infect (1) due to
barrier resistance. Some infections develop into transmittable metacercariae (T), while others are lost via internal
clearance. Host mortality further winnows down the transmittable stages to a subset that are alive (A). Competence is the
outcome of this stepwise interaction. B. Regressing species-specific probabilities of barrier resistance, internal clearance,
and mortality on competence can reveal which attributes drive variation in competence. For R. ondatrae, barrier resistance
appears to be a key driver (R2 = 0.889; blue shading represents standard error of the regression). From dissections,
competence is quantified here as percent of administered parasites alive and transmittable (rightmost bars in A)

C.

Uniting laboratory assays with field studies to forge
connections between competence and demographic
patterns. C. Long-term ecological studies replicated over
habitats can be used to measure the probabilities of
colonization, extinction, and reliability. When connecting
field-measured demographic patterns of the four
amphibian species to their laboratory-measured
competence values, we find an association that matches
biodiversity-disease theory: species that are the most
competent for infection with Ribeiroia ondatrae appear to
be less likely to go locally extinct (r = -0.92; gray shading
represents a 95% confidence ellipse of the correlation).
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Exploring the extent of variation in competence.
D. Species identities may be useful for predicting
parasite transmission in ecological communities when
species’ competence values are robust (possessing
limited within-species variation). However, competence
may exhibit broad intraspecific variation because it is an
emergent outcome of multiple steps of the infection
process. When comparing the distributions of individual
competence values in the five amphibian species
(measured experimentally as T / E), we find that
competence is highly variable and that within-species
variance rivals among-species variance. Elucidating the
drivers of this variation may enable more accurate

prediction of transmission in natural environments. 0.00 0.25 0.50 0.75 1.00
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should be robust and possess limited variation. But how often are
these two circumstances met? Although life history theory pro-
vides a framework for linking competence to demographic pat-
terns, empirical evidence supporting this link is rarely studied.
Moreover, the growing discovery of super-spreading individuals
(or hosts that contribute disproportionately to transmission) sug-
gests that species may generally exhibit broad intraspecific vari-
ation in competence (Woolhouse et al., 1997; Lloyd-Smith et al.,
2005; Vazquez-Prokopec et al, 2016; Martin et al, 2019).

Moving diversity—disease theory forward will thus involve testing
these two key questions and assessing the sources and extent of
competence variation across biological scales.

Is competence inversely correlated with local extinction risk?

Among-species variation in competence is thought to emerge
from species life history strategies. Life history theory suggests
that species fall on a spectrum from slow to fast pace of life,

Downloaded from https://www.cambridge.org/core. University of Colorado Boulder, on 19 Aug 2020 at 17:56:07, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/50031182020000943


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0031182020000943
https://www.cambridge.org/core

Parasitology

which is characterized by differential investment in current repro-
duction or maintenance and long-term survival (Stearns, 1992;
Montiglio et al., 2018). Species that invest heavily in current
reproduction tend to be short-lived, small-bodied and reproduce
frequently. Conversely, species that invest in future reproduction
(maintenance and survival) are more long-lived, large-bodied
and slow reproducing. In theory, these reproductive strategies cor-
respond with both the competence values and demographic para-
meters that are central to diversity—disease theory (Joseph et al.,
2013). Species that maximize reproduction may be environmen-
tally persistent and resilient to extirpation (Cardillo et al., 2008,
but see also Isaac and Cowlishaw, 2004), but may also be more
suitable for parasitic infections because their high investment in
reproduction trades off against immune defences that might com-
bat infection (Lee, 2006; Cronin et al., 2010; Previtali et al., 2012).
Hence, life history strategy, extirpation risk and competence come
together in a triad that is (theoretically) linked by trade-offs.
Establishing the validity of each proposed trade-off is important
for predicting whether average community competence will or
will not change as a function of species’ extirpations and commu-
nity disassembly.

There is some work in support of competence-life history
associations (reviewed in Joseph et al, 2013). For instance, Han
et al. (2015) used machine-learning to identify life history traits
associated with reservoir status in rodents and found that
fast-pace-of-life rodents, which begin reproduction early in life
and reproduce frequently, were more likely to serve as reservoirs
for zoonotic pathogens. Although this study did not explicitly
measure competence, it provides broad evidence for the idea
that life history traits are linked with an organism’s capacity to
support infection. Similarly, Johnson et al. (2012) found that
amphibian species with higher rates of development (a fast
pace-of-life trait) were the most competent, being more likely to
experience trematode infection, as well as trematode-induced
malformations that increase the likelihood of trophic transmis-
sion. Among avian hosts, competence (assessed using xenodiag-
nosis) for Lyme disease, West Nile encephalitis and Eastern
Equine encephalitis was also partially explained by host body
size and clutch size (Huang et al., 2013), which can covary with
extinction risk. To date, a direct link between competence and
extirpation risk remains a largely understudied endeavour
(Young et al., 2013; Huang et al., 2016). There has been work
demonstrating that natural community disassembly is non-
random and that competent hosts are the most likely to persist
in low richness communities (LaCroix et al., 2013; Johnson
et al., 2019b). While such studies make use of static gradients in
community composition, future research should work towards
capturing the species’ dynamics that lead to community disassem-
bly. Ground-truthing the extirpation-competence relationship
can be accomplished by measuring species’ competence values
alongside their natural population trends, such as colonization
rates, local extinction rates, densities and turnover (Box 2).

How robust a trait is competence?

Phenotypic variation within a species can approach that of trait
variation among species (Messier et al, 2010; Bolnick et al.,
2011; Violle et al., 2012) and such broad intraspecific variation
can affect the outcome of species interactions (Des Roches
et al., 2018). When competence exhibits similar variation, species
identities alone (i.e. their average competence values) will become
less useful as predictors of infection pattern and process.
Consequently, an important challenge in diversity-disease
research will be to reconcile intraspecific variation in competence
with the trait robustness assumption that often dominates com-
munity ecology.

Within-species variation in competence emerges at several bio-
logical scales (VanderWaal and Ezenwa, 2016). Populations of a
given species can vary in average competence over space and
time due to local environmental factors, seasonal variation and
local adaptation (Ostfeld and Keesing, 2000; Kilpatrick et al,
2010; Altizer et al, 2006; Becker et al., 2019; Mordecai et al.,
2019). Moving down a scale, individual variation in body size
(Stewart Merrill et al., 2019), sex (Zuk and McKean, 1996) and
developmental stage (Johnson et al., 2011; Merrill et al., 2019)
can further shape a host’s capacity to support infection, as can
the individual’s somatic state, owing to resource availability
(Cressler et al, 2014) or stress levels (Gervasi et al, 2017).
Central questions arising from these observations are how fixed
or static species’ competence values are, and to what degree
within-species variation rivals among-species variation (i.e. how
robust species’ values are). Partitioning variation in competence
into both biological and environmental sources will help identify
which biological scales (e.g. environment, species, population, age
class, individual) play strong roles in regulating transmission.

There are multiple ways by which within-species variation in
competence might influence the direction or magnitude of diver-
sity—disease relationships (Fig. 2). If host species exhibit high overlap
in their competence distributions (as demonstrated in Box 2D), then
their roles as competent or diluter hosts may be reversed under dif-
ferent environmental contexts (Fig. 2B: Broad within-species vari-
ation). This possibility could lead to null patterns between
diversity and disease because community competence does not pre-
dictably change with species losses or gains. If the environmental
drivers of biodiversity loss, like urbanization, habitat degradation
or pollution, also influence competence (Martin et al, 2010;
Messina et al., 2018), then the competence of a particular species
may vary depending on whether it is observed in an intact or dis-
assembled community. Likewise, the loss of biodiversity itself may
shape the competence of persisting species, because the physio-
logical underpinnings of competence can be affected by species
interactions (de Roode et al, 2011; Martin et al., 2010; Adamo
et al, 2016). One mechanism that might mediate either of these
pathways is chronic stress, which has immunosuppressive effects
(Réberg et al., 1998; Adamo, 2017) that could increase competence
(LaFonte and Johnson, 2013; Gervasi et al., 2017). When persisting
species’ competence increases as a direct response (or as an indirect
correlate) of biodiversity loss, a negative biodiversity-disease correl-
ation can emerge (Fig. 2C: Competence negatively covaries with
diversity). The converse is also true: if persisting species become
less competent with biodiversity loss (e.g. Young et al., 2013), reduc-
tions in diversity may be associated with less transmission (Fig. 2D:
Competence positively covaries with diversity). These potential out-
comes highlight the need to move beyond diversity-disease correla-
tions alone and investigate competence as a mechanism mediating
their shape. Mathematical models represent a valuable tool for
exploring the potential consequences of differing competence distri-
butions, as well as exploring the relative contribution of competence
to diversity—disease relationships (Luis et al., 2018).

We have presented competence as both complex and (poten-
tially) variable. Integrating this complexity with that of ecological
communities may make diversity—disease relationships seem
intractable. However, we view competence as an exciting oppor-
tunity to delve into complexity, so that we may extract generality.
With a clearer understanding of the biological basis of compe-
tence, we can make informed predictions about its relationship
to species’ life history traits and species’ demographic patterns.
If the traits or processes underlying competence consistently
co-vary (explored in Vazquez-Prokopec et al., 2016), or if one
trait in particular drives variation in competence (Box 2), then
there are additional opportunities for simplifying competence
and identifying proxies that can be tracked in natural systems
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Fig. 2. Within-species variation in competence may influence or obscure diversity-disease relationships. (A) The dilution effect can occur when within-species vari-
ation in competence is limited compared to among-species variation. Here, competence is a robust trait such that each species’ competence value is roughly
equivalent across communities. When communities are nested and competence is inversely related to extirpation risk (two of the requirements for dilution;
Johnson et al., 2015), average community competence will decrease with richness, yielding strong potential for a negative diversity-disease relationship. But
when within-species variation in competence is broad, there are several possibilities for the shape of diversity-disease relationships. (B) If within-species variation
is idiosyncratic (species competence values do not fall along a similar gradient), then species may reverse roles depending on environmental context, being more
competent in some communities and less competent in others. Even when communities are nested, the random values of each species can lead to a null
relationship between community richness and average competence; leading to diversity-disease ambiguity. If within-species variation falls along a predictable
gradient (C and D), shaped by either community-level processes or environmental correlates of biodiversity, then there is potential for either a positive
diversity-disease relationship or a negative one, depending on how competence correlates with richness. [See also Gervasi et al. (2015) for a helpful depiction
of how within-species variation can scale up to affect transmission at the community level.]

(Gervasi et al., 2017; Burgan et al., 2018). With such proxies, we
can begin considering competence as a functional trait (McGill
et al., 2006) and predict how it may be generally distributed
within ecological communities, and how the shape of the

competence distribution might change under community disas-
sembly. Ultimately, the balance of organismal process with eco-
logical pattern may provide insight into when and where the
dilution effect operates.
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(=T) Key questions and future goals
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» Develop new methods to systematically quantify competence
Determine the relative contribution of infection, development and pre-
transmission survival to competence

= Effectively disentangle exposure from competence in field studies

Mechanisms producing
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variation

= Empirically link species variation in competence to life history strategies

» Determine whether species’ average competence values correspond with
population dynamics and assembly patterns, such as colonization ability,
extinction risk, turnover, and density
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* Quantify extent of within-species variation and scales at which variation is
maximized (i.e. among-populations, within-populations)

Identify determinants of parasite aggregation within a host species

= Further research the biological basis of super-spreading individuals

Co-evolution and
exposure-competence
feedbacks .

» To what degree does local adaptation shape competence?

= Do hosts exhibit similar competence for a range of parasite species, or is
competence a unique outcome of a given host-parasite interaction?
Does high exposure select for high competence?

Effects of diversity on B

competence .
influence a host's competence?

« Is there a general distribution of competence in intact communities?
How do drivers of biodiversity loss shape competence?
How do species interactions- like predation, competition, and co-infection-

Relative importance of
competence for

= Establish the degree to which competence regulates transmission
» Compete competence against other epidemiological mechanisms, like
host density and contact rates, to establish its relative role

transmission - Test effects of within-species vs. among-species variation on transmission

Competence as an emergent property of host-parasite
interactions

Antagonistic co-evolution can strengthen or decouple links
between a species’ exposure in the environment and its compe-
tence for infection. For parasites, selection may favour traits
that reinforce positive exposure-competence associations. The
opposite is true for hosts: if infection is costly, selection may
favour traits that produce negative exposure-competence associa-
tions. This fluctuating selection may ultimately produce variation
in competence over space and time (Thompson, 2005).
Furthermore, the evolutionary push and pull between host and
parasite means that competence is not just a host trait but is an
emergent property of their interaction.

We can envision evolution at play when the dilution effect
operates on environmentally-transmitted parasites. In this scen-
ario, a parasite is broadly exposed to an assemblage of host spe-
cies, some of which are competent for transmission and others
of which are less so. This is thought to be the case for the fungal
parasite, Metschnikowia bicuspidata, whose abundant aquatic fun-
gal spores are indiscriminately consumed by multiple plankton
species that vary in their competence (Hall et al., 2009). Broad
parasite exposure among multiple host species may impart two
selection pressures on the players in the system. First, the parasite
may face pressure to adapt to its low competence hosts.
Alternatively, high competence hosts may face pressure to
avoid, resist or tolerate infection.

There is evidence for antagonistic co-evolution playing out in
both hosts and parasites. Weinstein et al. (2018) found that the
rodent species experiencing the highest pathogenicity to raccoon
roundworms also tended to exhibit the strongest avoidance beha-
viours at spatial hot spots of transmission. Likewise, host resist-
ance has been observed to increase in response to elevated

parasite exposure through time (amphibian responses to chytrid
fungus; Voyles et al., 2018) and over space (stickleback occurring
in sympatry with helminths; Kalbe and Kurtz, 2006). On the para-
site’s side, Ebert (1994) demonstrated that the ability of micro-
sporidians to infect and reproduce within Daphnia decreases as
a function of geographic distance between host genotype and
parasite genotype. An added dimension to parasite adaptation is
parasite choice (Johnson et al, 2019a), which may evolve to
strengthen or relax host-parasite encounter rates beyond those
expected by density- and frequency-dependent processes alone.
As hosts vary in frequency and quality over the landscape, their
importance for parasite transmission may also vary, and the
potential for local adaptation may make competence an evolu-
tionary dynamic property. Further understanding the factors
that produce negative or positive co-variation in exposure and
competence is important for identifying key hosts in transmission
(Box 3; Hawley et al., 2011; Ezenwa et al., 2016).

Host-parasite co-evolution counters the view that competence
is shaped by life history strategy. That is, while the
co-evolutionary viewpoint considers competence a unique out-
come of the pressures and constraints of a particular host-parasite
interaction, the life history viewpoint considers competence a
more general host property. It is therefore important to divide
competence into its host vs parasite sources, asking: How com-
mon is it for a single host species to be generally competent for
multiple parasite species? How common is it for a single parasite
to perform well in multiple host species? And how much of
observable variation in competence is unique to a given host-
parasite interaction? Answering these questions and relating
them to parasite transmission strategy and host life history may
provide clarity in how competence is distributed among diverse
host-parasite interactions.
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Conclusion

Competence may be critical for understanding disease in a chan-
ging world. However, attempts to define this property have yet to
adequately capture its complexity. While research on diversity and
disease acknowledges that species presences and densities are
dynamic through space and time, the competence values of
those same species are often assumed to be static and invariable.
Embracing the dynamic nature of competence may elevate our
understanding of how parasite transmission responds to changes
in biodiversity and may resolve controversy on the mechanisms
generating diversity—disease relationships. This endeavour will
require careful empirical work, and research at the laboratory-
field interface will be especially important for identifying the
mechanisms of competence and connecting them to ecological
processes. Advancing our understanding of competence may
take several approaches, such as quantitative tools to better meas-
ure it, eco-immunological theory to understand the forces shaping
it and mechanistic studies that evaluate its consequences for
transmission (Box 3). Ultimately, a more rigorous framing of
competence will bridge within-host processes to the community
ecology of infectious disease.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0031182020000943
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Glossary

Barrier resistance: a host trait (or set of traits) that prevents a parasite
from infecting at the point of exposure by creating a barrier to infection.
Biodiversity-disease relationship: any quantitative relationship between
a metric for biodiversity (e.g. species richness) and a metric for disease
(e.g. prevalence).

Competence: the capacity of a host to transmit infection given exposure to
a parasite.

Exposure: contact between a host and parasite (or infected vector) in the
environment.

Development: the within-host maturity of a parasite to its transmittable
state, whether by morphological development or replication.

Dilution effect: a phenomenon where high diversity communities have
lower average competence than low diversity communities, producing a
negative biodiversity-disease relationship.

Extirpation risk: the likelihood that a species will be lost from an
ecological community during community disassembly.

Host resistance: a general strategy in which hosts limit infection by parasites.
Host tolerance: a general strategy in which hosts permit parasitic infection
while reducing the fitness costs associated with infection.

Infection: a parasite established on/within its host

Infectivity: the likelihood that a host (or vector) will successfully transmit
a parasite to another host (or vector). In other words, the successful
transfer of a parasite from donor to recipient.

Internal clearance: a host trait (or set of traits) that removes a parasite
after the parasite has already infected the host.

Pre-transmission survival: the likelihood that a host survives infection to
enable transmission.

Tara E. Stewart Merrill and Pieter T. J. Johnson

Susceptibility: the probability with which a host becomes infected
following exposure to a parasite.

Trait robustness: a trait is robust when its within-species variation is lower
than its among-species variation.
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