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INTRODUCTION

Richard S. Ostfeld®

Abstract

For decades, people have reduced the transmission of pathogens by adding low-
quality hosts to managed environments like agricultural fields. More recently,
there has been interest in whether similar ‘dilution effects’ occur in natural dis-
ease systems, and whether these effects are eroded as diversity declines. For some
pathogens of plants, humans and other animals, the highest-quality hosts persist
when diversity is lost, so that high-quality hosts dominate low-diversity communi-
ties, resulting in greater pathogen transmission. Meta-analyses reveal that these
natural dilution effects are common. However, studying them remains challenging
due to limitations on the ability of researchers to manipulate many disease sys-
tems experimentally, difficulties of acquiring data on host quality and confusion
about what should and should not be considered a dilution effect. Because dilution
effects are widely used in managed disease systems and have been documented
in a variety of natural disease systems, their existence should not be considered
controversial. Important questions remain about how frequently they occur and
under what conditions to expect them. There is also ongoing confusion about their
relationships to both pathogen spillover and general biogeographical correlations
between diversity and disease, which has resulted in an inconsistent and confusing
literature. Progress will require rigorous and creative research.
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Ostfeld, 2001; VanBuskirk & Ostfeld, 1995). Here, we dis-
cuss how and where dilution effects and their analogues

A dilution effect occurs when the diversity of an ecolog-
ical community reduces the transmission of a pathogen.
Dilution effects are sometimes referred to as ‘contro-
versial’ (Halliday & Rohr, 2019; Halsey & Miller, 2020;
Strauss et al., 2015; Wood et al., 2017). However, these ef-
fects have been used for decades to manage the transmis-
sion of parasites and pathogens in plants, animals and
people, even though our modern conceptualisation only
began to develop fairly recently (Keesing et al., 2006;
Norman et al., 1999; Ostfeld & Keesing, 2000; Schmidt &

have been used to manage infectious diseases, in partic-
ular by changing the intra- or interspecific diversity of a
disease system in carefully selected ways. We explore the
ecological mechanisms that underlie these effects, and
then turn to more recent questions—whether dilution
effects occur in natural communities, and if so, whether
these effects are impacted by changes to natural biodi-
versity. We review the evidence for when and how fre-
quently natural dilution effects occur, outline some of
the challenges of studying them and describe common
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mis-applications of the concepts, as well as important
outstanding questions.

MANAGING PATHOGEN
TRANSMISSION USING
VARIATION WITHIN A SPECIES

Agricultural scientists have recognised for decades that
planting different varieties, or cultivars, of the same crop
species can reduce the transmission of pathogens (Chin
& Wolfe, 1984; Garrett & Mundt, 1999; Leonard, 1969;
Mundt, 2002; Smithson & Lenné, 1996), effects sup-
ported by a recent meta-analysis (Gibson & Nguyen,
2021) (Figure 1a). Mixing multiple varieties of a plant spe-
cies can reduce transmission through a suite of potential
pathways (Burdon & Chilvers, 1977; Burdon et al., 2006;
Chin & Wolfe, 1984; Mundt, 2002). A large experiment
involving rice farmers in Yunnan showed that when in-
dividuals of a standard rice strain encountered spores of
a rice blast, they did not become infected. Instead, these
plants effectively captured the spores without transmit-
ting them onwards, making plants of a more susceptible
rice strain planted in the same fields less likely to en-
counter spores of the blast (Zhu et al., 2000).

Underlying the effects of genetic diversity on the
transmission of pathogens is intraspecific variation in
host quality. Individuals within a species can vary, for ex-
ample, in their probability of exposure to a pathogen or
parasite and their susceptibility to infection (Civitello &
Rohr, 2014; Dwyer et al., 1997; Poulin, 2011; Sauer et al.,
2019; Warburton & Vonhof, 2018), their probability of
transmitting the pathogen or parasite onwards (Cornet
et al., 2014; Lloyd-Smith et al., 2005; Pulkkinen & Ebert,
2004; Siva-Jothy & Vale, 2021; Stephenson et al., 2017;
White et al., 2018), and their attractiveness to vectors
such as aphids or mosquitoes (Bruns et al., 2021; Shapiro
etal., 2012; Yan et al., 2018). The combined effect of these
factors can be that the majority of pathogens or parasites
are transmitted by a small number of individuals, some-
times called ‘superspreaders’ (Lloyd-Smith et al., 2005).

(@) Managed dilution effects

The rice example illustrates how people can use
knowledge of variation in host quality among individ-
uals of the same species to reduce the transmission of a
parasite or pathogen. The decision about which types of
individuals to add is critical (Mundt, 2002; Wolfe, 1985).
In plant systems, a common strategy is to add a culti-
var that is resistant to the focal pathogen (Burdon et al.,
2006). But there is much more to consider, including the
effects of the candidate cultivar on a field's microclimate,
on the abundance and behaviour of vectors, and on the
ultimate yield and profitability of the crop (Boudreau,
2013; Zhu et al., 2000). Broadly speaking, however, the
goal is to add individuals that dilute the impact of super-
spreaders on the overall transmission of the parasite or
pathogen. In other words, the goal is to add low-quality
hosts, or ‘superdiluters’.

The connection between intraspecific variation in
host quality and the concept of ‘dilution’ has been rec-
ognised for some time. For example Mundt (Mundt,
2002) described how mixing plant cultivars in a field
can reduce pathogen transmission by spreading out in-
dividuals of the more susceptible, disease-prone cultivar,
leading to a ‘dilution of the amount of inoculum’ in the
field as a whole. In particular, he highlighted the use of
experiments mixing two cultivars to ‘investigate the di-
lution effect of mixtures on disease’ (Mundt, 2002). In a
very different system involving a viral phage that infects
two strains of the bacterium Pseudomonas phaseolicola,
Dennehy et al. (2007) recognised that one of the strains
was trapping the phage, resulting in diluted transmission
by the other, which they called an ‘analogue’ of dilution
effects in disease ecology. Whether intraspecific diver-
sity can cause a ‘real’ dilution effect or only an analogue
could be debated, but the underlying mechanisms are
the same (Johnson et al., 2015; Ostfeld & Keesing, 2012),
and there is a history of references to dilution effects that
arise from intraspecific diversity. For example Civitello
and Rohr (2014) pointed out that identifying the dif-
ferences among individuals within a species that affect
transmission could pinpoint mechanisms underlying di-
lution effects.

(b) Natural dilution effects

oL
of

of

Diversity is intentionally increased, which reduces transmission
Total density of hosts often remains approximately constant
Variation in host quality is often within a species

Dilution effects are being created

FIGURE 1

Diversity is inadvertently lost, which increases transmission
Total density of hosts can change

Variation in host quality is typically between species
Dilution effects are being lost

Managed versus natural dilution effects. (a) Managed dilution effects are often created intentionally, by increasing the diversity

of strains or species. Low-quality hosts (black) are added in order to reduce overall transmission of a pathogen, represented by the lighter
gray background. (b) In contrast, natural dilution effects are typically eroded inadvertently when low-quality hosts (black) disappear as
biodiversity declines. This results in a relative or absolute increase in the abundance of high-quality hosts, which leads to an increase in overall

transmission, represented by the darker gray background
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MANAGING PATHOGEN
TRANSMISSION USING
VARIATION BETWEEN SPECIES

Variation in host quality can occur between, in addi-
tion to within, species. For a particular pathogen, for
example, species can vary in the duration of their infec-
tions (Garrido et al., 2021) and their ability to transmit
the pathogen onwards (Hersh et al., 2012; Keesing et al.,
2012) (Figure 2). For pathogens transmitted among hosts
by vectors such as fleas, ticks and mosquitoes, species
can vary in their attractiveness to these vectors (Bruns
et al., 2021; Shapiro et al., 2012; Yan et al., 2018), in the
degree to which vectors survive attempts at a blood
meal (Edman et al., 1974; Keesing et al., 2009), and in
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the ability of vectors to acquire or transmit infections
(Figure 2).

This interspecific variation in host quality can be
used to manage pathogen transmission. In plant dis-
ease systems, the mixing of species reduces diseases
caused by a variety of pathogens in both agricultural
(Boudreau, 2013) and non-agricultural settings (Liu
et al., 2020). Diversity has also been used to manage
vector-borne diseases of humans. In the early 20" cen-
tury, an Italian public health specialist suggested that
domestic animals could deflect mosquito meals away
from humans (reviewed in Service 1991). The World
Health Organisation and others have recognised the
potential of this ‘zooprophylaxis’ in the management
of malaria and other vector-borne diseases (Ault, 1994;
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FIGURE 2 Variation among hosts in different metrics of host quality. Effects of host species on (a) shedding of West Nile virus by birds
four days after experimental inoculation (Komar et al., 2003); (b) spore production by Phtyphthorum ramorum, the causative agent of Sudden
Oak Death, in woody plants (Rosenthal et al. 2020); (c) the proportion of ticks infected with Anaplasma phagocytophilum, the causative agent of
human anaplasmosis, after feeding on mammals and birds (Keesing et al., 2012); (d) feeding success for Culex nigripalpis mosquitoes (Edman

et al., 1974); and (e) molting success of blacklegged ticks (Ixodes scapularis) (Brunner et al., 2011). Data in (d) are the mean of eight observations
of feeding by 200 female mosquitoes on two individuals of each host species; other sample sizes are indicated on bars. Characterizing the
amount of variation across hosts is an important frontier (see main text), particularly how it varies for different types of disease systems, and

how those patterns influence dilution effects
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Macdonald, 1957; WHO, 1982). More recently, scien-
tists have recommended using zooprophylaxis while
simultaneously treating the added host species with
insecticides to further reduce mosquito populations
(Kemibala et al., 2020; Morona et al., 2017).

The use of interspecific variation to manage trans-
mission has been particularly well-characterised for
Ribeiroia ondatrae, a trematode parasite of wildlife.
Cercariae, the middle stage of this parasite's complex life
cycle, infect fish and pond-breeding amphibians, which
can suffer severe limb deformities and death (Johnson
et al., 2013). Some species of amphibians are far more
likely to harbour cercariae than others are (Figure 3c).
For example Pacific tree frog tadpoles (Pseudacris re-
gilla) readily acquire the parasite. In contrast, nei-
ther American bullfrogs (Lithobates catesbeianus) nor
California tiger salamanders (Ambystoma californiense)
harbour many parasites at all. Scientists working with
Ribeiroia ondatrae stocked artificial ponds with one

to four species of amphibians, all of which were hosts
for the parasite, but hosts of varying quality (Johnson
et al., 2013). When the only amphibians in the pond were
Pacific tree frogs, about 25% of the frogs became in-
fected. When other amphibian species were added to the
ponds, infection in the tree frogs, and the total amount
of infection, dropped by half (Johnson et al., 2013).

In managing multi-species disease systems, the deci-
sion of which species to add is critical (Boudreau, 2013).
Just as with single-species systems, a common strategy
is to add a species that is resistant to the target patho-
gen. For zooprophylaxis, an effective low-quality host
to add would be one that transmits the focal pathogen
or parasite poorly but diverts vector meals away from
humans, all while not increasing the abundance of the
vector by adding an additional food source (Ault, 1994;
Saul, 2003).

A key factor in managing with dilution is whether
the system is amenable to a dilution effect in the first
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FIGURE 3 Field (panels a—d) versus laboratory (panels e-h) studies of dilution effects. In field studies, the transmission of parasites

or pathogens is often compared among sites that vary in diversity. Studies that include data on underlying causes of differences in overall
transmission, such as Johnson et al. (2013), are less common. (a) Patterns of host community composition in 345 wetlands, with the percentage
of wetlands represented by the size of the circle. (b) The mean abundance of each species (number per m?) in wetlands where it is present.

(c) The ability of each host to harbor parasites, as measured in the laboratory, and (d) an index of each host's contribution to community
competency (P;), which combines information from panels a—c, as described in Johnson et al. (Johnson et al., 2013b), from which the data shown
in this figure were extracted. (e—h) Schematic of an experimental approach to studying dilution effects in the laboratory. (e) Transmission in a
treatment composed of only high-quality hosts is compared to (f) transmission in treatments with more species and more individuals (additive
design) and (g) transmission in a treatment with more species but an equal number of individuals (substitutive design). (h) The proportion of
hosts infected is compared among treatments. In this example, transmission declines when low-quality hosts are added, which is an example of
encounter reduction (see main text), and declines even further when the density of high-quality hosts also declines, an example of host regulation
(see main text). The taxa included in such an experiment might or might not represent natural assemblages



2494 |

DILUTION EFFECTS IN DISEASE ECOLOGY

place. For example the feasibility of zooprophylaxis for
mosquito-transmitted pathogens depends largely on
whether a mosquito species is highly specialised on hu-
mans (Ault, 1994). If it is, adding alternative animals to
divert mosquito meals is unlikely to be effective because
the mosquito will still bite only humans. Even if a system
is amenable in theory, the availability of an appropriate
low-quality host is essential in practice. Whether creat-
ing a dilution effect will work in a particular system will
depend on the net effect of all of the relevant pathways
through which low-quality hosts could affect transmis-
sion (Keesing et al., 2006).

DILUTION EFFECTS IN NATURE

Over the last 20 years, attention has focused on whether
the patterns that can be made to happen—when some-
one chooses which organisms are present in a system—
ever happen naturally, as diversity changes under natural
conditions (Figure 1b). This is a particularly important
question because diversity within natural ecosystems is
changing rapidly in response to human impacts such as
habitat fragmentation, overexploitation, pollution and
climate change (Field et al., 2020).

Determining whether dilution effects happen in na-
ture requires understanding the relationship between
host quality and the composition of natural ecological
communities. For example, outside of the laboratory,
Ribeiroia ondatrae parasites live in real ponds. Are
there predictable patterns to the distribution of host
species among ponds? Johnson et al. (2013) compared
patterns of amphibian community composition in 345
wetlands. They found that when ponds had only one
species of amphibian living in them, that species was
overwhelmingly likely to be a tree frog, Pseudacris
regilla (Figure 3a). When ponds had more than one
species, the tree frog was always one of those species.
Furthermore, the presence of species across diversity
levels revealed predictable patterns in which species
were present in a pond and which were not. The less
diverse ponds contained species that were almost per-
fect subsets of the species found in the more diverse
ponds, a pattern commonly referred to as nestedness
(Figure 3a). In addition, both the quality (‘compe-
tence’) of the different amphibian species as hosts for
the parasite and their abundance within each pond
were correlated with their probability of being found at
different diversity levels (Figure 3). At least in this dis-
ease system, the most competent host for the parasite
is found in ponds even when all of the other amphibian
species are absent, and the least competent hosts for
the pathogen are found only in the most diverse ponds.
These patterns have enormous consequences: ponds
with high diversity had 78% lower transmission of the
parasite (Johnson et al., 2013).

MECHANISMS UNDERLYING
DILUTION EFFECTS IN NATURE

The Riberoia disease system provides an example of a
natural dilution effect because the presence of naturally
high diversity reduces the overall transmission of the
parasite (Johnson et al., 2013b). The opposite pattern—
when the presence of naturally high diversity increases
the overall transmission of a parasite or pathogen—is
called an amplification effect (Keesing et al., 2006). More
generally, a dilution effect will occur in nature when (1)
some species (or strains) are higher-quality hosts than
others, and (2) transmission from those high-quality
hosts is suppressed by naturally high levels of biodiver-
sity (Keesing et al., 2010).

Variation in host quality

Broadly speaking, the first condition required for a dilu-
tion effect to occur is always true: there is always at least
some variation among species in their ability to harbour
a specific pathogen (Casadevall & Pirofski, 2015). At the
simplest level, some organisms can become infected by a
particular pathogen and some cannot, a distinction that
separates ‘hosts’ from ‘non-hosts’. Non-hosts represent
the extreme end of what is often a range of host qual-
ity (e.g. Cronin et al., 2010; Hersh et al., 2012; Johnson
et al., 2013b; Keesing et al., 2012; Komar et al., 2003).
Furthermore, some pathogens are quite specialised, in-
fecting only one species or strain, while some are more
generalised, infecting a wider variety of hosts (Bandin &
Dopazo, 2011; Dallas et al., 2017). But regardless of this
breadth of host range, there will always be species that
fall outside of it.

Host quality cannot be measured solely by asking
whether a host gets infected, though. An equally critical
aspect is whether an infected host transmits the patho-
gen onwards, and to what degree. For example, the com-
petence of the bird species that act as hosts for West Nile
virus, which causes West Nile virus encephalitis in hu-
mans, varies from high for blue jays (Cyanocitta cristata)
and grackles (Quiscalus quiscula), to zero for other spe-
cies (Komar et al., 2003, Figure 2a). In wild plants, the
oomycete that causes Sudden Oak Death in forest trees,
Phytophthorum ramorum, is transmitted readily by two
tree species, bay laurel (Umbellularia californica) and ta-
noak (Notholithocarpus densiflorus), but little by others,
despite the fact that all of these species can be infected
(Figure 2b) (Rosenthal et al., 2021).

Though the quantitative measure of a host's ability to
transmit is critical, host quality in animals is often ap-
proximated using data on seroprevalence, which mea-
sures whether an animal's immune system has developed
antibodies to a particular pathogen (Becker et al., 2020).
The presence of antibodies indicates that the animal has
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been infected with a pathogen, but not whether that an-
imal can transmit the pathogen onwards, and if so, to
what degree. Studies of transmission are much harder to
conduct, and therefore much rarer, but they are critically
needed in research on the dilution effect. Quantitative
explorations of the distribution and magnitude of vari-
ation in host quality, similar to those done for super-
spreaders within species (Lloyd-Smith et al., 2005), have
not been done, in part because appropriate data on host
quality are relatively rare.

Suppression of transmission from high-
quality hosts

The second condition necessary for a dilution effect to
occur in nature is that transmission from high-quality
hosts is suppressed by naturally high levels of biodiver-
sity. Theoretical explorations, based in epidemiological
models, have identified several mechanisms that can
lead to this condition (Johnson et al., 2015; Johnson &
Thieltges, 2010; Joseph et al., 2013; Keesing et al., 2006).
Most simply, the presence of low-quality hosts (including
non-hosts) in a diverse community can deflect a patho-
gen, reducing encounters with the hosts most likely to
transmit it onwards, a mechanism called ‘encounter re-
duction’ (Keesing et al., 2006) (Figure 3d-h).

Transmission can also be suppressed by naturally
high levels of diversity if there are fewer high-quality
hosts in areas where biodiversity is high. This could hap-
pen if, for example, predators or competitors of the most
competent hosts are abundant in high-diversity areas,
but decline or disappear in low-diversity areas. This
pathway has been called ‘host regulation’ (Keesing et al.,
2006). For host regulation to occur, the taxa present in
high-diversity conditions do not need to be hosts; they
simply need to reduce the abundance of high-quality
hosts. This observation makes clear that the selection of
a specific community for which to measure diversity is
non-trivial—when non-host taxa are important in sup-
pressing pathogen transmission, diversity solely within
the host community may not adequately capture dilution
effects. In studies of plant diseases, host regulation is a
well-known mechanism by which transmission declines
in diverse mixtures, and debate has centred around the
impacts of other mechanisms that might also operate
(Burdon & Chilvers, 1977; Chin & Wolfe, 1984; Knops
et al., 1999; Mitchell et al., 2002), a conversation that
continues to the present (Liu et al., 2016, 2020; Rottstock
etal., 2014). Two recent studies (Liu et al., 2016; Rottstock
et al., 2014) found that plots with higher plant species
diversity had lower infection with fungal pathogens
even when differences in plant density were taken into
account.

Although encounter reduction and host regulation
are the two mechanisms typically explored empirically,
(e.g. Johnson et al., 2013b; Luis et al., 2018; Strauss et al.,

2018; Thieltges et al., 2008), other mechanisms have also
been proposed in theory and described in at least some
disease systems (Johnson & Thieltges, 2010; Keesing
et al., 2006). For example, the presence of alternative
hosts for vectors like ticks and mosquitoes can deflect
vector meals away from high-quality hosts, and also
affect the abundance of vectors (Keesing et al., 2006),
mechanisms that underlie zooprophylaxis (Ault, 1994;
Kemibala et al., 2020; Saul, 2003). In the Lyme disease
system, ticks that feed on some species are less likely to
feed successfully (Figure 4) and also less likely to survive
over the winter (Brunner et al., 2011; Keesing et al., 2009)
(Figure 2e). In aquatic systems, some species consume
parasites directly (Johnson & Thieltges, 2010; Thieltges
et al., 2008; Venesky et al., 2013).

Critically, multiple mechanisms can operate together
in the same disease system. For example, in Johnson's
Riberoia experiments in the laboratory, encounter reduc-
tion reduced infection by 28% when it was the only path-
way for dilution. When both encounter reduction and
host regulation were operating, infection went down by
50% (Figure 1c—f). In the Lyme disease system, hosts that
are present in high-diversity communities deflect tick
meals away from the most competent hosts, kill many of
those ticks through grooming, infect fewer of the ticks
that do manage to feed successfully, and cause those fed
ticks to survive poorly overwinter (Figure 4a—c) (Brunner
et al., 2011; Keesing et al., 2009, 2010).

In both the Riberoia and Lyme disease examples, the
mechanisms all operate to decrease transmission when
diversity is high, but there are cases in which transmis-
sion can decline due to one mechanism while simultane-
ously increasing due to another. Studying Sin Nombre
hantavirus in western North America, for example,
Luis et al. (2018) found that viral infection prevalence
in the main reservoir host, the deer mouse Peromyscus
maniculatus, was reduced in communities with high
small-mammal diversity, a dilution effect. However, this
dilution effect was the net result of diversity reducing
mouse abundance while simultaneously increasing per
capita transmission.

CHALLENGES OF STUDYING
DILUTION EFFECTS IN NATURE

Study design

The dilution effect is defined by a change in overall
transmission, but transmission is often hard to detect
and quantify. As a consequence, scientists studying
natural dilution effects typically use proxies for trans-
mission, such as the incidence of a disease (Rosenthal
et al. in revision), the presence of antibodies to a patho-
gen (Suzan et al., 2009), or the density of infected vec-
tors (LoGiudice et al., 2003). No one proxy appears to
be appropriate for all disease systems (Keesing et al.,
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2006), which complicates efforts to arrive at a general
understanding.

Studying how transmission changes as diversity
changes is also challenging. Ideally, an investigator
would experimentally manipulate diversity in a natural
disease system, with appropriate controls, and mea-
sure the outcomes. Because natural dilution effects are
caused by changes in the community of hosts as biodi-
versity declines, the order in which species are removed
in experiments matters (Halliday et al., 2020; Liu et al.,
2020; Ostfeld & LoGiudice, 2003). For plants, some re-
searchers have created random assemblages of varying
species richness out of a regional pool of native species
(e.g. Knops et al., 1999; Mitchell et al., 2002; Rottstock
etal., 2014). Whether these random assemblages are real-
istic enough to draw conclusions about natural dilution
effects is an open question. In pioneering work on the
Tibetan plateau, Liu et al. (Liu et al., 2018) found that
random assemblages underestimated the magnitude of

a natural dilution effect, which was evident when species
were removed in a realistic order.

Information on the order of species loss is not always
available, but perhaps equally important is the empirical
challenge of removing species, which is easier for plants
than for animals. Fencing can experimentally exclude
animal species based on size, as has been done, for exam-
ple, for size guilds of large mammals in African savannas
(Keesing, 1998, 2000; McCauley et al., 2008; Young et al.,
1998). Removing entire guilds of large mammals from a
savanna leads to a dramatic and sustained increase in
the abundance of small mammals, with consequences
for the entire ecosystem, including the abundance of flea
vectors (Keesing, 2000; Keesing & Young, 2014). But
the simultaneous removal of many species, in no par-
ticular order, does not shed light on the consequences
of biodiversity losses that occur when species are lost
non-randomly or sequentially. Removing individual
species, such as a high-quality host, can be logistically
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challenging. Brunner et al. (Brunner et al., 2013) re-
ported the results of a field experiment to remove either
white-footed mice (Peromyscus leucopus) or gray squir-
rels (Sciurus carolinensis) from forest fragments. Despite
a massive and prolonged effort to capture and relocate
rodents over months, the experiment achieved only mod-
est differences in densities of the focal animals (Brunner
et al., 2013). An alternative method of ‘removing’ a key
host species is to vaccinate individuals of that species so
that they cannot transmit a particular parasite or patho-
gen (Tsao et al., 2004). This changes their functional role
from high-quality to low-quality host for the pathogen,
though it retains other roles of these individuals, for ex-
ample as hosts for vectors or competitors of other hosts.
When experimentally manipulating diversity in na-
ture is not possible for logistical, ethical, or financial
reasons, scientists studying dilution effects typically do
one of three things. If they can, they establish artificial
habitats—Ilike aquarium tanks, greenhouse trays, or ag-
ricultural plots—in which they can conduct experiments
with carefully controlled levels of diversity (Figure lc—f),
as has been done for diseases of amphibians (Johnson
et al., 2008), marine invertebrates (Thieltges et al., 2008)
and plants (Mitchell et al., 2003; Rottstock et al., 2014)
for example. A second strategy is to use correlational
approaches, for example by comparing similar habitats
that already vary in diversity. Using this approach, an in-
vestigator might compare diversity and transmission on
islands of varying sizes. Because island size is positively
correlated with diversity, the different islands can sub-
stitute for diversity levels imposed by the scientist in an
experiment (Werden et al., 2014). Alternatively, an inves-
tigator might use habitat fragments that have been cre-
ated by human activity, such as forest fragments, because
fragmentation of habitats typically leads to declines in
diversity (Allan et al., 2003). Correlational studies are
often the only feasible way to study a potential natural di-
lution effect in the real world. The third option is to build
a mathematical model of a disease system and explore
its dynamics through the behaviour of the model. An
additional consideration is that much of the oft-claimed
controversy about the dilution effect is its ‘generality’
(Civitello et al., 2015a; Halliday & Rohr, 2019; Halliday
et al., 2020; Huang et al., 2017; Luis et al., 2018), a concept
that no one study, however well-designed, can resolve.

Characterising host quality

Characterising host quality is a major challenge of stud-
ying natural dilution effects. Most studies have relied on
a handful of metrics of host quality, particularly host
abundance and host ‘competence’ (though competence
is sometimes measured as the host's susceptibility (e.g.
Figure 3c) and sometimes as the host's ability to trans-
mit pathogens (e.g. Figures 2, 4b). Some researchers have
subsequently collapsed these metrics into combined

indices, for example by calculating the product of a
host's abundance and competence (Johnson et al., 2013b;
Mitchell et al., 2003) (Figure 3). Across disease systems,
however, other metrics of host quality are also impor-
tant, as has been apparent from theoretical explorations
of mechanisms underlying dilution effects (Keesing et al.,
2006). For example in a recent experiment, Garrido et al.
(Garrido et al., 2021) found that some gerbil species re-
covered from infection with Mycoplasma bacteria more
quickly than others. Additional metrics are appropriate
for vector-borne diseases. Hosts for mosquito-borne and
tick-borne pathogens can affect vector feeding success
(Figures 2d and 4c) as well as the probability that the
vector transitions successfully to the next life stage and
survives a period of diapause (Figure 2e).

Despite the challenges of measuring host quality in
nature, including a more complete set of metrics of host
quality can reveal important patterns that might other-
wise go undetected. In the Lyme disease system in the
northeastern United States, for example, focusing only
on variation among host species in abundance (Figure 4a)
and competence (Figure 4b) highlights the importance
of the white-footed mouse (Peromyscus leucopus), which
is responsible for infecting the most ticks and is thus con-
sidered the highest-quality host (Figure 4e). But taking
into account additional metrics, including the feeding
success of ticks on each host and the number of ticks
each species typically hosts (Figure 4c, d), reveals the
importance of low-quality hosts: gray squirrels (Sciurus
carolinensis) and Virginia opossums (Didelphis virgini-
ana) together appear to either kill or prevent infection in
far more ticks than mice infect (Figure 4e). Thus, these
low-quality hosts are actually serving a strong protective
effect (Keesing et al., 2009).

Including low-quality hosts

The significance of low-quality hosts, and of non-hosts,
has received relatively little attention in studies of natu-
ral dilution effects but see (Dennehy et al., 2007; Keesing
et al., 2009; Venesky et al., 2013), which is ironic given
the central importance of low-quality hosts in managed
dilution effects (Burdon et al., 2006; Mundt, 2002; Wolfe,
1985). One cause of the emphasis on high-quality hosts—
and our associated ignorance of low-quality hosts—
arises from the use of methods to identify the sources of
blood meals in vectors (Hamer et al., 2009; Kilpatrick
et al., 2006; Titcomb et al., 2017). Using these methods,
researchers capture vectors such as ticks or mosquitoes
that have fed successfully on unknown hosts and then
use molecular analysis of blood components to iden-
tify the taxon that served as the source of the success-
ful meal. This approach makes estimates of host quality
more tractable in the field. But while it can be a suitable
method for identifying the source of successful meals, it
ignores the unsuccessful ones, thus failing to identify the
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roles of low-quality hosts in either killing (Figure 2d) or
failing to infect (Figure 4e) vectors.

Accounting for host dynamics

In part because of the challenges inherent in measuring
host characteristics in the field, estimates of host qual-
ity for various metrics are often assumed to be constant
through time, but at least some metrics can vary depend-
ing on community context. The most obvious of these
is the abundance of hosts, which can vary substantially
over time (e.g. Ostfeld et al.,, 2018). Many studies of
natural dilution effects focus on presence/absence data
to characterise the diversity of a host community, but
ignore changes in the abundance of its constituents as
diversity changes through time. Modelling studies have
explored the impacts on transmission if the total abun-
dance of hosts changes as diversity changes (Johnson
et al., 2015; Mihaljevic et al., 2014), and some studies
have documented effects of variation through time in
the abundance of important hosts e.g. (Hall et al., 2009).
How the abundance of hosts affects managed dilution ef-
fects, for example, for zooprophylaxis, has been a major
question (Ault, 1994; Kemibala et al., 2020; Saul, 2003).
This issue also dominated early conversations about the
pathways by which natural dilution effects occur (Begon,
2008; Johnson et al., 2008; Keesing et al., 2010).

Other metrics of host quality might also vary de-
pending on community context, but these have received
virtually no attention. For example evidence from sev-
eral disease systems suggests that the competence of the
highest-quality hosts might actually be lower in highly
diverse communities (Kurtenbach et al., 1995; Schauber
& Ostfeld, 2002). A frontier for studies of natural dilution
effects is collecting and analysing more complete data on
host quality, including host abundance, particularly as
diversity changes.

UNDERLYING CAUSES OF THE
DILUTION EFFECT IN NATURE

What underlies relationships between host quality and
ecological resilience that allows some high-quality hosts
to persist in low-diversity communities from which other
species are lost? Several correlational studies have sug-
gested an answer. From a database of 300 disease sys-
tems, Plourde et al. (Plourde et al., 2017) considered the
traits of the highest-quality hosts—the ‘reservoir’ hosts
that are most responsible for transmitting pathogens—
compared to the traits of lower-quality hosts that trans-
mit at lower rates or perhaps do not transmit at all. They
found that mammalian reservoirs tend to have ‘fast’ life
histories—they tend to be short-lived, small-bodied, and
have many offspringearly in their lives. These are the very
traits that are associated with resilience to disturbance

and biodiversity loss. Johnson et al. (2020) found that
wild mammals that are becoming less abundant because
of human activities host fewer zoonotic viruses, while
those that are stable or increasing in abundance host
significantly more. It appears that a correlation exists
between host quality and fast life-history traits, which
predispose a species to be resilient to disturbance. But
how do these life history traits affect host quality?

Determining the connection between host quality and
host traits is challenging. Two hypotheses have been pro-
posed. First, short-lived animal hosts might allocate their
immune responses to pathogens differently than longer-
lived hosts do (Martin et al., 2007). Previtali et al. (2012)
compared the innate versus adaptive immune responses
of four rodent hosts for the pathogen that causes Lyme
disease. The hosts, which varied from faster to shorter
life-history strategies, were inoculated with immune
challenges in the laboratory. As predicted, the shorter-
lived hosts had more pronounced short-term immune re-
sponses than the longer-lived hosts, which had stronger
adaptive immune responses. These results suggest that,
for this one disease system at least, shorter-lived animal
hosts might be vulnerable to pathogens that can circum-
vent their immune defences, and these shorter-lived hosts
are also the ones that tend to thrive when biodiversity is
lost. Gervasi et al. (2017) found this pattern for amphib-
ian hosts of Batrachochytridium dendrobatidis, a chytrid
fungus devastating amphibian populations worldwide,
and a remarkably similar pattern has been detected in
plants. Cronin et al. (Cronin et al., 2010) found that plant
hosts that were shorter-lived, more poorly defended, and
contained higher nutrient levels were better reservoirs
for a virus that infects wild grasses. More studies like
these, in both animal and plant systems, would help us
understand how general this pattern is (Albery & Becker,
2021; Valenzuela-Sanchez et al., 2021).

The second hypothesis for why ecologically resilient
species are often high-quality hosts is that pathogens
might adapt to survive best in the hosts they encounter
most frequently, and these are likely to be abundant,
resilient species (Ostfeld & Keesing, 2000). If hosts are
habitats for pathogens, then pathogens that survive and
reproduce well in common host-habitats will leave a
larger share of the offspring in the next generation, and
natural selection will foster strong associations between
pathogens and ecologically resilient hosts. This, too,
is difficult to test experimentally, but it is amenable to
mathematical modelling.

These adaptive mechanisms would help explain cor-
relations between host quality and ecological resilience.
But how strong is the evidence for such a relationship in
the first place? Since these mechanisms were first pro-
posed over a decade ago (Keesing et al., 2010), a number
of studies have found evidence linking fast-lived species
and various measures of host quality in both plants and
animals (Cronin et al., 2010; Downs et al., 2019; Han
etal., 2015, 2016b; Huang et al., 2013; Johnson et al., 2012;
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Ostfeld et al., 2014; Previtali et al., 2012). But much re-
mains to be uncovered (Albery & Becker, 2021; Downs
et al., 2019; Valenzuela-Sanchez et al., 2021). There is
counter-evidence for some metrics (Cooper et al., 2012)
and some diseases (Downs et al., 2019). In addition,
correlational explorations of species databases must
contend with the challenges of uneven sampling, inade-
quate and incomplete metrics of host quality, and inter-
correlated variables.

LIMITATIONS OF OUR
UNDERSTANDING OF DILUTION
EFFECTS IN NATURE

Since 2015, multiple meta-analyses have found that
natural dilution effects often occur (Cardinale et al.,
2012; Civitello et al., 2015a; Huang et al., 2017; Liu et al.,
2020; Magnusson et al., 2020). Approximately 80% of
studies in one influential meta-analysis (Civitello et al.,
2015a) detected them, while another found dilution ef-
fects in 67% of animal and 85% of plant disease systems
(Cardinale et al., 2012). Civitello et al., (2015a) found that
dilution effects were equally common for diseases of hu-
mans and diseases of wildlife, and for diseases caused by
microparsites, for example bacteria and viruses, as for
those caused by macroparasites, for example helminths.
An analysis of the same underlying data found that dilu-
tion effects were equally likely for diseases of plants as
for diseases of animals (Huang et al., 2017). For plants,
a recent meta-analysis in non-agricultural settings (Liu
et al., 2020) found strong evidence for dilution effects,
with effect sizes that were greater in grasslands than in
forests, and for viruses and fungi than for some other
types of pathogens.

One challenge for all of these meta-analyses is which
studies to include. For example Halliday et al. (Halliday
et al., 2020) synthesised results from four prior meta-
analyses and found that the results became clearer when
the underlying studies in the meta-analyses were first
vetted for whether they were appropriate tests of dilution
effects. Because true studies of dilution effects address
biodiversity loss, Halliday et al. (Halliday et al., 2020)
sifted out, for example, studies that compared disease
as biodiversity varied along latitudinal gradients. Data
from the four prior meta-analyses (Civitello et al., 2015a;
Halliday & Rohr, 2019; Liu et al., 2020; Magnusson et al.,
2020) revealed even stronger natural dilution effects
when inappropriate studies were excluded (Halliday
et al., 2020), a result that was robust to potential mis-
classification of studies, and the spatial scale at which
studies were conducted.

Estimates of the frequency of natural dilution effects
are also affected by the pool of studies being consid-
ered, and deciding on this pool is not trivial. For ex-
ample, there has almost certainly been selection bias,

with some researchers choosing to study disease systems
likely to show dilution and others—Ilooking for counter-
examples—favouring systems that likely will not. In ad-
dition, not all disease systems are potentially subject to
dilution effects (Ostfeld & Keesing, 2012). For example
diseases that are transmitted strictly through human-to-
human transmission—for example sexually transmitted
diseases of humans—are not expected to have the un-
derlying ecological dynamics required for dilution. One
recent paper suggested a fairly narrow range of applica-
bility for natural dilution effects (Rohr et al., 2020), while
providing caveats because of how much uncertainty
there is about those boundaries. Determining the range
of diseases that could be affected by dilution effects is
important. As Rohr et al. (Rohr et al., 2020) point out,
the effectiveness of anti-bacterial compounds is evalu-
ated for a pool of diseases caused by bacterial pathogens,
not viral ones; similarly, the frequency of dilution effects
should be calculated for diseases to which these effects
could apply.

One major constraint on studying dilution effects,
including their underlying mechanisms and how com-
monly they occur in nature, is the politicisation of the
topic, both in the literature and by members of the sci-
entific community (Halsey, 2019). Despite the evidence
from managed and natural disease systems, the existence
of dilution effects is sometimes labelled ‘controversial’.
Why this phenomenon has been deemed controversial
is a question perhaps best left to sociologists. We sus-
pect, however, that the controversy arises in part from
misunderstandings about dilution effects. In particular,
there has been a confusing and inappropriate conflation
of dilution effects with more general relationships be-
tween biodiversity and disease (see Keesing & Ostfeld,
2021). For example, the effect on pathogen transmission
of static, innate variation in biodiversity among biogeo-
graphical regions is not relevant to natural dilution ef-
fects (Halliday et al., 2020; Keesing & Ostfeld, 2021).

Another source of confusion is how dilution effects
apply when considering multiple pathogens. The num-
ber of pathogens naturally present in an ecosystem is not
a function of dilution or amplification effects (Johnson
et al., 2013a; Keesing & Ostfeld, 2015, 2021). When they
occur, dilution effects operate within a specific disease
system caused by a single pathogen (Keesing et al., 2006).
Of course, ecological communities typically harbour
many pathogens. In pollinator communities in Michigan,
for example three RNA viruses co-occur and infect mul-
tiple species of native bees (Fearon & Tibbetts, 2021). For
all three pathogens, virus prevalence was lower in more
diverse pollinator communities (Fearon & Tibbetts,
2021). These coincident pathogens all demonstrate di-
lution effects, but dilution effects could occur for some
pathogens in an area and not for others, an area of inves-
tigation that has received too little attention. The likeli-
hood of pathogen-specific patterns in a multi-pathogen
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system might be affected, for example by whether the
different parasites interact in predictable ways with the
diversity of hosts. In the Riberioia-amphibian disease
system, parasite diversity itself reduced Riberoia infec-
tion, augmenting the effects of host diversity alone, an
impact that might arise from within-host interactions
among parasites (Johnson et al., 2013a).

The pace of change in the literature has caused con-
fusion as well. Exploration of the dilution effect has
evolved rapidly (e.g. Keesing et al., 2006, 2010; Keesing &
Ostfeld, 2021; Ostfeld & Keesing, 2000, 2012), requiring
researchers to keep pace with fast-moving scholarship.
For example, almost a decade ago, a meta-analysis found
evidence of a dilution effect for zoonotic diseases from
one metric, and not from another, based on their selec-
tion of the literature at that time (Salkeld et al., 2013).
Subsequent meta-analyses incorporating more com-
prehensive literature searches have updated that result
(Civitello et al., 2015a, b; Salkeld et al., 2015), demon-
strating significant dilution effects for zoonoses. In this
case, and more generally, responsible scholarship re-
quires including citations that update earlier conclusions
(Editorial, 2017; Penders, 2018).

DIVERSITY AND DISEASE—
CONFRONTING CONFUSION

One of the most compelling aspects of natural dilution
effects is the connections they establish between the con-
servation of biological diversity and the health of hu-
mans, other animals and plants. But this very connection
between diversity and disease has itself been a source of
confusion. For example, researchers attempting to ad-
dress the dilution effect have estimated the diversity of
vertebrates in different regions, countries or habitats,
and asked whether disease severity is negatively corre-
lated with diversity across these areas (Fernandez et al.,
2021; Wood et al., 2017). However, dilution effect theory
does not predict that regions of the world with higher
innate diversity should have lower disease severity, or
fewer diseases. If a natural dilution effect is operating in
a particular ecological community, the loss of diversity
from that community will lead to more transmission of
the focal pathogen within that community. This is a nar-
rower claim, and it is driven by our understanding of the
basic biology that underlies these phenomena.
Connections between diversity and disease seem
amenable to policy and management recommendations,
and this too has been a source of confusion. Based on our
understanding of natural dilution effects, policies that
lead to the conservation of biological diversity should
reduce the transmission of many pathogens. Yet such an
outcome could be counter-balanced by increased risk if
biodiversity were itself a source of new pathogens. Most
newly emerging infectious diseases result from the spill-
over of pathogens from existing host species to new ones.

An implicit assumption of most thinking about spillover
has been that diverse communities have more species of
hosts, and therefore more kinds of pathogens (Ostfeld &
Keesing, 2017). The more kinds of pathogens there are,
this thinking goes, the more opportunities there are for
one of them to have the particular characteristics that
would allow it to spill over into a new host species, in-
cluding humans (Hosseini et al., 2017; Ostfeld & Keesing,
2017). If this thinking were correct, then biodiversity
would be a potentially dangerous source of new patho-
gens through spillover, while at the same time potentially
reducing transmission of endemic pathogens through di-
lution effects. Should policies, then, focus on conserving
diversity to foster dilution, or on reducing diversity to
prevent emergence?

A suite of recent studies suggests that this difficult
choice is unnecessary. Pathogens that spill over from
vertebrate animals into people—causing zoonotic dis-
eases such as covid-19 and Ebola—are much more likely
to originate in specific kinds of animals, specifically
Primates, Cetartiodactyls (mostly hooved mammals like
deer, sheep, antelopes and cows), Rodents, Chiroptera
(bats) and Carnivores (Han et al., 2016a; Johnson et al.,
2020; Keesing & Ostfeld, 2021; Mollentze & Streicker,
2020). Which of these is most responsible for new zoonotic
pathogens depends on the methods and metrics used,
but these five groups consistently emerge as the leading
sources (Keesing & Ostfeld, 2021). Within these Orders,
the species that serve as hosts of zoonotic diseases are
less likely to decline when biodiversity is lost (Johnson
et al., 2020; Keesing & Ostfeld, 2021), and more likely to
thrive when humans impact natural habitats (Gibb et al.,
2020). These lines of evidence suggest an important new
synthesis in which specific taxonomic groups are more
likely to serve as sources of new pathogens, and specific,
identifiable ecological characteristics are correlated with
the probability that a species will serve as a high-quality
host. At least for zoonotic diseases, conserving and per-
haps restoring, biodiversity should often both reduce the
transmission of endemic pathogens and prevent the spill-
over of new ones (Keesing & Ostfeld, 2021).

LOOKING AHEAD

Our understanding of dilution effects, particularly dilu-
tion effects in nature, has progressed rapidly in the past
20 years. Here, we summarise major conclusions and
outline some of the most important areas for future re-
search and scholarship.

Dilution effects and their underlying
mechanisms are well understood

Dilution effects have been used for many decades to re-
duce the transmission of pathogens in managed disease
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systems such as agricultural fields. The existence of
these effects is not controversial and their underlying
mechanisms are generally well understood. Using dilu-
tion effects in managed systems requires careful con-
sideration of which low-quality hosts are most likely to
reduce overall transmission, and whether the net effects
of reducing transmission are worth any potential costs,
such as the possibility of decreases in crop yield or har-
vesting efficiency (Smithson & Lenné, 1996). Recent
studies of zooprophylaxis suggest that potential costs
of adding low-quality hosts, such as increases in vector
abundance, might be mitigated, for example with the
use of topical insecticides (Asale et al., 2017; Kemibala
et al., 2020).

Our understanding of dilution effects in natural eco-
systems has developed more recently. Natural dilution
effects arise from basic biological mechanisms that have
been explored in theory (Johnson et al., 2015; Joseph
et al., 2013; Keesing et al., 2006; Mihaljevic et al., 2014)
and in some empirical studies (Johnson et al., 2013b; Liu
et al., 2016, 2018; Rottstock et al., 2014), but there is still a
great deal to learn. For example, does the pattern of vari-
ation in host quality (Figure 2) vary in predictable ways
for different metrics (e.g. reservoir competence, vector
preference) and across types of disease systems? How do
interactions within hosts affect dilution effects in multi-
pathogen systems? How common are positive relation-
ships between ecological resilience and host quality?
What are the shapes of these relationships when they do
occur, and what are their underlying causes? What are
the best metrics for measuring transmission across dis-
ease systems? What are the characteristics of natural dis-
ease systems that show dilution effects and those that do
not, and what does this suggest about whether we might
apply our understanding of dilution effects to manage
diseases in nature?

Low-quality hosts deserve greater attention

The literature on disease ecology now includes a vari-
ety of examples of plant and animal hosts that prolifer-
ate as diversity declines, and these hosts are often likely
to transmit pathogens (Gibb et al., 2020; Johnson et al.,
2020; Keesing & Ostfeld, 2021). A major frontier is to
increase our understanding of the roles of low-quality
hosts, for example those that harbour pathogens but
do not transmit them onwards, and those that reduce
the survival of feeding vectors. Low-quality hosts are a
major focus in work on managed dilution effects because
their characteristics determine whether a given manage-
ment strategy is likely to be effective. Incorporating this
kind of thinking into studies of natural dilution effects
could provide important depth to our understanding
of the conditions under which such effects are likely to
occur.

Dilution effects are distinct from diversity-
disease relationships

Despite confusion in the literature, dilution effects are
not synonymous with ‘diversity-disease relationships’.
Dilution effects occur in a given disease system because
of specific underlying mechanisms that have been well-
characterised (Halliday et al., 2020; Johnson & Thieltges,
2010; Keesing et al., 2006). In contrast, diversity-disease
relationships are often explored through large-scale cor-
relations that compare overall disease burdens or inci-
dence in different geographical regions without attention
to specific underlying mechanisms (Fernandez et al.,
2021; Wood et al., 2017). Finding patterns in such studies
reveals neither dilution nor amplification effects, though
these terms are frequently misapplied. Interpreting a
correlation as a dilution or amplification effect requires
understanding the biology of the underlying disease sys-
tem. In our view, it should include determining whether
there is variation in host quality and whether community
composition changes to favour high-quality hosts as en-
demic biodiversity changes.

The effects of biodiversity loss on pathogen
emergence and subsequent transmission are
much more similar than previously recognised

A decade ago, it seemed possible that areas that were
high in endemic biodiversity were likely to be the richest
sources of new pathogens of humans, and hence of new
zoonotic diseases (Keesing et al., 2010). This expecta-
tion arose from the simple logic that more species must
mean more pathogens, more pathogens must mean more
zoonotic pathogens, and more zoonotic pathogens must
mean greater risk to humans (Ostfeld & Keesing, 2017).
Recent research, however, has demonstrated that this
logic is not supported by the evidence. Some taxonomic
groups are far more likely to be sources of zoonotic patho-
gens, and those taxa tend to thrive when biodiversity is lost
(Gibb et al., 2020; Johnson et al., 2020; Keesing & Ostfeld,
2021). We have much left to learn about the relationship
between biodiversity change and the emergence of patho-
gens. Important questions include how biodiversity, and
its loss, affect the emergence of pathogens of non-human
hosts; how we can effectively determine whether hosts can
actually transmit pathogens, as opposed to simply be-
coming infected with them (Becker et al., 2020); and how
to manage our behaviour and use of landscapes to mini-
mise spillover events (Plowright et al., 2021).

CONCLUSION

The COVID-19 pandemic has highlighted the global
importance—and challenge—of understanding the
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ecology of infectious diseases. The impacts of diversity
on the emergence and transmission of pathogens have
never been more relevant. Acknowledging what we have
learned about dilution effects in nature over the past
20 years is critically important, as is understanding their
similarities and differences to the dilution effects that
operate in managed disease systems like agricultural
fields. Perhaps most importantly, it is time to tackle the
big questions of the next decade while moving on from
those that have been addressed in the past one.
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