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A healthy ecosystem is sustainable and is able to maintain its functions and structure.
The past definitions of the health of an ecosystem included among others health as the
absence of disease and health as diversity and complexity.1 After the Convention on
Biological Diversity of the United Nations,2 biodiversity is defined as “the variability
among living organisms from all sources including inter alia, terrestrial, marine and
other aquatic ecosystems and the ecological complexes of which they are part: this
includes diversity within species, between species and of ecosystems.” Diversity can be
characterized in three different ways: 1) by the number of different entities (eg, species
richness); 2) by the relative abundance of different entities (eg, species evenness); and 3)
by the specific identities of different entities (community composition).3 In ecosystems,
biodiversity acts as a regulator of ecosystem processes, as a final ecosystem service,
and as something of value for humans.4 Therefore, ecosystem properties depend to
a large extent on biodiversity regulating the ecological functions of different organisms within the system and the distribution of those organisms over space and time.5
Over the last decade, it has become clear that parasites and disease agents can play an
important role in the regulation of ecosystem functioning. Infection with echinostome
trematodes, for example, influences the burrowing behavior of the bivalve Austrovenus
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Abstract: A healthy ecosystem is sustainable, meaning that it has the ability to maintain its
structure and functions over time. Past definitions concerning the health of an ecosystem included,
among others, both the diversity and complexity of the system, meaning that a healthy ecosystem
is a diverse one. In the last decade, researchers have started to focus more on the importance
of biodiversity for the distribution and maintenance of diseases in ecosystems, and therefore
the ecosystems’ role for human health. Based on a vector-borne model of Lyme disease, it was
claimed that with a higher biodiversity of non-reservoir hosts for a pathogen, transmission
events and infection risk would become reduced, called the dilution effect. This was further
adapted for other vector-borne and nonvector-borne diseases, providing evidence for both the
absence and the presence of the dilution effect in the wild. Until now, there is still a large lack
of knowledge about the mechanisms driving disease transmission in the wild. The aim of this
review is to provide insight into disease systems that were studied in relation to biodiversity and
disease transmission risk. Furthermore, we discuss methods and strategies which are necessary
to improve our understanding of the impact of biodiversity on disease systems and to help fill
the existing gaps in our current knowledge.
Keywords: dilution effect, Lyme disease, rescue effect, West Nile virus, hantavirus
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stutchburyi and leads to an increase in the biodiversity in
marine intertidal environments in New Zealand.6 Conversely,
the loss of biodiversity may open the way for increased
pathogen activity. Knops et al7 demonstrated that the loss of
primary producer diversity affects fundamental ecosystem
processes including the spread of plant fungal diseases. In
addition, invasive hosts and pathogens can induce a loss of
biodiversity in natural ecosystems.8
By altering the behavior of their hosts, parasites can influence the competitive relationships between different nonparasite species.9 The direct impact of parasites on their hosts
can lead to alterations in the abundance or population density
of the latter and might decrease the importance of these very
hosts with regard to interspecies competition or predator–
prey-related interactions.10 Moreover, the biomass of parasites can even extend that of top predators and other animal
groups, implying a high impact on infectious processes in
such ecosystems.11 In terms of human health and well-being,
biodiversity is considered to be critical, with four major biodiversity drivers of human health. These are the quality of life,
medical and genetic resources, ecosystem services (benefits
that humans receive from ecosystems), and constraints on
infectious diseases (high biodiversity decreases the spread
of diseases, while decreasing biodiversity may accelerate the
spread of disease to human populations).12
Although species can become extinct naturally, the rate
of extinction has been accelerated due to human intervention
in ecosystems by a factor of approximately 1,000–10,000.13
The main driving forces behind the increased extinction
rate are considered to be human population growth and
socioeconomic development resulting in changes in land
use, and therefore habitat fragmentation, overexploitation
or destruction, pollution, biotic changes, the introduction of
new species, and climate change.14 The worldwide extinction
crisis is accepted by the scientific community, and various
strategies to reverse these trends have been elaborated in
scientific journals and at meetings,15 also with respect to
human health.
In 2000, Ostfeld and Keesing16,17 created the concept of
“dilution effect” on the basis of the exposure risk of humans
to Borrelia burgdorferi sensu lato, the agent of Lyme disease.
The dilution effect predicts that infection rates among vectors, and ultimately human infection risk, will be lower in
highly diverse host communities where non-competent hosts
dilute rates of disease transmission between vectors and
highly competent hosts.18 In contrast, the “rescue effect”
(amplification effect) claims that if several species tend
to be highly competent reservoirs, high species diversity
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may actually increase disease prevalence.18 Additionally,
ecosystems with a naturally high biodiversity might be the
source of, or provide, a platform for the emergence of new
pathogens.19 Obviously, the epidemiology of such diseases
is very complex, and the biodiversity of an ecosystem is only
part of this complexity. Nevertheless, in order to understand
disease transmission, it is important to study the processes
and factors responsible for it.
Our aim is to review certain disease systems that have
been studied to determine the relationship between biodiversity and disease transmission risk. We try to reveal the complexity of such disease systems and emphasize possible gaps
in our knowledge. Furthermore, we discuss the methods and
strategies which are necessary to improve the understanding
of the impact of biodiversity on disease systems.

Biodiversity and vector-borne
diseases
In order for a vector-borne disease to meet the requirements
of the dilution effect, the following assumptions made by
Ostfeld and Keesing17 must be fulfilled: i) the feeding habits
of the vector have to be generalized, which means that the
vector must be able to feed on a variety of different hosts,
independent of their reservoir competence. ii) Infection of
a vector with a pathogen has to be acquired through a host
and not transovarially. iii) The reservoir competence among
hosts must vary, differentiating between highly competent
and non- or less competent hosts. iv) Highly competent hosts
have to be the dominant species in the host community, as
defined by the proportion of the vector population fed by
that species.

White-footed mice, ticks, and Lyme
disease
Since the hypothesis of both the dilution and the rescue
effect emerged from the studies carried out by Ostfeld and
Keesing,16,17 it is only suitable to start with their study on
Lyme disease in the USA. In North America, Lyme disease is
caused by B. burgdorferi sensu stricto, a spirochete transmitted by the black-legged ticks Ixodes scapularis along the east
coast and Ixodes pacificus in the west. The annual reported
incidence of Lyme disease in the USA from 2003 to 2012
lay approximately between 19,800 and 30,000, although
recent estimates by the Centers for Disease Control suggest
that the real number is closer to 300,000.20 The cases are
concentrated mainly in the northeast and upper Midwest
of the USA.20 White-footed mice (Peromyscus leucopus),
eastern chipmunks (Tamias striatus), and white-tailed deer
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(Odocoileus virginianus) play important roles in the life cycle
of I. scapularis and in the epidemiology of B. burgdorferi s.s.
While larvae and nymphs feed predominantly on small mammals and birds, adults prefer deer as their hosts.21 P. leucopus,
a species that is widespread and locally abundant, is believed
to be the most competent reservoir host for B. burgdorferi
s.s. and is assumed to be responsible for most spirochete
infections in larvae in some regions.21 Infected mice have a
40%–80% chance of transmitting their infection to an uninfected larva.22 The infected larvae overwinter and molt into
nymphs, which retain the infection and are the most likely
life history stage to use a human as a host. An overlook about
the eco-epidemiology of Lyme disease in the USA is given
in Figure 1.
A computer simulation model by Van Buskirk and
Ostfeld23,24 that was parameterized for I. scapularis and its
host communities, consisting of one competent and various
less competent reservoir hosts, showed that increasing host
diversity (both richness and evenness) reduced the infection
risk for humans with B. burgdorferi s.s. Ostfeld and Keesing16 tested the connection between Lyme disease incidences
in the eastern part of the USA and the species richness of
small mammals, various bird species that nest or forage on
the ground, and lizards using a stepwise multiple regression.
The three host groups represent the major host groups that
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Schmidt and Ostfeld26 estimated its magnitude in four sites in
the eastern New York State, USA. They found that the prevalence of B. burgdorferi s.s. in questing nymphs and adults
was much lower than expected if the ticks fed predominantly
on highly competent reservoirs. Using an empirically based
model, they predicted that at least 61% of tick blood meals
must therefore be provided by alternative hosts. A study by
Allan et al27 showed that anthropogenic influences such as
forest fragmentation lead to a decrease in biodiversity in
small forest patches, followed by increases in the density of
white-footed mice and the prevalence of Borrelia-infected
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Figure 1 Eco-epidemiology of Lyme disease in the USA including both abiotic and biotic factors that influence hosts or the vector tick Ixodes scapularis.
Notes: The start of tick activity, questing duration, and interstadial development (pre-oviposition, pre-eclosion, pre-molting) depend on the ambient temperature and
relative humidity, which influence water loss, the total generation time, and the proportion of ticks that die before reproduction.47 Host densities of the most important
hosts of I. scapularis, deer, and mice are influenced by mast years and predator densities. Transovarial transmission of Borrelia spirochetes is rare; main transmission routes
are transstadial and by feeding on an infected host. The main host of adult ticks is white-tailed deer which acts as a dilution host for Borrelia burgdorferi sensu lato but as a
reproductive host for the tick population. Larvae feed on a variety of smaller hosts that act either as reservoir hosts for B. burgdorferi s.l. (mice, shrews, chipmunks) or as
dilution hosts (lizards, squirrels). Nymphs feed on various mammals, including humans, which can act as dilution or reservoir hosts.38,118 Host descriptions in red refer to their
importance for the pathogen, and host descriptions in black to their importance for the tick population. Red stars: no infection takes place; green stars: ticks can get infected
with spirochetes. Arrows with a plus sign show a positive influence, and arrows with a minus sign a negative influence.
Abbreviations: T, temperature; RH, relative humidity.
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nymphs in those patches. LoGuidice et al28 further support
the hypothesis by identifying important dilution (squirrels –
Tamiasciurus hudsonicus, Sciurus carolinensis) and rescue
(shrews – Blarina spp., Sorex spp.) hosts. Ogden and Tsao29
used a model to describe the way in which the transmission
of B. burgdorferi s.s. from I. scapularis ticks among mice is
affected by increasing or decreasing the abundance of a less
competent reservoir host. The model indicated that both a
dilution and a rescue effect might occur, depending on such
factors as host contact rate with ticks, potential acquired
resistance in reservoir hosts, and competition.
A recent study from Brisson et al30 calls into question the
formal belief that P. leucopus are the most important hosts
for tick larvae and reservoir hosts of Borrelia spirochetes in
the eastern USA. Using both ecological and molecular data,
they were able to show that mice provide the blood meal for
only approximately 10% of larvae found in the field and that
chipmunks and shrews (feeding 35% of all ticks and 55%
of infected ticks) play a more important role in the enzootic
cycles of Lyme disease than previously believed.
The situation with the main hosts of adult I. scapularis
is more complex. Although deer are not competent vectors
of B. burgdorferi s.s., and seem to have little or no role in
the maintenance of infection in ticks,31 deer are the most
important hosts for the female ticks and are therefore positively correlated with tick population dynamics.32,33 Historical
data indicate that in the absence of deer, the populations
of I. scapularis crash dramatically,34,35 and that the recent
expansion of deer populations is associated with the range
expansion not only of I. scapularis but also of Lyme disease
incidence.36 Thus, although it seems that deer act as dilution hosts when it comes to the transmission of Borrelia
spirochetes, they also act as a major host for reproductive
I. scapularis females, and therefore as an amplifying host for
tick populations (Figure 1). This increase in tick density also
leads to an increased risk of infection for humans as shown
in studies by Rand et al37 on Monhegan Island. Monhegan
Island near the coast of Maine, USA, was populated by
white-tailed deer and Norway rats (Rattus norvegicus), the
latter being a competent reservoir for the Lyme disease
spirochetes. When deer were removed from the island, the
density of adult-questing ticks as well as of immature ticks
on rats decreased significantly on a long-term basis compared
to an island where deer were not removed. Thus, the health
risk for humans was also reduced.
In addition to direct host–parasite interactions, Levi
et al38 developed a theoretical model implying the importance
of small mammal predators in the epidemiology of Lyme
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disease. The model suggested that the increase in Lyme
disease cases in the northeastern and Midwestern USA over
the last 30 years was not correlated with an increase in deer
abundance but with the decline of red fox (Vulpes vulpes)
populations due to the increased abundance of coyotes
(Canis latrans) and therefore the increase in small mammal
density.
Taken together, all of the studies discussed above show
clearly how complex Lyme disease epidemiology is and
that much more research is needed to fully understand the
mechanisms underlying the system.
Although the epidemiology of Lyme disease in the USA
is already complex, it is certainly less complex than the
situation in Europe and Asia. While B. burgdorferi s.s. is the
dominant agent for Lyme disease in the New World – other
potential human pathogenic genospecies such as Borrelia
bissetti are discussed39 – in Europe, at least five different
genotypes of the B. burgdorferi s.l. complex are known to
cause Lyme disease in humans.40 These human pathogenic
agents include Borrelia afzelii, B. burgdorferi s.s., Borrelia
garinii, Borrelia spielmanii, and Borrelia bavariensis,40 with
the three former species being the most important both in
Europe and Asia.41 The pathogenicity of other genospecies
such as B. bissetti, Borrelia lusitaniae, or Borrelia valaisiana
is still uncertain.
Not only are the different genospecies associated with
different clinical manifestations, but they are also associated
with different reservoir hosts and different vector species,
either bridge vectors that transmit B. burgdorferi s.l. to
humans or other vectors that act to maintain the pathogen
in the enzootic cycles.39 B. afzelii often causes skin pathology such as chronic skin lesions or acrodermatitis chronica
atrophicans42 and uses rodents as reservoir hosts.43,44 B. garinii
is often associated with neuroborreliosis42 and uses different
bird species as reservoir hosts.44–46 B. burgdorferi s.s. is often
found in arthritic manifestations of the disease42 and seems
not to be host specific as it is found in both bird and rodent
enzootic cycle.44,46
In Europe, the most important bridge vector is the castor bean tick, Ixodes ricinus, which can adapt to a variety
of different habitats47 and as a generalist feeds on over 300
different host species.48,49 In general, host communities in
Europe consist of more than one dominant host species with
good reservoir competence such as the yellow-necked mouse
Apodemus flavicollis and the bank vole Myodes glareolus.
Both provide blood meals for larvae and to a certain extent
also to nymphs of I. ricinus, as well as serving as competent
reservoir hosts for B. burgdorferi s.l.50,51 However, bank
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voles are able to acquire resistance to I. ricinus resulting in
reduced feeding and molting success and reduced survival
of the ticks,52 while A. flavicollis can acquire some immunity
against Borrelia infection.53 This complicates our understanding of the enzootic cycle of Lyme disease.
Additionally to rodents, other medium-sized animals,
although lower in abundance than rodents and shrews, can
carry more ticks than smaller hosts and might play a greater
role as a source of infection than mice and voles in some
habitats.54 European hedgehogs (Erinaceus europaeus), for
example, can be infected with B. burgdorferi s.l. and can also
pass these infections on to both I. ricinus and the hedgehog
tick Ixodes hexagonus.55–58 Therefore, when more than one
equally competent reservoir host exists in the same community, each reservoir species can contribute to the rescue
effect, and even though there are strong population fluctuations of one species, the other species can maintain the
overall prevalence of the pathogen.16 In Europe, I. ricinus
nymphs and adults also feed on deer, predominantly roe deer
(Capreolus capreolus), red deer (Cervus elaphus), and fallow
deer (Dama dama).59 Those wild ungulates are known to be
non-reservoir hosts for B. burgdorferi s.l.60; however, they are
important for providing blood meals for ticks, and therefore
their reproduction and development.61 Unfortunately, there
are no studies in Europe that clearly point out the role of
wild ungulates in the epidemiology of Lyme disease.
For the European Lyme disease system, there is not one
study that supports the dilution effect hypothesis and the positive influence of biodiversity on the infection risk to humans.
The reason for this is not that the hypothesis cannot be applied
to the system but simply that there have been no studies done
to test this phenomenon. Of course, it is reasonable to assume
that an increase in non-reservoir hosts decreases the contact
rate of a potential vector with, and the transmission rate of
a pathogen to, a reservoir host. But without studies on this
subject, it is impossible to say whether this might happen
in habitats with more complex disease systems, with more
than one reservoir host, with a high density of amplification
hosts, and if these effects even play an important role for the
disease transmission or whether other factors, such as temperature, saturation deficit, or relative humidity, which are well
known to influence the activity and the development of ticks
(Figure 1),47 are more important for this system.

Birds, mosquitos, and West Nile virus
Another host–vector–pathogen system which has been
studied in detail with respect to the dilution effect is that of
birds, mosquitos, and the West Nile virus (WNV) (Figure 2).
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WNV is maintained through enzootic cycles worldwide. The
predominant vectors are mosquitos of the genus Culex.62
Although the virus has been isolated from other mosquito
genera, their vector competence is not yet fully understood.63
WNV is a neuropathogen of birds, equines, and humans
with the avian reservoir host belonging predominantly to the
order Passeriformes. These are responsible for maintaining
the primary enzootic cycle.62,64,65 Most cases of WNV infections are asymptomatic, while 15%–20% develop a flu-like
illness with light fever, headache, malaise, anorexia, nausea,
and vomiting.64 In less than 1% of the cases, a meningitis,
meningoencephalitis, or myelitis accompanied by a high
fever develops.66 Other symptoms or manifestations such
as ataxia, extrapyramidal signs, polyradiculitis, seizures,
optic neuritis, muscle weakness, hepatitis, pancreatitis, or
myocarditis might occur.67–73
The virus was first isolated from the blood of a woman
from the West Nile district, Uganda, in 1937.74 Thirteen
years later, it was isolated from children in Egypt and from
that point on, more and more isolates, mostly from birds,
humans, and mosquitos, were obtained from throughout
Africa, the Middle East, Asia, and Europe.75 Infrequent
outbreaks of WNV were observed until the mid-1990s, but

T
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Dead end hosts

Primary enzootic cycle

Reservoir hosts
Figure 2 Eco-epidemiology of WNV.
Notes: Main vectors of WNV are mosquitos of the genus Culex. The primary
enzootic cycle persists between mosquitos and passerine birds, which act as
reservoir and amplifying hosts for the virus (green star). Infected mosquitos can
transmit the virus to equines and humans, which can develop disease symptoms but
cannot pass the infection to mosquitos or other hosts (red stars). The development
of the mosquito vector and hence its population density is influenced by ambient
temperature, precipitation, and habitat characteristics such as soil moisture,
topography, and surface water.119
Abbreviations: WNV, West Nile virus; T, temperature; P, precipitation; H, habitat.
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after this, certain epidemiological changes occurred leading
to an increase in frequency of the outbreaks in humans and
horses, an increase in the severity of human cases, and a high
mortality in birds during the human outbreaks in Israel and
the USA in 1999 and 2000.76
The intensity of transmission of WNV depends on both
the abundance of competent vectors and their prevalence of
infection, although some epidemiological outbreaks in the
USA were linked to very low minimum infection rates in different Culex spp.77 Human infections occur when conditions
benefit the amplification of the virus in birds and mosquitos,
leading to a spillover to other host groups.18 With passerine
birds being competent and nonpasserine birds being less
competent reservoirs for WNV, but representing a suitable
blood meal for mosquitos, a dilution effect should result
from a high species richness of the latter, causing a reduced
rate at which the vectors acquire an infection, and therefore
a reduced prevalence of WNV in mosquitos and thus fewer
human cases.
Enzenwa et al18 tested for relationships between host
diversity and the potential WNV transmission risk to humans
on smaller and broader scales in the USA. They conducted
their study at six field sites with varying land cover, including forest, marshland, wetlands, open water, and residential
buildings. They collected mosquitos, measured avian species
richness, and related the data gained with data on human
WNV cases for the different counties. Infection rates in Culex
mosquitos and the density of infected mosquitos were negatively correlated with the species richness and the abundance
of nonpasserine birds, while they were neither positively nor
negatively correlated with the species richness of passerine
birds. WNV incidence in humans also correlated negatively
with nonpasserine species richness. These findings indicate
a dampening effect of nonpasserine birds on infection rates
among mosquitos and humans, thus supporting the dilution
effect hypothesis. Nevertheless, on a broader scale, nonpasserine species richness could only explain 27% of the variance in human cases compared to 79%–92% of the variance
in mosquito infections across the six study sites.18
The degree of heterogeneity in a host population is an
important aspect for disease transmission, since only a small
part of the host community is responsible for the majority
of disease transmission.78,79 Heterogeneity develops either
through the variability of contact rates between hosts or
between hosts and vectors or through the variability in the
reservoir competence of hosts.80 Therefore, the composition of a host community plays an important role in disease
epidemiology. To determine the primary host species for
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WNV, Kilpatrick et al80 studied mosquito feeding patterns and
the epidemiology of WNV in urban and residential areas in
the USA. The American robin (Turdus migratorius) made up
only 3.7% of the avian abundance at the test sites; however, it
accounted for around 43% of mosquito feedings, showing a
clear feeding preference of the mosquitos. Additionally, this
species seemed to be responsible for the majority of WNV
infections in mosquitos, acting as a super-spreader for this
pathogen, while other passerine species, such as house sparrows (Passer domesticus) or corvids (in this study Corvus
ossifragus), which were thought to play a primary role in the
epidemiology of WNV,81,82 seemed to be less important. This
indicates that WNV transmission is likely to be intense in
certain host subgroups, but less intense in others, which leads
to a high variability in WNV exposure for the different host
species.80 As a result, the abundance of bird species, eg, the
abundance of passerine and nonpasserine birds, seems to be
a poor indicator of the relative importance of each species
in WNV transmission.
Most studies on the effect of biodiversity on WNV transmission and incidence were done in the USA18,80,83,84 with the
pathogen having been introduced only in 1999. Comparable
studies from the native habitats of this pathogen are, however,
surprisingly rare. As for Lyme disease, it is therefore hard to
predict whether the dilution effect is of importance for WNV
in its original habitats.

Biodiversity and other disease systems
As shown earlier, observed relationships between the loss of
biodiversity and infections with vector-borne disease exist,
and studies suggest that an increase in or conservation of
biodiversity might reduce disease risk for humans. Although
the dilution effect hypothesis is based on vector-borne disease, it can also be applied to other disease systems, with the
rodent–hantavirus system being one of the most thoroughly
investigated.

Mice and hantavirus
Hantavirus is a separate virus genus within the Bunyaviridae, representing at least 45 different species throughout the
world, with high representation in temperate zones and with
at least 22 “species” being pathogenic to humans.85,86 They
can cause different diseases such as hemorrhagic fever with
renal syndrome (HFRS) and hantavirus pulmonary syndrome
(HPS). Around 150,000–200,000 people are hospitalized
each year with HFRS worldwide, and although cases of HPS
are rarer, the fatality rate is around 40%.87,88 The viruses are
natural pathogens of small rodents (Muridae) and insecti-
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vores (Soricidae, Talpidae). They are usually transmitted to
humans via aerosols of contaminated excreta such as saliva,
urine, or feces.86,89–92 In addition, they can also be transmitted by the bites of infected host animals as well as indirectly
via mites.85
The Sin Nombre virus (SNV) was the first hantavirus
discovered in America. The common main host for the virus
is the deer mouse (Peromyscus maniculatus).93 In contrast to
the dilution effect hypothesis of Ostfeld and Keesing16,17 in
which the prevalence of tick infection is reduced due to the
increase in species of unsuitable reservoir hosts leading to a
reduced probability of infection of susceptible ticks, Peixoto
and Abramson93 showed a different phenomenon in a mathematical model for SNV. The infection prevalence of the virus
host is negatively affected by the presence of noninfected
competitors, which exert a pressure on the whole host population, and the infected subpopulation may be reduced and
even go extinct. Dizney and Ruedas94 examined 17 different
ecological variables, associated with the prevalence of SNV
and its prevalence in P. maniculatus, including different vegetation measurements. Only species diversity was connected to
prevalence rates in reservoir hosts, with a decreasing species
diversity leading to an increase in SNV prevalence. In a longterm study in Montana, USA, Carver et al95 collected 14 years
of data on live-trapped small mammals from three field plots
and estimated the standing antibody prevalence (ESPA) to SNV
in deer mice. They found a negative relationship between the
presence of voles and the ESPA of deer mice.
As for Lyme disease, there is also evidence available
that indicates the important role of predators, as well as
environmental factors, on the infection rate of hantavirus
reservoir hosts. Orrock et al96 studied the prevalence of SNV
in island deer mice on eight California Channel Islands. SNV
prevalence was higher on islands with higher precipitation,
greater area, and fewer species of rodent predators. This study
accents the importance of taking into account both abiotic
and biotic factors when studying disease ecology, since
they are tightly connected and influence each other at various
levels. The model of Peixoto and Abramson93 can be applied
to different hantavirus–rodent systems in which one rodent
species acts as a reservoir host and several other species,
which cannot be infected, act as resource competitors to the
virus host. The model is supported by a study from Suzán
et al97 from Panama, who manipulated the species richness of
common competent (northern pygmy rice rat Oligoryzomys
fulvescens, common cane mouse Zygodontomys brevicauda)
and non-competent reservoir hosts of the hantaviruses Choclo
and Calabazo in experimental field plots. O. fulvescens and
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Z. brevicauda represent the dominant species in deforested
areas close to human settlements in Panama,98 and therefore,
they play an important role in the transmission of hantaviruses to humans. To mimic natural patterns of species
diversity loss, non-competent species were removed from
some of the field plots. In the manipulated field plots where
non-competent reservoirs were removed, the prevalence of
hantavirus infections in wild reservoirs, as well as reservoir
population densities, increased.
In an earlier study,99 differences in small mammal communities were linked with HPS incidence in the Azuero
region, Panama. The faunal communities in areas where
Choclo and Calabazo virus were present or HPS cases
occurred were low in biodiversity compared to the control
sites, supporting the dilution effect hypothesis.
Puumala virus (PUUV) is the major cause of HFRS
in northern and continental Western Europe and is related
to the distribution of its reservoir host the bank vole
(M. glareolus).100 A study in Belgium on PUUV at 14 field
sites revealed that the PUUV prevalence in M. glareolus was
strongly, negatively correlated with the abundance of nonreservoir wood mice (Apodemus sylvaticus).101

Further disease systems
Schistosomiasis is a disease of the urinary tract or the intestines
affecting approximately 207 million people worldwide.102 The
disease agent is a trematode with a complex life cycle including freshwater snails as intermediate hosts and humans as definite hosts. The humans become infected through free-living
parasite stages (miracidia, cercaria). Previous studies have
shown that a high density of non-suitable hosts reduces the
ability of the free-living life stages of these trematodes to find
a suitable host. The interference caused by these non-suitable
hosts varies among non-host species with the introduction
of such hosts into a community causing either an increase
or a decrease in cercarial production in suitable hosts.103
The reasons for this can be parasite exhaustion, penetration
of the wrong host species, the production of toxins, or the
stimulus of host immune defenses.104
Johnson et al103 experimentally evaluated the effect of the
structure of the intermediate host community on transmission
risk of Schistosoma mansoni, the agent of intestinal schistosomiasis, to humans. For their experiments, they used
one suitable intermediate host (Biomphilaria glabrata) and
two non-suitable snail hosts (Helisoma trivolvis, Lymnaea
stagnalis). They conducted a 2×2×2 factorial experiment in
which parasite exposure and the presence of unsuitable hosts
were manipulated. The experiments were either monospecific
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with one individual of B. glabrata or heterospecific with
either two individuals of B. glabrata and one individual of H.
trivolvis or L. stagnalis, respectively, or one individual of each
species. Host density was never changed to avoid densitydependent changes in infection risk. The results showed that
heterospecific communities caused a 20%–50% reduction in
infection among suitable hosts, and infected suitable hosts
that were raised with non-suitable hosts produced 60%–80%
fewer cercariae. Since host density was not manipulated,
these results clearly emphasize the importance of the community structure in disease systems. The only critical point
of this study was the choice of non-suitable hosts. Although
both Helisoma spp. and Lymnea spp. co-occur in the natural
habitat of B. glabrata and S. mansoni, the particular species
used in this study do not exist there.
Ribeiroia ondatrae is a multi-host parasitic trematode
linked to amphibian limb transformations that negatively
influence the survival of affected animals.105,106 The first
intermediate hosts are pulmonate snails; the second are
fish and larval amphibians including frogs, toads, and
salamanders.107,108 In a laboratory experiment, Johnson
et al109 exposed larval amphibians in mono- and heterospecific communities and varied host numbers in order
to distinguish between density-dependent and diversitydependent effects on transmission. Ribeiroia infections
lead to increased mortality and limb malformation rate in
monospecific communities in toads (Bufo americanus),
which are competent hosts for the parasite. In contrast, in
heterospecific communities, with the presence of eastern
gray tree frogs (Hyla versicolor) acting as decoy hosts,
toads showed lower mortality and malformation rates. This
clearly demonstrates the importance of community structure in determining parasite transmission and the resulting
pathology in competent hosts.
To include potential predators and alternative hosts of
parasites in the disease system, Orlofske et al110 used data
from natural wetlands to investigate how such species mediate infection rates in a sensitive host species, the Pacific
tree frog Pseudacris regilla. Four out of seven predatory
species, including mollusks, zooplankton, fish, and larval
insects, removed 62%–93% of the infectious trematode
stages. Damselfly nymphs (predators) and newts (alternative hosts) reduced trematode infection in P. regilla by up to
50%. Additionally, predators seemed to consume trematode
stages even in the presence of alternative prey. This study is
an example of the complexity of host–parasite or host–disease
systems, showing that studying just one component will not
show the whole picture.
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The amphibian chytrid fungus Batrachochytrium dendrobatidis is responsible for amphibian population declines and
extinctions worldwide.111 The spherical thalli of the fungus
infect the keratinized cells of amphibians. Its ability to tolerate
temperatures down to 4°C enables the fungus to overwinter
in its host.111 To study the effect of biodiversity on the disease
dynamics of B. dendrobatidis, Searle et al112 collected and
reared eggs from different amphibian species with differing
susceptibility to the fungus. As the susceptible species, which
is known to have suffered population declines caused by B.
dendrobatidis, they chose the western toad (Anaxyrus boreas).
The other species included cascades frogs (Rana cascadae)
and P. regilla, which can be sympatric with A. boreas and
are less susceptible to fungal infection. The larvae of these
species aggregate at high densities either in single-species
or mixed-species schools, what makes them ideal to study
the effect of density-dependent as well as species-dependent
infection risk. In laboratory experiments, the densities of A.
boreas and the other species present in different tanks were
manipulated. Increased biodiversity led to a reduced disease
risk for A. boreas, independently of the density of the toad.
Those results show how community structure might influence
disease transmission risk in an ecosystem. They also demonstrate the critical importance of laboratory work in determining the mechanisms leading to the dilution effect.
Another fungal disease system is that of the fungal
parasite Metschnikowia bicuspidate infecting gammarids.
In small freshwater lakes in Michigan, USA, the gammarid
Daphnia dentifera acts as a host for the fungus. It becomes
infected by consuming fungal spores, previously released
from dead Daphnia. The infected Daphnia produce a large
number of new spores and are likely to die over the course of
infection.113 While other Daphnia spp. such as Daphnia pulicaria and Daphnia retrocurva can occur in the same habitat as
D. dentifera and compete with it for algal resources, they are
less suitable for M. bicuspidate.114,115 Additionally, they also
graze on the fungal spores and can therefore reduce the infection risk for D. dentifera by removing the parasite. There are
spatiotemporal variations in the size of epidemics in Midwestern US lakes, which might be partially influenced by
the Daphnia community structure. Smaller epidemics were
characterized by assemblages with higher numbers of unsuitable hosts, and within a season, less suitable hosts increased
when epidemics declined.115 Detailed time series analysis of
three epidemics by Hall et al115 showed a combination of the
dilution effect and resource competition between Daphnia
spp. with the net outcome of both interactions most likely
determining the epidemics.
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Overall conclusion
We have presented various studies discussing the influence of
biodiversity on disease transmission risk. The examples above
clearly provide evidence that transmission risk to humans
and other species can be reduced in communities with high
biodiversity. However, work in this area is currently limited
to only a few host–pathogen systems. Interestingly, the vast
majority of the studies on this topic were conducted either in
the Americas or by American researchers, while researchers
from other parts of the world do not seem to have focused
on this part of pathogen epidemiology. This leaves a big gap
in our knowledge of disease systems in general. One reason
is that it is not possible to apply the results from a system in
one habitat to the system in another habitat. Additionally,
abiotic and biotic factors (Figures 1 and 2), as well as anthropogenic influence, can vary significantly both temporarily
and spatially. This is the case for WNV, for which studies on
the influence of biodiversity on transmission risk were only
conducted in the new range of the disease, while studies from
the native ranges do not exist. Most studies presented here
were field studies which based their evidence on correlations
between certain factors, such as species richness or evenness,
and disease incidence. However, it is well known that correlation does not imply causation, and in order to determine the
role of certain factors, in this case biodiversity, it is necessary
to manipulate the system; otherwise, it is almost impossible
to clearly determine whether a measured effect is the result
of coincidence, acts in a compensatory fashion, or is a real
regulating process.
Experiments can be conducted in the field, where it is
harder to control side effects resulting from climate, competition or predation influence, co-infections, and so on, or in the
laboratory, which does not represent the natural environment
of a system but can be more controlled and can show clear
relationships between certain variables. Another option is
the use of theoretical mathematical models in which various
factors can be included or excluded and predictions for the
development of disease systems can be made. However, one
should not condemn or reduce the importance of field studies
that do not manipulate the system just because they are based
on limited probabilities and data sets. In fact, most data sets
are limited, especially those collected in natural settings. This
is based on the fact that comprehensive studies are hard to
plan and conduct both due to the personnel needed and to
the funding required. Nevertheless, the results from these
studies provide important information and knowledge about
disease systems, and they are currently our main window for
observing such systems.
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Where it is not possible to manipulate disease systems in
the field or in laboratory studies, it is important to conduct
long-term studies of at least 5 years in order to catch the
natural fluctuations of suitable and non-suitable hosts, as
well as vectors, and also the variables that affect them. This
is especially important in the case of Lyme disease. The life
cycle of the vector ticks I. scapularis or I. ricinus usually takes
at least three or more years in their natural environment,116,117
depending on the availability of hosts for a blood meal and
suitable environmental factors. Each developmental stage
only feeds on one individual host animal, and therefore can
transmit an infective agent only after molting to the next life
history stage. This development can take up to a year. This
means that the density of suitable reservoir hosts or infected
larvae in 1 year is not representative of the density of infected
nymphs or disease incidence in the same year. Furthermore, in
the USA, mast years (eg, high production of acorns) strongly
influence the density of mice, but most likely also of other
host species (suitable and non-suitable for B. burgdorferi) in
the following year. They therefore also influence the available host resources for ticks which again might benefit their
development and the transmission of spirochetes.21 This means
that at least 3 years of research are necessary to capture the
influence of both abiotic factors and biotic factors on disease
risk for Lyme disease in the northeastern USA. Furthermore,
it shows that when examining a natural system, it is important
to look at the whole picture, meaning that it is not enough to
look just at suitable and non-suitable hosts when it comes to
disease transmission in relation to biodiversity, since they
are not the only limiting factor regarding transmission risk.
Rather, it is important to include those factors that drive and
influence biodiversity such as predators, competitors, resource
availability, abiotic factors, and human activity. To cover this,
it is indispensable to set up interdisciplinary projects with
scientists from different research fields, including ecologists,
epidemiologists, geoecologists, and climatologists. Only with
such an effort will it be possible to develop adequate control
and prevention plans to diminish human (and animal) disease
risk in the future.
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