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Hantavirusis a genus of virus represented by 45 different species and is hosted by small mammals, predominantly rats
and mice. Roughly, half of all hantaviruses cause diseases in humans that vary in morbidity from mild to severe. The
natural and anthropogenic changes occurring in the environment appear to be impacting the ecology of hantaviruses
and their natural hosts as well as the incidence of hantaviral diseases in humans. Although such studies are limited
at this time, there is evidence that natural climate cycles such as El Nifo as well as anthropogenic climate change
enhance hantavirus prevalence when host population dynamics are driven by food availability. Climate appears to
have less of an effect on hantavirus when host populations are controlled by predators. Human alteration to the
landscape also appears to enhance hantavirus prevalence when the disturbance regime enriches the environment for
the host, for example, agriculture. More long-term studies on multiple species of hantavirus are needed to accurately
predict the outcome of changing environmental conditions on prevalence in hosts as well as disease incidence in
humans.
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Introduction ent species (or genotypes) of hantavirus appear to
be somewhat host specific. Reassortment of ge-
netic material between species of hantavirus ap-
pears to be rare. For example, in some locations,
up to three species of hantavirus occur in their
respective mammalian host, with no exchange of
genetic material among hantavirus species.>® Han-
taviruses occur worldwide and are disproportion-
ately represented in temperate regions,? although
this distribution pattern may be more related to
human disease surveillance efforts than actual dis-
tribution of the virus in its natural host. The diag-
nostic tools developed over the past 15 years have
resulted in the explosive discovery of hantaviruses
(at least 31 species since 1997) and in unexpected
hosts such as shrews.” Thus, it is likely systematic
surveys of hantavirus occurrence in small mammal
communities will uncover many more species of
Natural history of hantaviruses hantavirus as well as host species other than Murid

The rapid and extensive anthropogenic alterations
to ecosystems are having profound effects on the
distribution and ecology of organisms, including
parasitic ones. The goal of this paper is to review
how such changes affect or may affect the dynamics
of Hantavirus, a genus of virus represented by at
least 45 different species distributed worldwide.!*?
After a brief introduction to the natural history of
this system, we review how aspects of climate change
and landscape alterations may influence hantavirus.
We close with a section on recommendations for sci-
entist and policy makers. Information on epidemi-
ology, human pathology, treatments, and vaccines
have recently been reviewed by others and will not
be covered extensively here.

Hantaviruses are negative-sense, single-stranded rodents.

RNA viruses with a small (<11 kb), tripartite Hantavirus infections in humans are inciden-
genome.” They are pathogens of small mammals, tal and are not part of the virus’s natural ecology.
particularly rodents of the family Muridae. Differ- Approximately one half of the currently described
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hantaviruses cause disease in humans.? Annually,
hantavirus infections in humans result in more than
200,000 hospitalizations and hundreds of deaths.!"2
The total number of hantavirus infections in hu-
mans is much greater than the number of hospi-
talizations and deaths because many infections are
not severe enough to be reported. North Ameri-
cans are likely most familiar with the species of
hantavirus known as “Sin Nombre virus” (SNV)
hosted by the deer mouse (Peromyscus manicula-
tus). Infection with Sin Nombre virus can lead to
Hantavirus CardioPulmonary Syndrome (HCPS or
HPS) in humans.® HCPS can result from infection
with many of the hantavirus species in North and
South America and has a mortality rate of up to
40%. Fortunately, the number of human cases in
the Americas is low, with roughly 200 cases annu-
ally.? In contrast, numerous species of hantavirus
in Europe and Asia lead to a disease known as
Hemorrhagic Fever with Renal Syndrome (HFRS),
which accounts for the vast majority of human in-
fections.!>* HFRS has a lower mortality rate than
HCPS, ranging from a mild disease with less than a
0.1% mortality rate for Puumala virus to a severe one
with a 12% mortality rate for Haantan or Dobrava
virus.? Hotspots for human cases of HFRS include
China, Russia, Korea, and Finland.!? The under-
lying mechanism responsible for the differences in
pathology between the Euro-Asian and the Ameri-
can hantavirus species is unknown. Humans acquire
hantavirus infections through inhalation of con-
taminated excreta from the small mammal host.*
As is typically the case for most human pathogens,
the diseases have been known for millennia, but
the etiological agents have only recently been
identified.!2**

All hantaviruses have a primary mammalian host
with which they have had a long coevolutionary
history.!%!! Initially, the hosts of hantaviruses were
thought to be restricted to rodents, primarily rats,
mice, and voles in the family Muridae, subfamily
Cricetinae. More recently, several species of insecti-
vores in the shrew (Soricidae) and mole (Talpidae)
families have been documented as hosts.”"!716 A
recent list of the majority of currently known han-
taviruses and their hosts can be found in Heyman
etall

Transmission of hantaviruses is interesting from
a number of aspects. Hantavirus is a unique genus
within its family, the Bunyaviridae, as it is the only

Dearing & Dizney

one that does have a documented arthropod vec-
tor(s). There are significant species-specific differ-
ences in transmission among hantaviruses within
the hosts. Some such as SNV, appear to be trans-
mitted only directly through the transfer of infected
body fluids, particularly during aggressive behaviors
of the host, but also potentially during allogroom-
ing.!”~" In contrast, many hantaviruses (e.g., Pu-
umala, Seoul, Black Creek Canal, Haantan) are also
indirectly transmitted among hosts through the in-
halation of contaminated excreta.?*-2*

The majority of hantaviruses are named for the
location in which they were discovered and lack
the term “hantavirus” in their name, for exam-
ple, Dobrava virus. An exception to this rule is Sin
Nombre virus, which was discovered in the Four
Corners region of the United States. The nam-
ing of this virus was particularly arduous.” The
numerous suggestions for names related to dif-
ferent localities in the Four Corners region re-
sulted in sequential objections from several differ-
ent groups. Thus, Sin Nombre, “without name” in
Spanish, was the final moniker agreed upon for this
virus.

The ecology of hantaviruses will likely be altered
by the various changes occurring on the planet.
Small mammals, the primary hosts of hantaviruses,
are vulnerable to the impacts of habitat disturbance
and climate change. Persistence of the virus out-
side of the host is temperature and humidity depen-
dent; thus, as temperature regimes change so will
the environmental abundance of the virus.”> Such
changes in virus persistence and host distribution
could clearly alter the natural host—pathogen dy-
namics. These changes could lead to modifications
in the epidemiology of human hantavirus infections
and such alterations are already being critically eval-
uated by various public health organizations.?*=2® In
this synthesis, we review our understanding of how
the changing environment could impact hantavirus
prevalence in hosts and subsequently in humans.
For many of the topics covered in this review, there
were often a limited number of studies. The paucity
of investigations is likely the result of the newness of
hantavirus to the scientific community and the re-
cent development of assays to test for hantaviruses
in hosts. We anticipate many more studies in this
area in the next decade that will improve our ability
to predict how hantavirus will respond to differing
conditions.
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Effects of climate

Naturally occurring climate cycles

The El Nino Southern Oscillation (ENSO), the
North Atlantic Oscillation (NAO), and the Pacific
Decadal Oscillation (PDO) are three key climate cy-
cles likely to have impacts on hantavirus—host inter-
actions. These cycles influence plant productivity,
small mammal cycles, and vertebrate predators.?
The ENSO is the foremost annual climate cycle on
Earth. The cycle begins in the tropical Pacific Ocean
and results in either warmer (El Nifio) or colder
(La Nifia) than normal sea surface temperatures on
cycles of 27 years. El Nifio events have profound ef-
fects on global rainfall patterns resulting in increased
rainfall on the western coasts of South and North
America, and decreased rainfall in Indonesia and
the Pacific.’® Strong El Nifio events have worldwide
consequences. For example, some El Nifio events
result in extremely cold winters in Europe. The low
temperatures generated by these strong El Nino’s
are rare and recorded only a few times a century.
Such severe lows can have long lasting effects on
ecosystems.’!

The NAO, although not as globally influential as
the ENSO, has considerable effects, particularly on
Europe and the coastal Atlantic region of the United
States. NAO events originate in the Atlantic Ocean
and result in changes in the strength of the west-
erly winds across the North Atlantic. Positive-phase
NAO events result in increased precipitation and
temperatures in northern Europe and the south-
eastern United States as well as increased aridity in
the Mediterranean, whereas negative phase events
have the opposite set of effects. NAOs alternate be-
tween positive and negative phases approximately
every 2-5 years, with positive phases tending to last
longer than negative phases.

The PDO has its primary impact on western
North America. During positive phases, the PDO
causes increased precipitation in the southwest and
reduced precipitation in the northwest; the effects
are reversed in the negative phase.’? This effect is
similar to but weaker than those produced by the
ENSO.? Tts cycles are longer than either the NAO
or the ENSO. Over the past 1000 years, the PDO
periodicity has been a 50- to 70-year cycle.”

The impact of climate cycles on hantaviruses are
currently limited to two studies, one on the ENSO
and another on the NAO. Later we summarize the

Ecology of hantavirus in a changing world

findings of each study. It is not surprising that stud-
ies have not yet been published on hantavirus with
respect to the PDO given the length of time between
intervals.

El Nifo events have been implicated as an impor-
tant driver for SNV in both deer mice and humans in
the southwestern United States.’*** El Nifio events
in the Southwest can result in elevated precipitation
and warmer winter temperatures. These changes in
abiotic conditions are thought to result in elevated
food resources for rodents (seeds and arthropods),
which in turn increase population densities of ro-
dents 1-2 years after an El Nifio event. Cases of SNV
in humans increase 2—3 years after an ENSO event.
The density of rodents infected with SNV (num-
ber of infected mice per hectare), caused by either
increases in total deer mouse density, increases in
prevalence (% of mice infected), or both, is proposed
as the fundamental mechanism driving the increase
in human cases of HCPS after an El Nifio®* and has
been coined the “Trophic Cascade Hypothesis.”**34
The effect of an ENSO on SNV in deer mice and
humans suggests that global climate change could
also significantly alter the dynamics of this host—
pathogen interaction.

In contrast, a study in Sweden found no relation-
ship between the NAO and the number of cases of
HERS in humans over two time series totaling 37
years.”> HFRS in Scandanavia is caused by Puumala
virus, which is hosted by the bank vole (Myodes
glareolus). The only factor predictive of HFRS in
Sweden was the abundance of bank voles. Although
the analysis included an impressive long-term data
set on host abundance (25 years), the incidence of
Puumala virus infections in the host was not mea-
sured. The authors acknowledge that the NAO may
be too coarse a measurement and that temperature
and precipitation individually may be better predic-
tors of vole abundance and HFRS incidence.

The conflicting results of the two studies un-
derscore the need for more studies in this area.
One question that emerges from these studies is,
how do top-down versus bottom-up forces on the
host population mediate the role of natural cli-
mate cycles on hantavirus infection? The population
dynamics of bank voles in the NAO study cited ear-
lier are largely governed by top-down forces, partic-
ularly specialist predators, whereas the population
dynamics of deer mice in the southwestern United
States are driven by the bottom-up force of food
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availability.>*=® Puumala infections in bank voles
are an excellent system for future comparative stud-
ies as the cyclic populations in northern Europe are
governed by top-down forces, whereas acyclic pop-
ulations in central and southern Europe, are driven
more by food availability.**-3

Long-term studies on prevalence in animal hosts
are critical to understanding the dynamics of
zoonotic diseases in humans with respect to cli-
mate cycles. Several of the hantaviruses in Europe,
Asia, and South America currently seem to lack such
surveillance efforts. This observation is based on the
absence of scientific papers in this area and may
not reflect actual monitoring efforts. The new Na-
tional Ecological Observatory Network underway in
the United States includes monitoring Sin Nombre
virus in deer mice at numerous stations across the
country for a 30-year period. Such long-term data
sets will greatly improve our understanding of han-
tavirus ecology in natural hosts as well as our ability
to predict human infections.

Climate change

The idea that anthropogenic climate change will al-
ter the dynamics of infectious agents in a manner
that increases disease incidence in humans has be-
come pervasive over the past decade. The propaga-
tion of this hypothesis is illustrated in the exponen-
tial number of scientific papers published on this
topic since 1980. Recently, journals from such di-
verse fields as ecology, public health, and medicine
have dedicated articles, special sections, and even
entire issues, to this topic.2%3-*! Moreover, the pro-
posed impact of climate change on infectious dis-
eases has been incorporated into governmental re-
ports on climate change.*>* Despite the intense
research being conducted in this area, our under-
standing of the way in which climate change will
impact hantavirus infections in hosts and humans
is still in its infancy.

Two aspects of the natural history of hantaviruses
and their hosts suggest that climate change could
alter their dynamics to favor increased incidence in
hosts and humans. First, the population dynamics
and distribution of their hosts, that is, small mam-
mals, can be affected by climate, although there is
considerable debate regarding the strength of such
bottom-up factors initiated through climate versus
that of top-down factors such as predation.* 4+
Food availability and harshness of winter, which are
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key factors governing population size and distribu-
tions of rodents, can be altered by climate.*® An
example of climate change influencing rodent dis-
tribution and abundance is seen in the northerly
expansion of four rodent species in the Great Lakes
region.*” Second, climate change may have the
greatest impact on pathogens with seasonal fluc-
tuations because the correlation of season and in-
fection patterns suggests that short-term (monthly)
changes in weather influence pathogen dynamics.
That many hantaviruses seem to have a seasonal cy-
cle, with prevalence often being greater in the spring
than in the fall, makes it a good candidate for sus-
ceptibility to climate change.>*>2

Climate change has been implicated as the driv-
ing force behind the increasing number of human
hantavirus infections in certain areas of Europe.
Puumala virus is common in bank voles across
Europe.** Transmission of Puumala virus between
voles can occur either directly or indirectly.2%** Hu-
mans become infected with Puumala from con-
tact with contaminated soil and can contract a
mild form of HFRS known as nephropathia epi-
demica (NE).?*33 This zoonosis is considered to be
emerging in parts of Europe (e.g., Belgium, France,
Germany), where it was uncommon just a decade
ago.!*7%457 Independent studies on NE incidence
in Belgium implicate warmer temperatures as the
central factor responsible for increases in NE. These
research groups found a strong relationship between
warmer summer temperatures two years prior to
an NE outbreak and warmer autumn temperatures
1 year prior to an NE outbreak.’’:3*> They pro-
pose that the warmer summer temperatures pro-
mote mast seed production of broadleaf trees the
following summer, thereby driving up food avail-
ability, which in turn leads to an increase in vole
populations. The warmer autumn temperatures are
predicted to increase over winter survival of voles.
A similar scenario has been constructed to explain
the increase of NE in Germany.”” Long-term data
on masting events of broadleaf trees are consistent
with this hypothesis.””->*>> However, no long-term
data sets (>2 years) are available on vole population
or Puumala prevalence in voles across the same time
span (1985-2007) to validate the host component of
the hypothesis. Surprisingly, data from short-term
studies (2004—2005) on Puumala prevalence in voles
are at odds with the expectations from the longer-
term research on the zoonosis in humans.*’->4:%8:59
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In the short-term, Puumala virus prevalence and
number of infected voles was negatively correlated
with winter temperatures, such that during warmer
winters, prevalence and number of infected voles
declined. The proposed mechanism for this pattern
was a decrease in survival of the virus in the environ-
ment under warmer conditions leading to reduced
indirect transmission between voles.>

Although the studies are limited, the results sug-
gest that climate change may have different conse-
quences for host prevalence versus human disease.
In this system, human disease does not appear to
be a simple function of host prevalence. Changes in
human behavior driven by warmer winter tempera-
tures may have led to an increase in human exposure
that more than compensated for a decline in infected
host density and persistence of virus in nature. Un-
derstanding the way in which climate change will
alter human behavior in conjunction with pathogen
dynamics will be key in predicting human disease
outcomes.

Finally, climate change is likely to dampen ex-
isting hot spots of hantavirus activity as well as
generate new hot spots as the climatic conditions
become less or more suitable for the host. For ex-
ample, the American Southwest is known for high
levels of Sin Nombre virus activity in both hosts and
humans.>*** However, if this region becomes hot-
ter and drier as predicted by climate change mod-
els,*>* the peromyscine hosts of Sin Nombre virus
could be replaced by species more tolerant of these
conditions such as Heteromyid rodents, which are
not known to host hantaviruses. This shift in the ro-
dent community could lead to lower host prevalence
and reduced risk for humans.

Effects of landscape alteration

Background

Humans have greatly altered the landscape in the
past century, converting land to farms, pastures,
roads, and urban centers, as well as reconvert-
ing land in certain areas (e.g., northeastern United
States) to forest. Thirteen million hectares of forest
are destroyed annually.® It is estimated that 14,000~
40,000 species are lost annually in tropical forests
alone.®! These alterations not only transform the
physical habitat but also alter the frequency of hu-
man contact with hantaviral hosts, which can either
decrease exposure (urban centers) or promote expo-
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sure (parks, farms, and homes in close proximity to
them). Large-scale human encroachments and the
resulting intensity of human use have likely changed
biotic interactions, including dynamics of infectious
diseases transmission.

A priori, human disturbance of habitat is pre-
dicted to elevate the prevalence of hantavirus within
an ecosystem. Disturbed habitats tend to favor more
generalist species that can tolerate and adapt to
ecological changes.®> Many hantaviruses are hosted
by generalist species leading to the hypothesis that
disturbed habitats will harbor more potential han-
tavirus reservoirs or change the behaviors of hosts,
which could increase prevalence, in turn increasing
the threat of transmission to humans (Fig. 1).%* Cur-
rently, the majority of research supports the hypoth-
esis that increased disturbance increases prevalence
in the hosts. However, landscape alteration may lead
to decreased hantavirus prevalence if it makes the
habitat unsuitable for host species, as some studies
have found (Fig. 1). Later we discuss these con-
flicting results to attempt to reconcile the disparate
outcomes.

Host dynamics

The dynamics and the ecology of the host play a
key role in the outcome that disturbance will have
on hantavirus prevalence. Human disturbance of-
ten increases fragmentation of the landscape, which
has been shown to increase both densities and
movement distances of host species.® % These two
consequences of fragmentation potentially increase
contact rates, and therefore pathogen transmission,
among hosts.

Several studies on North and South American
hantaviruses report higher hantavirus prevalence in
hosts living in fragmented landscapes (Table 1). In
some of these studies, the fragmentation was caused
by agriculture and forestry. However, in one study;,
the disturbance was created from all-terrain vehi-
cles (ATVs), which denuded most of the vegetation
less than 1 m high and compacted the soil, render-
ing much of the area unsuitable for the host.* In
each of these studies, the authors hypothesized that
increased densities along with behavioral changes,
such as increased movement, are likely the underly-
ing mechanisms.®~72

In contrast, other studies have found lower preva-
lence in hosts living in disturbed habitats when com-
pared to less disturbed areas (Table 1). One of these
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Increased hantavirus prevalence

decrease diversity
and predation

crops
fragmentation
peridomestic structures

enhance hab>

Landscape Alteration

égrade habitat

denude vegetation
compact soil
fragmentation

decrease
persistence

Decreased hantavirus prevalence

Figure 1. Alternative outcomes of differing disturbance
regimes on hantavirus prevalence.

studies was a follow-up study to Mackelprang et al.’s
initial work.® In some of the same ATV disturbed
sites, plus less disturbed control sites which were not
included in the preliminary study, Lehmer et al.”?
conducted a longer-term study with greater replica-
tion. Interestingly, the authors found a negative re-
lationship between SNV prevalence and disturbance
but no direct relationship between SNV prevalence
and host density. They suggested that the distur-
bance created by ATV reduced long-term survival of
deer mice, including SNV-positive deer mice, such
that infection could not be maintained over time.
Their results were consistent with a previous study;,
also on SNV in deer mice, which proposed the same
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mechanism for low prevalence.”* Although the dis-
turbances were different in these two studies, they
both resulted in depauperate habitats with highly
compacted soils.

Taken together, the contradictory results of these
studies point to several issues that could be of im-
portance to understanding the effects of disturbance
on pathogen transmission. First, the resulting type
of habitat caused by disturbance is likely paramount
to hantavirus ecology. In some cases, disturbance re-
sults in preferred habitats for hosts, such as cropland
where food and cover can be more plentiful than in
undisturbed areas. In contrast, landscape alteration
may sometimes make habitats less desirable for host
use, as in the case of ATVs, where soil is compacted
and denuded of vegetation. When disturbance re-
sults in preferred habitat for the host, prevalence
appears to increase, whereas when disturbance re-
sults in less preferred habitat the opposite effect is
seen (Table 1, Fig. 1). Second, shorter-term ver-
sus longer-term studies may reveal different results
both of which may be relevant.®®-7>~7> For example,
short-term transmission may depend on density-
dependent factors but over the long-term other fac-
tors, such as persistence, may be more important
in sustaining hantavirus in a population. Third, it
is essential to understand the ecology of the host
species to understand the effects of human distur-
bance. For example, unlike most of the studies of
hantavirus in the Americas, prevalence of Puumala
virus in bank voles was highest in areas of Belgium
where the proportion of remote forests was high.>
This finding is likely a result of bank voles preferring
forests and only dispersing into disturbed and less
preferred habitat at extremely high densities, in ad-
dition to the density-dependent transmission of Pu-
umala virus within bank vole populations.>®876:77
Even within a particular host—pathogen system, host
ecology may be different over its geographic range.
For instance, the ecological differences between the
cyclic bank vole populations in Scandinavia versus
the acyclic bank vole populations in Belgium and
France are hypothesized to account for the 10-fold
higher incidence of human cases of NE in the north,
as well as their periodicity, which follow the voles’
cycles.”®

Hosts as commensals
Human altered landscapes are often associ-
ated with homes, barns, and storage facilities
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Table 1. The outcome of disturbance on different species of hantavirus
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Type of Result of
Hantavirus Host disturbance disturbance Citation
Haantan virus Apodemus agrarius Land conversion to Increased human risk 112,113
agriculture
Laguna Negra virus Calomys laucha Land conversion to Increased host 91
agriculture prevalence
Puumala virus Myodes glareolus Decreased species Increased host 59
diversity prevalence
Puumala virus Myodes glareolus Urbanization Decreased host 58
prevalence
Puumala virus Myodes glareolus Human habitations Increased human risk 56
near forests
Choclo virus Oligoryzomys Fragmentation Increased host 72
fulvescens prevalence
Choclo virus Oligoryzomys Deforestation for cattle Increased host 111
fulvescens ranching prevalence
Choclo virus Oligoryzomys Decreased species Increased host 98
fulvescens diversity prevalence
Choclo virus Oligoryzomys Human habitations Increased host 79
fulvescens prevalence
Four strains of Paraguayan host Land conversion to Increased host 70
hantaviruses species agriculture prevalence
Sin Nombre virus Peromyscus Fragmentation Increased host 69,71
maniculatus prevalence
Sin Nombre virus Peromyscus Soil compaction, Decreased host 73,74
maniculatus decreased vegetation prevalence
Sin Nombre virus Peromyscus Decreased species Increased host 63,96,99,100
maniculatus diversity prevalence
Sin Nombre virus Peromyscus Human habitation Increased host 51,71
maniculatus prevalence
Calabazo virus Zygodontomys Fragmentation Increased host 72
brevicauda prevalence
Calabazo virus Zygodontomys Decreased species Increased host 98
brevicauda diversity prevalence

(peridomestic buildings) that are frequented by hu-
mans. Domestic activities, such as sweeping and
vacuuming, aerosolize rodent excreta in an enclosed
space, vastly increasing the chance of transmission
to humans if the excreta are infected. In addition,
prevalence increases in hosts in peridomestic set-
tings compared to natural habitats, inside build-
ings as opposed to outside buildings, and in resi-
dences and immediate surroundings compared to
areas farther away from residences.”"”"7? Several
factors related to the indoor environment could en-

hance transmission not only among hosts but also
to humans. Indoor settings typically have low UV,
controlled temperature, and elevated humidity. All
of these abiotic factors may enhance viral persistence
in the environment, which would increase the prob-
ability of indirect transmission. The movements of
hosts may be restricted within buildings leading to
concentrated areas of urine and feces, which could
also increase the probability of indirect transmis-
sion. The resources for rodents are often more con-
solidated and greater indoors, which could lead
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to an increase in host density with an increase in
contact rates. Currently, it is unknown which of
these mechanisms increase the prevalence of han-
tavirus in mice living indoors. However, because
many human hantavirus infections are acquired in
peridomestic settings, an understanding of the ecol-
ogy of hosts in this setting will be important in re-
ducing risk to humans.®*”

Invasion capacity of hosts

Although many small mammal hosts of hantavirus
are generalists, they are typically not known for
their invasion capabilities; most host species come
into contact with humans in wild or rural settings
and seem unable to establish in large urban cen-
ters. However, two host species, the Norway rat
(Rattus norvegicus) and the black rat (R. rattus) are
quintessential invasive species with a cosmopolitan
distribution and close associations with humans,
particularly in large metropolitan areas. Black and
Norway rats host Seoul virus, and Norway rats can
also host Hantaan virus.! Both of these viruses cause
HFRS in humans.* Individual Norway rats appear
to have rather limited movement patterns within
cities; nonetheless, their occurrence in port cities
around the world creates conduits for transconti-
nental movement of hantaviruses via infected rats
on ships.8% Genomic diversity exists within strains
and viral reassortment has been documented within
but not between species of hantavirus.348 Thus,
Norway rats traveling transcontinentally on ships
could acquire infections of diverse hantavirus geno-
types of Seoul virus, resulting in the evolution of new
genotypes through viral reassortment. Novel geno-
types could result in enhanced mortality or morbid-
ity in humans, as is often the case with the influenza
virus.

A second area of concern with respect to these
Rattus species is the potential spread of indigenous
hantaviruses to new areas. Hantaviruses appear to be
somewhat specific to a host species.* However, infec-
tions have been documented in mammalian species
not typically classified as the host.>¢ For example,
Sin Nombre virus is hosted by deer mice,®” but sym-
patric Desert woodrats (Neotoma lepida) also can
have Sin Nombre virus infections.®® Although the
transmission capacities of woodrats infected with
Sin Nombre virus have not been tested in the labo-
ratory, the pattern of infection is similar to the deer
mouse, that is, chronic and in the same tissues sug-
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gesting that woodrats may be able to transmit Sin
Nombre virus.

The intensity and extent of interactions between
Norway or black rats and other mammalian hosts of
hantavirus is unknown. Recently, two Norway rats
in Argentina and one black rat in Chile were doc-
umented with antibodies for Andes virus.®*:% Be-
cause Andes virus is hosted by the long-tailed rice
rat (Oligoryzomys longicaudatus), the results suggest
intimate contact between Rattus species and native
rodent species in South America. Further studies
are required to determine whether these invasive
Rattus species can transmit Andes virus to other
individuals including humans. However, the results
are notable given that Andes virus causes HCPS
and is the only hantavirus with evidence for hu-
man to human transmission.®* Thus, the spread
of Andes virus outside of South America by Rat-
tus species could have global consequences for hu-
man health. It would be useful to understand the
frequency of long-distance migrations by invasive
Rattus species, as well ecological conditions under
which hantaviruses switch hosts, to be able to pre-
dict and circumvent such problems in the future.

Community dynamics

Beyond host dynamics, it is necessary to consider
the effects of landscape alteration on other species
within the community, which can influence num-
bers and behaviors of reservoirs in such a way as to
impact pathogen transmission. For example, han-
taviral hosts often appear to be the dominant rodent
species in disturbed habitats.”>?!!!! Community
dominance may be a factor in hantavirus ecology
by increasing the probability that an encounter will
be with another host, thus augmenting the chance
of transmission.

Dilution effect

A major consequence of habitat alteration is loss of
species. A decrease in biodiversity has been hypoth-
esized to increase certain pathogens through the
“dilution effect.”®?-** This phenomenon, whereby
increasing species diversity decreases pathogen
prevalence by diluting availability of compe-
tent hosts with increased numbers of less com-
petent hosts, has been strongly supported in
tick-transmitted Lyme disease and its hosts.”>%
Although the mechanism would be different, a
dilution effect is theoretically possible in directly
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transmitted pathogens such as hantaviruses if (1)
individuals of the host species remain as species di-
versity decreases, (2) the pathogen is spread within
the host species horizontally, and/or (3) the pres-
ence of other species cause encounters among the
host species to decrease.”® Given the generalist na-
ture of many hosts and the hypothesized transmis-
sion through biting, hantavirus prevalence should
respond to changes in levels of biodiversity. Indeed,
Peixoto and Abramson used a mathematical model
to show how increased species diversity could dilute
hantavirus prevalence in the host species,” suggest-
ing decreased host density as the mechanism. How-
ever, itisalso possible that increased species diversity
decreases infection prevalence by altering the host’s
behavior.

The dilution effect has only recently been exam-
ined in hantaviruses. Five studies have found an
increase in prevalence of host species with a de-
crease in small mammal diversity.>-6%:96:98-9° Three
of these studies examined SNV dynamics in the
United States, one examined Chaclo and Calabazo
hantaviruses in Panama and one investigated Pu-
umala virus in Belgium. In addition, four of these
studies were comparisons of habitats with different
levels of biodiversity, whereas one was a manipula-
tive experiment within natural habitats. The effect
of diversity on prevalence appears to be the result of
more than simplyareduction in host-density as den-
sity alone was not predictive of prevalence in two of
three studies that addressed this issue.”®*%% Over-
all, the results of these studies suggest that the dilu-
tion effect has broad applicability within the realm
of hantavirus, reaching across types of ecosystems,
host and pathogens, and modes of transmission.

Clay et al.'® went one step further to try to un-
cover mechanisms behind the dilution effect by ex-
ploring the role of host persistence and contact rates.
They found a negative relationship between species
diversity and the number of deer mice that per-
sisted to the next season, suggesting that deer mice
more frequently die in, or disperse from, areas of
higher diversity. They also found a negative rela-
tionship between SNV prevalence and the number
of pinyon mice (Peromyscus truei) in a habitat. They
speculated that the presence of pinyon mice might
change the behavior, movement, or maturation of
deer mice. Moreover, increasing levels of species di-
versity decreased intraspecific encounter rates but
not duration of encounters.

Ecology of hantavirus in a changing world

Predation

Along with decreased biodiversity often comes re-
duction of predator populations. It might seem in-
tuitive that predators can control rodent popula-
tions and therefore are important in controlling
pathogen transmission, but this has been difficult
to show empirically.*® The specialist predator hy-
pothesis predicts that specialist predators will drive
prey cycles, but alternate predators are also needed
to stabilize upper limits of prey.!! Recent evidence
shows strong support for this type of top-down
control of prey cycles, at least in Greenland and
Finland.*>102-10% Alternatively, the mesopredator re-
lease hypothesis predicts that the loss of top car-
nivores, which rarely eat prey as small as rodents,
results in increased numbers of smaller predators,
which rely on rodents for much of their diet thereby
reducing rodent numbers.!® Landscape alteration
often decreases or completely eliminates predators
from human-influenced landscapes.!®1% Many
hantavirus vectors are generalist species that live
and/or thrive in these landscapes.® It has been hy-
pothesized that this release from predatory controls
affects rodent behavior in such a way as to aug-
ment hantaviral transmission.”>’4% Although the
effects of predation on hantavirus transmission has
not yet been empirically tested, given that loss of
predators can result in an increase in rodent num-
bers and change rodent behaviors, it seems likely
that transmission of at least some hantaviruses will
be augmented by the loss of predators due to land-
scape alteration.!?-!10 The loss of predators may be
particularly important at high latitudes where ro-
dents appear to be largely controlled by top-down
forces.

Human dynamics

Ultimately, the risk of hantavirus to humans de-
pends on proximity of humans to hosts and their
excreta, and therefore human behaviors are a nec-
essary aspect of pathogen transmission. In south-
ern Europe where hosts tend to stay in forested
areas, forest workers, hunters, and people who
live less than 100 m from forested areas have
an increased risk of contracting NE from contact
with contaminated excreta from bank voles.> In
South America, where hosts tend to be generalist
species, human exposure is often associated with
agricultural practices.”®”*1:11! In China, Hantaan
virus, hosted by the striped field mouse (Apodemus
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agrarius), causes HFRS and is significantly associ-
ated with agriculture, timber forests and soils asso-
ciated with agriculture. Human behavior was not
directly addressed in any of these studies,''>113 so it
is difficult to know whether the increase in human
risk in the associated landscapes is due to either par-
ticular behaviors or increased prevalence in the host
as seen in many of the studies or both. However, the
behavioral aspect is vital to public health, particu-
larly if certain occupations such as farming increase
human risk. For example, in China alone, Hantaan
virus causes 40,000-60,000 cases annually, which
represents 70-90% of the world’s cases of HFRS,
and causes the most severe form of HFRS.?

Human behavior during warfare is not typically
considered in ecological studies of host—pathogen
dynamics. However, this component of landscape
alteration appears to favor the transmission of
hantaviruses and should be included, given that
many armed conflicts have arisen recently in areas
with documented hantavirues (e.g., Georgia region,
Slovenia). In fact, hantaviruses were originally dis-
covered on a global scale during the Korean conflict
when thousands of troops from the United Nation
forces contracted an unknown hemorrhagic fever.*
Hantaviruses have been implicated as the cause of
“trench nephritis” in conflicts extending back to the
American Civil War as well as World War I and 11.!
During such conflicts, soldiers in makeshift camps
can have increased exposure to rodents and rodent
excreta. Furthermore, transmission of hantaviruses
may be facilitated if soldiers are immunocompro-
mised by the stresses of combat. This outcome of
war with respect to hantavirus transmission is an
area for concern for public and world health offi-
cials managing such conflicts.

Conclusions and recommendations
for science and policy

Climate change and landscape alteration are af-
fecting hantavirus transmission, but the outcomes
can differ among different hantaviruses as well as
within the same strain. The disparity appears to
be a function of many factors including geographic
area, type of alteration, host species, and the han-
tavirus species. Furthermore, the underlying mech-
anisms that mediate hantavirus transmission are
largely unknown. Thus, predicting how transmis-
sion dynamics of all hantavirus species will change
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in the face of a large-scale or global human distur-
bance may be premature. Because the tools to defini-
tively diagnose hantaviruses in the host and humans
have only been available for the past 15 years, the
multiyear ecological studies and replication needed
to evaluate effects of long-term factors are limited.
The continuation and establishment of long-term
ecological efforts on hantaviruses should be valued
and encouraged as these studies will be critical in
predicting future human risk. Establishment of han-
tavirus surveillance in hosts occurring in areas with
persistent or large numbers of human cases such as
China may be essential in managing human risk on
a global scale.

It is evident that much work remains to be done
in the transmission dynamics of hantavirus. Un-
doubtedly, there are genetic, immunological, and
physiological aspects that are important. Currently,
there are no specific treatments or generally ac-
cepted vaccines.!'* Even if a vaccine can be de-
veloped, production and administration are costly
and logistically difficult, particularly if everyone
in the region could potentially become infected.
This leaves prediction and prevention as the best
measures to protect human health, which both re-
quire ecological knowledge of the host and virus.
At the very least, information about host—pathogen
ecology will allow predictions of times and areas
of high risk.>*”” Public education programs during
such high-risk times could decrease human cases.
Ideally, although, by minimizing landscape alter-
ation and climate change, ecosystem level control
can be used to proactively protect the public from
the increasing threat of hantavirus.
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