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Within the past few years, the number of “new” human diseases associated with
small-mammal reservoirs has increased dramatically, stimulating renewed interest in
reservoir ecology research. A consistent, integrative approach to such research allows
direct comparisons between studies, contributes to the efficient use of resources and
data, and increases investigator safety. We outline steps directed toward understanding
vertebrate host ecology as it relates to human disease and illustrate the relevance of
each step by using examples from studies of hosts associated with rodent-borne

hemorrhagic fever viruses.

The practical importance of understanding
host and vector ecology has been recognized at
least since the early 1900s. Knowledge of the
container-breeding habits of Aedes aegypti
enabled early successes in the control of yellow
fever virus transmission and, ultimately, the
completion of the Panama Canal in 1914 (1).
Diverse applications of vector/reservoir ecology-
based measures to prevent zoonotic disease
include the prediction of Lyme disease risk by
monitoring acorn mast production and its impact
on the vertebrate hosts of the tick vectors (2),
control of wvector populations for Borrelia
burgdorferi and Yersinia pestis through the
application of acaricides and insecticides to
rodents and deer at feeding stations (3,4),
dissemination of bait containing vaccines to
control rabies in foxes (5), and use of satellite
imagery to predict the activity of Rift Valley
fever in East Africa (6,7).

The rodent-borne hemorrhagic fevers, among
the most dramatic of recently emerging
infectious diseases, are caused by two distinct
groups of negative-stranded RNA viruses: the
arenaviruses (family Arenaviridae) and the
hantaviruses (genus Hantavirus, family
Bunyaviridae). With few exceptions, each virus
in these two groups is primarily associated with
a single species of rodent host of the family
Muridae. In the specific host, the virus
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establishes a prolonged infection, which rarely
causes disease in the animal. The infected host
sheds virus into the environment (in urine, feces,
and saliva) for extended periods (8-10). These
characteristics are key to the transmission of the
viruses to humans (by the inhalation of
aerosolized virus) and to other rodents (by
horizontal and sometimes vertical mechanisms).

Arenaviruses cause the South American
hemorrhagic fevers, which produce hundreds of
cases annually, with a case-fatality ratio as high
as 33%. The best studied of these agents is Junin
virus, which is carried by the corn mouse
(Calomys musculinus) and causes Argentine
hemorrhagic fever (AHF). AHF was first
recognized in 1955 on the central pampas of
Argentina (11), where before the deployment of a
new vaccine in 1992, hundreds of cases occurred
each year. Although arenaviral diseases of
humans (other than lymphocytic choriomeningi-
tis associated with the introduced Old World
rodent Mus musculus) have not been recognized
in North America, Tamiami virus has been
recognized in association with cotton rats
(Sigmodon hispidus) since 1969 (12), and
Whitewater Arroyo virus was identified from
wood rats (INeotoma species) in the southwestern
United States in 1995 (13). The potential of
Whitewater Arroyo virus for causing human
disease is under investigation.

Hantaviruses cause hundreds of thousands
of cases of hemorrhagic fever with renal
syndrome (HFRS) in Europe and Asia each year.
Hantaviral disease was thought to be rare or
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absent in the United States, although three cases
of mild HFRS associated with rat-borne Seoul
virus had been described (14). In 1993, the
discovery of hantavirus pulmonary syndrome
(HPS), which rapidly kills approximately half of
those infected, surprised public health officials
and virologists in the United States. The
causative agent, Sin Nombre virus (SNV), is
hosted by the deer mouse, Peromyscus
maniculatus, and the disease syndrome mark-
edly differs from HFRS. Since 1993, at least 20
additional hantaviruses have been isolated from
rodents throughout the Americas; about half are
known human pathogens (Figure 1).

Recognition of new rodent-borne diseases
has renewed interest in reservoir host ecology in
the United States, and recognition of HPS in
South America has prompted field studies in
Paraguay, Argentina, Chile, and Brazil. In 1997,
representatives from 13 American countries,
meeting in Lima, identified surveillance in
humans and rodents as a priority for combating
emerging hantaviral disease. Reservoir studies
are being designed and conducted in many parts
of the world by mammalogists, ecologists, and
vector-control personnel. However, sanitarians
and others with no specific training in such areas
are being asked to conduct reservoir studies in
the course of investigating disease outbreaks.
Rarely are these professionals trained in the safe
handling of animals potentially infected with
viruses capable of causing fatal disease.
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Figure 1. Distribution of recognized, autochthonous,
New World hantaviruses.
* = known human pathogens.
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To promote discussion of study design, data
collection, and appropriate and safe methods for
reservoir studies, we review prior efforts and
lessons learned. Although specific examples are
restricted to the rodent-borne hemorrhagic fever
viruses, many of the generalizations can be
applied to other pathogens maintained by small-
mammal reservoirs.

An Outline for Reservoir Studies

Assuming that the primary reservoir host
has already been implicated, the following
consecutive but overlapping steps can promote
an understanding of rodent reservoir ecology
as it relates to human disease: 1) determina-
tion of the geographic distribution of the host;
2) determination of the geographic range of the
pathogen within the host range; 3) determina-
tion of the regional distribution of the host and
pathogen among the distinct biomes or habitat
types; 4) determination of the relative preva-
lence of infection among demographic subpopu-
lations of the host (e.g., males versus females and
adults versus juveniles); 5) elucidation of the
temporal and fine-scale spatial patterns of host-
pathogen dynamics through prospective, longitu-
dinal studies; and 6) development of an integrative
time- and place-specific predictive model.

Examples from studies of hantaviruses and
arenaviruses illustrate how each step is relevant
to human health.

Geographic Distribution of the Host

The geographic distribution of the host(s)
defines the maximum area in which the disease
can be endemic. For most small-mammal species
in North America, these distributions are known
relatively precisely (15). For example, the deer
mouse is one of the best-studied small-mammal
species in the world, and its distribution
throughout North America is well defined
(Figure 2). Fewer data are available on the
distribution of Central and South American
species. The range of the cotton rat, S. hispidus,
which is the reservoir of both Black Creek Canal
virus (a hantavirus that causes HPS) and
Tamiami virus (an arenavirus not associated
with human disease) is well defined in the
United States. However, the southern limits of
the species’ distribution are unclear (16).

Problems in defining species’ distributions
are exacerbated by imprecise taxonomy. The
multimammate rat, Mastomys natalensis, was
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originally described as the reservoir for Lassa
fever in West Africa. Subsequent taxonomic
studies have shown that several morphologically
similar animals in sub-Saharan Africa actually
form a species complex (17). The phylogeny of
this complex is being studied by cytologic and
molecular techniques (18), but it will be years
before the geographic distributions of each
species can be mapped and used to interpret the
restricted distribution of Lassa fever.

Andes virus, associated with Oligoryzomys
longicaudatus, causes HPS in the northern
Patagonian regions of Argentina and Chile (19).
Another hantavirus, Oran virus, also causes
HPS and is apparently associated with the same
rodent species in extreme northern Argentina
(19). However, the population of O. longicaudatus
in northern Argentina appears to be disjunct
from the population that follows the Andean
cordillera and includes northwestern Patagonia
(20). Careful taxonomic and distributional
studies are required to determine if these
disjunct rodent populations represent distinct
species and to define the potential HPS-endemic
areas associated with each virus.

Figure 2. Geographic distribution of the deer mouse,
Peromyscus maniculatus (shaded) (48).
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Geographic Distribution of the Pathogen
within the Host Range

The extent of the geographic area in which
the infected host can be found indicates the area
in which human disease can be endemic. In some
cases, host and pathogen distributions are
largely coincident. SNV infection has been found
in deer mice throughout North America north of
Mexico, with the exception of Alaska (Ksiazek et
al., unpub. obs.; 21,22). Rattus norvegicus is
found throughout most of the world, and
infection with Seoul virus has been reported on
every continent except Antarctica (23).

However, for many arenaviruses, including
Junin, Guanarito, and Tamiami, and for some
hantaviruses, the area in which the disease is
endemic apparently includes only a small
portion of the range of individual host species
(Figure 3). The reservoir for Laguna Negra
virus, which causes HPS in Paraguay, is
Calomys laucha, and approximately 12% of the
C. laucha tested from the Chaco region of
western Paraguay are infected with Laguna
Negra virus (24). C. laucha is also one of the most
common rodents in central Argentina, yet
testing of thousands of samples has provided no
evidence of Laguna Negra virus in central
Argentina (25; Levis et al., unpub. obs.). However,
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Figure 3. Distribution of the corn mouse, Calomys
musculinus (dots; 20), and disease-endemic area of
Argentine hemorrhagic fever (AHF) (shaded).
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the distributional data of C. laucha indicate that
populations in Paraguay are disjunct from those
in Argentina and Uruguay. Additional distribu-
tional, taxonomic, and laboratory studies are
required to determine whether genetic differ-
ences in host populations are influencing
susceptibility to infection or other factors are
influencing virus distribution in a uniformly
susceptible population.

The geographic range of infection by the
pathogen within reservoir populations may be
dynamic, not static. In 1955, the AHF-endemic
area included approximately 10,000 km? cen-
tered around the town of Junin in Buenos Aires
province. By 1985, the AHF-endemic area
encompassed more than 150,000 km? in four
provinces (26). Prevalence of infection in
reservoir populations may be very high in some
localities and very low, or absent, at nearby sites,
for both arenaviruses (27) and hantaviruses
(28,29). It is likely that pathogens periodically
become extinct in local reservoir populations,
only to be reintroduced later from neighboring
populations. The dynamics and factors control-
ling these processes are unknown but indicate
that, although a single cross-sectional survey
approximates the range of infection, repeated
surveys or longitudinal studies are necessary to
elucidate temporal and spatial patterns.

Finally, in many instances, reservoir
surveillance provides a clearer definition of
potential disease-endemic areas than human
disease surveillance, even when the incidence
of human disease is extremely low (e.g., in
HPS-endemic areas), and cases where the use
of a vaccine may mask human exposure (e.g.,
in the AHF-endemic area).

Distribution of the Pathogen among Habitats

The distribution of the host and the pathogen
among different biotic communities and habitat
types indicates the risk for human infection in
various habitats within a geographic region.
The deer mouse, a habitat generalist, was
found in all eight biomes studied in the four-
state region of the initial HPS outbreak in the
United States (28). Prevalence of SNV
infection, however, varied among habitat
types, being lowest at the climatic and
altitudinal extremes (desert and alpine tundra)
and highest at middle-altitude habitats such as
pifion-juniper woodland, where most HPS cases
occurred during the 1993 outbreak.
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The corn mouse, reservoir for Junin virus,
was described as a crop field specialist (30), and
virus transmission was said to occur when
farmers working in their fields inhaled aerosols
of virus shed by infected rodents (31). However,
during detailed studies of habitat preferences in
the AHF-endemic area (Figure 4), the corn
mouse was rarely found in crop fields. Instead, it
inhabited the more stable, weedy fence lines and
roadsides bordering crop fields. These results
suggest that humans might become infected with
Junin virus in border habitats and that cutting
or burning vegetation in these habitats might
help decrease the incidence of AHF.

(5=
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Figure 4. Schematic of mark-release-recapture grid
in central Argentina. The green shaded areas are
roadside (rows 1 and 2) and fence-line (column 7)
habitats. Unshaded areas are crop fields. Intersec-
tions of dotted lines represent the 144 trap stations of
the 12 x 12 trapping grid. The height of the flagpoles
shows the cumulative numbers of corn mouse
captures at each trap station of the 30-month
sampling period. Red boxes are the locations of
antigen-positive captures. Reprinted with permis-
sion from (32).

Relative Frequency of Infection in
Subpopulations of the Host

The relative frequency of infection in
different demographic subgroups within the host
population suggests potential mechanisms of
pathogen transmission within host populations.
An association of antibody prevalence with age,
suggesting horizontal (rather than vertical)
transmission, has been documented for Norway
rats infected with Seoul virus (33); deer mice,
western harvest mice, and brush mice infected
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with SNV or SNV-like viruses (28); cotton rats
infected with Black Creek Canal virus (29); and
corn mice infected with Junin virus (33). For
Norway rats, deer mice, and cotton rats, a J-
shaped curve of antibody prevalence with age
was apparent; very young animals had
prevalence rates similar to those of some adults.
This pattern may be explained by the presence of
maternal antibody in the offspring of infected
females; as this apparently protective antibody
wanes, animals become infected.

Fighting and biting among adult male
rodents may be a common mechanism of virus
transmission. Scars or wounds on rodents can
indicate intraspecific aggressive encounters. A
significant association between the acquisition
of scars and the development of antibody to
Seoul virus was demonstrated for rats in
Baltimore (34), implying that virus was
transmitted by biting during fights. In
Argentina, male C. musculinus had more scars
than females, and adult males with scars were
more often infected with Junin virus than adult
males without scars. In North America, the
prevalence of antibody to SNV among male deer
mice, brush mice, and western harvest mice is at
least twice that among females (28), and scarring
appears associated with antibody in some of
these species. However, infection patterns vary.
Male-to-female infection ratios are approxi-
mately 2:1 for deer mice and SNV, but two
studies of harvest mice found infection of 40% to
50% in males (21,28), whereas no females were
infected. Although scars and antibody to Seoul
virus were highly correlated for Norway rats in
Baltimore, antibody prevalence did not differ
between male and female rats (34). These
species-specific  differences are presumably
related to differences in behavior and, conse-
quently, to differences in specific mechanisms of
viral transmission. Further study of these
mechanisms may lead to an understanding of
the timing and conditions under which
increased transmission in reservoir popula-
tions takes place, which, in turn, would lead to
improved prediction of how and when humans
become infected.

Temporal Dynamics of Host and Pathogen
Populations

Longitudinal studies of reservoir popula-
tions are needed to identify 1) the effects of
infection on individuals and populations of host
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species, 2) the seasonal and year-to-year
fluctuations in incidence and prevalence as well
as the sequence and duration of infection in the
host, and 3) the environmental variables
associated with changes in host density or rates
of transmission. The mark-release-recapture
method, important for longitudinal studies of
small-mammal populations, establishes perma-
nent trapping plots operated for several nights at
standard intervals (usually monthly for disease
studies) and maintained for several years.
Captured animals are anesthetized, identified,
weighed, measured, sampled (e.g., blood and oral
swab), marked with a unique number, and
released at the exact site of capture. Animals
may be recaptured in subsequent months so that
growth rates, movement, reproductive condi-
tion, and infection status can be monitored over
time. Environmental variables, such as tempera-
ture, rainfall, and vegetation, relate to reservoir
population dynamics. Mark-release-recapture
studies should continue long enough to monitor
the effects of unusual events, such as the El Nifio
southern oscillation (ENSO).

The mark-release-recapture method was
used in a 3-year study of corn mouse populations
on the Argentine pampas (33). AHF epidemics
are highly seasonal, with the peak number of
cases and peak rodent populations occurring in
May when autumn crops are harvested. During
the first 2 years, corn mouse population densities
were relatively low, and the magnitude of the
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Figure 5. Mean monthly trap success for Calomys
musculinus (number of captures per 100 trap
nights) and numbers of confirmed cases of
Argentine hemorrhagic fever (AHF) in central
Argentina, March 1988 to August 1990. Reprinted
with permission from (33).
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annual AHF epidemics was also low (Figure 5).
During the third year, unusually mild weather
resulted in reproduction throughout the winter,
high overwinter survival (35), and a very high
population base at the beginning of the spring
reproductive season. The following summer had
abundant rainfall, vegetation remained green,
and the usual midsummer decline in rodent
populations did not occur. Consequently, corn
mouse populations and numbers of infected corn
mice reached extremely high levels by early
autumn; an unusually severe epidemic of AHF
cases followed (Figure 5; 33).

Longitudinal field studies also show the
effects of infection on host populations. Contrary
to indications from laboratory studies (10), Junin
virus infection had no effect on the growth,
movement, or longevity of corn mice (33), which
implies that laboratory infection may not mimic
natural transmission and illustrates the impor-
tance of investigating transmission mechanisms
under field conditions.

Because the animals are released, mark-
release-recapture studies do not provide data on
diet, reproduction, precise population age
structure (using molar wear patterns or eye lens
weights), and variation in genetics of host and
pathogen populations. Complementary investi-
gations in which animals are collected for species
identification and harvesting of tissues are
therefore essential.

Predictive Models
The goal of reservoir ecology is to integrate
and apply the data toward the development or
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Figure 6. Simplified hypothetical model of interactions
among ecosystem components within disease-endemic
areas for rodent-borne zoonotic disease. Left-hand
side of model demonstrates potential use of remote
sensors (satellites) for predicting relative risk for
human disease.
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refinement of predictive models (Figure 6) that
help public health authorities identify specific
times and locations that may pose a threat to
public health. In addition to early warning
capability, these models may suggest when,
where, and how to intervene (e.g., in the form of
reservoir control or habitat modification) to
break the transmission cycle or otherwise
decrease the incidence of human infection.

Figure 6 is a simplified schematic for such a
model. We assume that the risk for human
disease is directly related to reservoir population
density because increased density increases the
probability of human contact with infected rodents.
Data on the incidence of HFRS due to Puumala
virus in Sweden and studies of rodent population
densities at HPS case and control households in
the United States support this assumption
(36,37). We also assume that reservoir popula-
tion density is influenced by characteristics of
the biotic environment (e.g., habitat quality and
food supply), which in turn are influenced by
characteristics of the physical environment (e.g.,
climate, weather, and edaphic conditions).
Accurate predictive models are not yet
available, but recent developments are promis-
ing. The clear correlation between reservoir
population density and the risk for AHF
indicates that monitoring of rodent popula-
tions might give public health professionals a
2- to 3-month predictive capability—enough time
to make advisory warnings but not enough to
intervene with a vaccination program or
integrated pest management. The Argentine
model also provided clues about factors
contributing to the rodent irruption. The
proper model might have allowed prediction of
the rodent irruption and increased risk to
humans a year before the epidemic.

Continuous measurement of environmental
variables wherever rodent-borne zoonoses are
endemic may not be necessary. Remote sensing
and geographic information systems have mea-
sured vegetation indexes that help predict
changing risk for zoonotic diseases (6,38).
Integration of remote sensing with long-term
studies measuring environmental conditions on
the ground may provide the key to predicting
future risk for virus transmission. A more
complete understanding of generalized climatic
patterns, such as ENSO, and their effects on
local environmental variables may lead to even
earlier predictive capabilities.
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The Future

An otherwise complete and carefully ex-
ecuted study can be rendered useless if the
species from which each sample was taken
cannot be confirmed. Except in the case of mark-
release-recapture studies, voucher specimens for
all captured small mammals should be archived,
and museum accession numbers should be cited
in reports of these studies. Even if field
identifications are accurate according to existing
nomenclature, taxonomic revisions may leave
the source of a pathogen in question unless the
voucher is available for reexamination. For
example, the recent search for the reservoir of
Ebola virus near Kikwit, Republic of the Congo,
resulted in the identification of at least seven
taxa of rodents and insectivores that are
preliminarily considered new species (39).

Where resources are available, a field study
is enhanced by the maintenance of specimens in
a museum frozen tissue collection. These
specimens can be used by future investigators for
genetic, taxonomic, and microbiologic studies. A
listing of museums (in the Western Hemisphere)
maintaining mammal collections, including
frozen tissue collections, is available (40), as are
instructions for preparation and maintenance of
voucher and tissue specimens (41-43).

Safety

Although the precise circumstances of their
transmission to humans are often unclear,
zoonotic pathogens are associated with direct or
indirect exposure to infected hosts. Modes of
human infection include inhalation of infectious
aerosols, direct contact of contaminated fomites
with broken skin or mucous membranes, animal
bites, or arthropod vectors. Mammalogists and
others who work with reservoir populations are
likely at increased risk. Safe methods and proper
protective equipment must be used in handling
potentially infected rodents. In handling
reservoir species for known human pathogens
such as hantaviruses and arenaviruses, protec-
tive clothing, latex gloves, and respirators with
high-efficiency particulate air filters should be
used. Animals should be anesthetized to
minimize the risk for injuries, and the use of
sharp instruments and needles for collection
should be minimized. Safety guidelines are
available in English (41,44) and Spanish (45).

Investigators studying relatively benign or
less easily transmitted agents (e.g., Borrelia)
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should be alert to the potential presence of more
virulent agents associated with any wild animals
they may be handling. Certainly not all
arenavirus- and hantavirus-host associations
have been described, and some species, such as
the white-footed mouse and the cotton rat, are
known hosts for multiple agents.

Conclusions

Reservoir studies are an essential compo-
nent of any integrated public health response to
established or emerging zoonotic diseases. The
proposed algorithm facilitates study of reservoir
population ecology as it relates to human
disease. Each step improves understanding of
the ecology and epizootiology of hantaviruses
and arenaviruses. The approach is offered as one
model to stimulate discussion of appropriate
methods and as a conceptual framework for
other investigators to critique and improve.
Other techniques, such as radio-tracking (46)
and the use of injectable passive integrative
transponders (PIT tags) (47), may better identify
and track movements of individual animals.
Methods and approaches will evolve as our
knowledge of the subject matter increases. All
the steps may not be appropriate in all cases, and
many are beyond the capability of any single
investigator or institution. For example, the
delineation of the geographic range of any
mammal species requires intensive taxonomic,
genetic, and ecologic studies and could require
the collaboration of investigators from several
countries. These studies will be greatly
facilitated by properly archived specimens from
previous reservoir studies.

The phylogenetic relationship and distribu-
tion of pathogens may help elucidate the
taxonomic relationships between closely related
reservoir species. Although we have specifically
addressed field studies, parallel laboratory
studies of hosts and pathogens are needed for
maximum benefit from these field studies. For
example, studies of host and virus genetics, host
specificity, and pathogenesis and viral shedding
may elucidate 1) the roles of cospeciation and
coevolution in the associations of hantaviruses
and arenaviruses with their hosts, 2) mecha-
nisms of wviral persistence, and 3) the
fundamental question of defining viral species.
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