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INTRODUCTION

The ecology of tularemia is represented by a literature that reflects
the diversity of this complex zoonosis. Like the literature of many
other infections, the sheer volume of observations makes it dif-
ficult to organize and synthesize sets of working hypotheses for
how the causative agent exists in nature. An organized under-
standing of tularemia ecology serves as the basis for developing
public health interventions and to predict or explain changes in
incidence or distribution. In addition, knowing how the agent is
currently maintained in nature provides information that helps
us to reconstruct its evolutionary history. We review herein fea-
tures of tularemia ecology that are particularly critical and suggest
lacunae that hinder us from distinguishing major themes from
variations on themes. The reader is referred to excellent reviews
of the subject by Hopla (1974), Friend (2006), and Petersen et al.
(2009) for significantly more detail on the breadth and diversity
of the ecological literature.

GENERAL COMMENTS ON THE ECOLOGY OF INFECTIOUS
AGENTS

We use some basic terms and concepts in the population biol-
ogy of infectious agents that help to organize our interpreta-
tion of the existing literature. Maintenance refers to the life cycle
of the agent: how one infection gives rise to at least one other
infection. Perpetuation is maintenance over larger periods of
time. Perpetuation of zoonotic infections may involve a vector,
an intermediary in the life cycle that imparts directionality to
the agent. Hematophagous arthropods are vectors because they
require blood and thus directly transport an infectious agent to
a relevant host. In contrast, scalars may also maintain an agent,
but there is no directionality; copepods containing Dracunculus
medinensis nematodes, for example, are passively imbibed with
water. Vectors may support biological transmission of an agent,

reproducible, have not been synthesized so that the critical elements of the perpetuation of
Francisella tularensis can be identified. Developing a quantitative model of the basic reproduction
number of F tularensis may require separate treatments for Type A and Type B given the
fundamental differences in their ecology.

Keywords: tularemia, perpetuation, basic reproduction number, ecology

a process that involves replication or developmental changes.
Mechanical transmission is contaminative; no replication or
change is implied.

Vectorial capacity (Spielman and Rossignol, 1984) refers to the
sum of vector traits that ensures that the basic reproduction number
(BRN) of an infection exceeds unity and comprises competence
(ability to support replication and effectively deliver the agent) as
well as factors such as abundance, longevity, and narrowness of
host range. A mosquito that requires a large dose of pathogen and
rarely passes it during feeding has poor vector competence and thus
might not contribute much to BRN, but even a highly competent
vector (agent replicates well and is readily ejected during feeding)
can have poor vectorial capacity if it feeds only on an animal that
is a “dead end” host for the pathogen. The central question in the
ecology of infectious agents is to describe how an agent ensures
that BRN > 1 (Anderson and May, 1981); BRN < 1 implies unstable
transmission and extinction. Quantitative modeling of BRN helps
to synthesize diverse field observations and rank the contributions
of factors and influences.

Basic reproduction number models may be developed from sim-
ple flow charts representing the presumed life cycle of the infectious
agent; boxes can be outcomes (e.g., number of non-immune hosts)
and arrows are processes (e.g., infection). Such compartmental mod-
els (Figure 1) can then be quantified by expressing the transitions
between boxes as differential equations. We could adopt for the pur-
poses of constructing a general tularemia model conditions similar to
that for pasteurellosis in mice (Anderson and May, 1979). The agents
of tularemia and pasteurellosis are categorized as microparasites:
they are physically small with short generation times; they have a
high replicative rate within a host; they tend to induce immunity to
reinfection in survivors; and, the duration of infection is short relative
to hostlifespan. In addition, these infections may modify the demog-
raphy of their host. If for the purposes of constructing a model, we
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factors. No time scale is implied in this simple model.

FIGURE 1 | Flow chart (“compartmental model”) for general model of F. tularensis perpetuation. Rectangles represent hosts; size of rectangle might
represent magnitude of host population. Red lines or arrows represent path taken by F tularensis. Mode of transmission is a black box which comprises multiple

assume that the only mode of tularemia transmission is direct (no
vectors; transmission by contact with, inhalation of or ingestion of
saliva, excreta, or blood), then model development may proceed as
outlined in Anderson and May (1979). The model then distils down
to critical variables such as absolute number of susceptibles (non-
infected); number that are infected; number immune; the natural
mortality rate of the host population; the rate of introduction of
susceptibles (immigration, birth); and a measure of the acquisition
of infection (contact rate of susceptibles with infected). Even at this
rudimentary level of discussion, we can see how difficult it would be
to have an empirical basis for the model: we still debate the identity of
the reservoir host for Francisella tularensis— or whether the reservoir
might be environmental —and even if we assumed a specific animal,
would we have data on its demography, behavior (contact between
individuals), or prevalence of infection? However, by constructing
such models, we can prioritize the field observations required for
us to refine and validate the models, which summarize our current
understanding of the life cycle. Resources should be expended in
describing the circumstances of acquiring infection over determining
the number of infected hosts, for example, because in the model the
process drives the outcome.

THE ROLE OF RABBITS IN TYPE A ECOLOGY: CONFLATION
WITH EPIDEMIOLOGIC RISK

Tularemia is a specific infectious disease due to Bacterium tularense
and is transmitted from rodents to man by the bite of an infected
bloodsucking insect or by the handling and dissecting of infected rodents
by market men or laboratory workers. (Francis, 1922)

The first written account of tularemia in the US was in
1907 noting signs and symptoms compatible with tularemia in
Native Americans who had handled jackrabbits (Barnes, 1928).
A “plague-like” disease in ground squirrels was identified in 1909
during animal surveillance in California but microscopic obser-
vation of tissue sections demonstrated organisms inconsistent
with the characteristic “safety pin” morphology of plague bacilli
(McCoy, 1911). The bacterium was quickly cultivated and it was
apparent that a new entity had been discovered (McCoy and
Chapin, 1912). Although Pearse (1911) first described “deer fly
fever” in Utah residents bitten by tabanid flies, Francis (1922)
demonstrated its identity with the ground squirrel disease, and
proposed the name “tularemia.” He provided definitive evidence
by isolating the agent from fly bitten humans, from jackrabbits,
and ground squirrels. Francis also provided experimental evi-
dence for transmission of tularemia by the bites of deerflies, lice,
and bugs (Francis, 1922). Investigations of the Bitterroot Valley
Rocky Mountain spotted fever epidemic in the 1920s isolated F.
tularensis from the main RMSF vector, Dermacentor andersoni
(Parker et al., 1924). Other human biting ticks (Dermacentor
variabilis, Amblyomma americanum) were soon documented as
vectors (Philip and Jellison, 1934; Parker, 1934). Therefore, within
20 years of its discovery as an infection of rodents in California,
the most important aspects of the epidemiology (factors relating
to human risk) of tularemia in the US had been described, as
summarized by Francis’ pithy statement, but taken together, the
sum of knowledge would not allow quantitative modeling of BRN
(ecology) for F. tularensis in any site. It is not clear that 80 years
later that we have sufficient information to do so.
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Francis (1937) noted that >90% of the >6000 tularemia case
reports that he had compiled from 1924 to 1935 were associated
with exposure to cottontail rabbits or hares, and this analysis surely
helped to formally develop tularemia’s reputation as “rabbit fever.”
It is possible that the strong rabbit association was due to an active
market for rabbit meat in the north central states where there was
a tradition of rabbit hunting (Yeatter and Thompson, 1952). This
rabbit association, interestingly, obscured the fact that in the south
central US, tick exposure accounted for 70% of all cases (Brooks and
Buchanan, 1970) during the 1960s. Tularemia incidence in the US
started to diminish in the 1960s (Boyce, 1975), perhaps as a result
of aloss in popularity of rabbits as food and of hunting in general.
It seems unlikely that the force of transmission of the agent dimin-
ished in nature during this time. The tick vectors (D. andersoni,
D. variabilis,and A. americanum) for tick-transmitted tularemia in
the US are the same as those for RMSFE, which increased in incidence
during the 1960s and 1970s (Childs and Paddock, 2002).

Russia and Japan had concurrently “discovered” tularemia
(Francis, 1934; Pollitzer, 1967). Episodes of morbidity and mor-
tality in hares were associated with an increase in the number of
human cases of “yato-byo” and the disease could be acquired by
skin contact with hare tissues (Ohara, 1926). Apparently, 90% of all
Japanese tularemia cases were associated with exposure to the hare
Lepus brachyurus (Toyoshima and Ohara, 1967). Thus, in North
America and Japan, during the very first decades of epidemiologic
investigations of the disease, lagomorphs (rabbits and hares) were
the main focus of attention. Researchers in the former Soviet Union
were extremely active in investigations of tularemia, producing
1300 publications from 1928 to 1960 (Pavlovsky, 1966), and were
the first to describe at least six perpetuation scenarios centered
around habitat types (floodplain—swamp; meadow—field; forest;
steppe; piedmont-river; and desert—floodplain); lagomorphs were
requisites for none. Paradoxically, a hypothesis for the evolution
of F tularensis by Russia’s most prominent tularemia researcher
(Olsufiev, 1963) focused on associations with lagomorphs, mainly
based on their great degree of “susceptibility and sensitivity” to
infection as well as a scenario for the zoogeography of the steppes,
which were thought by the former USSR workers to have been a
pivotal habitat for tularemia.

Differences in distribution, ecology, biochemistry, and viru-
lence led to the seminal classification of tularemia into distinct
types (Olsufiev et al., 1959). Type A organisms (now known as
E. tularensis tularensis) are prevalent in North America but not in
Eurasia, are frequently transmitted by ticks, and may cause severe
disease. Type B (F. tularensis holarctica) causes episodic outbreaks
(epizootics) in beavers, muskrats, and arvicoline rodents in either
North America or Eurasia, may be isolated from water or soil, and
may cause a milder disease (Jellison et al., 1942; Parker etal., 1951).
These eco-epidemiological paradigms retain tremendous utility
and argue for modeling BRN separately.

The perception that tularemia was due to lagomorphs was largely
the influence of Francis himself and also of William Jellison of the
Rocky Mountain Laboratories, who compiled and interpreted the
existing literature on tularemia biology in a seminal monograph
(Jellison, 1974). Jellison argued that human risk and geographic
distribution of North American tularemia was strongly associated
with cottontail rabbits (Jellison and Parker, 1945; Jellison et al.,

1961). Cottontail rabbits are very susceptible to infection by Type A,
dying within 7 days, and are large enough animals to attract atten-
tion when there is an epizootic, making them good sentinels for
transmission activity. Furthermore, because of their value as food,
their populations were a focus of attention by local residents and by
state game management divisions: 25,000,000 rabbits were killed
annually with a value of $5,000,000 during the 1920s (Henderson
and Craig, 1932).

Whether cottontail rabbits are required for Type A BRN > 1
remains unproven and requires further study. It may be that the
question has been considered resolved due to conflating the require-
ments for maintenance with the proximal determinants for human
exposure. Of course, human exposure (the subject of epidemiol-
ogy) may provide clues to the mode of perpetuation (ecology) but
this is not axiomatic. Zoonotic infections may exist in sites with
no implied human risk in the absence of an effective epidemio-
logical “bridge.” The classical theory of natural nidality (Pavlovsky,
1966) posits that most zoonotic agents exist in longstanding foci
that comprise optimal physical (weather, geology) and biological
(fauna, flora) associations and that humans only become aware of
their existence when they intrude. Accordingly, rabbits and hares
may only be the epidemiological bridge and are not necessarily an
element of natural focality.

The concept of rabbits as central to Type A ecology was bol-
stered by the identification of the rabbit tick, Haemaphysalis
leporispalustris, as an effective enzootic vector (Parker 1934). These
ticks are widely distributed across North America and their feed-
ing is focused primarily on lagomorphs. Narrowness of host range
(bites focused on relevant hosts) greatly contributes to vectorial
capacity and BRN (Spielman and Rossignol, 1984). These ticks
transmit F. tularensis and pass the agent by inheritance (transovarial
transmission; Parker 1934); presumed Type A isolates were made
from field collected H. leporispalustris (Philip and Parker, 1938).
Rabbits may be infested by hundreds of these ticks and all stages
may infest a rabbit simultaneously, thereby providing an oppor-
tunity for non-systemic (co-feeding) transmission (Randolph
et al., 1996). Thus, rabbits and rabbit ticks could serve to power-
fully maintain Type A. In addition, because subadults (larvae and
nymphs) of this tick will infest ground-inhabiting birds, including
those that migrate, the agent could be readily transported. Rabbit
ticks range from Alaska to Argentina, reflecting such transport. This
fact begs the question: why has F. tularensis not been detected in
Latin America south of Mexico, particularly given the presence of
rabbits throughout South America?

The central importance of rabbits and their ticks in Type A
ecology is not supported by recent studies on Martha’s Vineyard
(MV). This is the only site in the US which has endemic pri-
mary (inhalational) pneumonic tularemia (Matyas et al., 2007);
of more than 100 tularemia cases reported from MV from 2000
to 2010, nearly two-thirds have been pneumonic. Case control
studies demonstrate that landscapers are the major risk group
and use of lawnmowers or leaf blowers are the main risk fac-
tors, suggesting environmental contamination. Exposure to ticks
or rabbits was not associated with risk (Feldman et al., 2001)
other than for one case who mowed over a rabbit. Landscapers
there insist that they rarely mow over animal carcasses because
they visually inspect properties prior to their activities to reduce
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hazard due to rocks and other debris. The nature of the fomites
that served to infect these case-patients remains undescribed but
unseen remnants of animal carcasses, animal feces, urine-soaked
soil, ticks, tick feces, fleas, and contaminated water are possible
sources. Why MV alone reports numerous pneumonic tularemia
cases when tularemia is more prevalent in the south central US
where lawnmowers are certainly used remains enigmatic. It is
possible that the heavily salt-spray influenced landscape of the
ocean facing southern edge of MV is more conducive to the agent
remaining viable for a longer duration than elsewhere in the US
(Berrada and Telford, in press).

Ecological studies, extended from Lyme disease surveillance start-
ing in 1994, quickly suggested that dog ticks (D. variabilis) were
important to Type A perpetuation (Goethert et al., 2004; Matyas
et al., 2007; Goethert and Telford, 2009). Infection has been found
in MV dog ticks every year to date, comprising a large degree of
genetic heterogeneity (Goethert et al., 2009). Rabbits were indeed
infected but virtually disappeared on MV, probably due to tularemia
mortality; their disappearance did not influence the force of trans-
mission of Type A, which continued to remain prevalent in dog
ticks. Intensive studies of cottontail rabbits had been undertaken
on Nantucket Island, which is visible from the eastern portion of
MYV. Rabbits attained densities of 15-20 per hectare and were heavily
infested by H. leporispalustris (Telford and Spielman, 1989; Goethert
and Telford, 2003). Evidence of tularemia had never been detected
in more than 200 rabbits sampled on Nantucket, even though five
human cases had been identified from 1990 to 2005. One of these
cases was definitively associated with rabbits: a worker who had
helped his colleague move a rabbit that had been mutilated by a
lawnmower developed pneumonic tularemia (Goethert and Telford,
2005). This event demonstrated that even though Type A had been
introduced at least once to Nantucket, despite the presence of dense
rabbits and heavy H. leporispalustris infestations, the agent did not
perpetuate. No mass die-offs of rabbits were noted during the year
when the lawn mowing incident occurred, nor did active surveillance
for rabbit carcasses by landscapers yield any evidence of mortality
due to tularemia. There is one important difference in the ecology
of Nantucket relative to MV: Nantucket lacks appreciable numbers
of dog ticks (indeed, the tick may now be extirpated from that island
due to the recent widespread use of topical anti-ectoparasiticides
on dogs) because it does not have their reproductive hosts, skunks,
raccoons, foxes, or coyotes. Although one exception to the rule of
“rabbits maintain tularemia” does not necessarily invalidate the rule,
we note that MV is one of few sites where longitudinal ecological
studies have been undertaken and thus where incidental findings
can be distinguished from general findings.

We suspect that rabbits are not necessarily critical to the
BRN of Type A, or if they are, it is a function of local conditions.
This dependence on local conditions, in fact, is the challenge of
developing a quantitative model for the BRN of tularemia: should
there be a general model, or should we approach the subject as
did the researchers of the former USSR, focusing on independent
natural foci? At one extreme, the 4 genotypes/subclades of Type A
and 11 of Type B (Kugeler et al., 2009; Vogler et al., 2009) might each
require a specific BRN model. But, a general model would have to
assume that all elements for the ecology of Type A would apply to
Type B and vice versa, not necessarily a good assumption.

Although our hypothesis is that dog ticks are critical to BRN on
MYV, experimentally infected as well as naturally infected ticks die
more quickly than do those that are not (Reese et al., 2010; Goethert
and Telford, submitted). A negative effect on fitness cannot be an
adaptive strategy that would ensure BRN > 1. These findings stand
in contrast to our empirical observation of infected ticks each year,
and suggest that there may be factors that mitigate the negative
fitness of infection in nature.

TYPE B ECOLOGY: DRIVEN BY WATER OR BY RODENTS?
Tularemia in Eurasia and non-rabbit or tick associated infection
in North America seem to have a strong environmental basis,
acquired from agricultural activities such as hay threshing; from
water contaminated by muskrats or water voles; or during the trap-
ping of furbearers (Pavlovsky, 1966; Syrjala et al., 1985; Reintjes
et al., 2002; Allue et al., 2008). In addition, transmission of the
pathogen could occur via contamination of foodstuffs by urine
or fecal material from infectious rodents (Karpoff and Antonoff,
1936; Parker et al., 1951). Experimental studies with voles sug-
gested the possibility that some F tularensis-infected animals
developed a chronic nephritis and bacteriuria that could serve
as a protracted source of environmental contamination (Bell and
Stewart, 1975). Of particular interest was the suggestion that voles
became partially immune due to low level infection resulting from
cannibalism of tularemic carcasses and that this immunity allowed
survival of the vole during subsequent infection, increasing the
probability for shedding in the excreta. (Cannibalism of moribund
cagemates is well known as a mode of transmission for Type A
in the laboratory, Owen and Buker, 1956, and could be a comple-
mentary factor in perpetuation.) This suggestion of orally induced
immunity has not been explored further but if confirmed could be
a critical factor for the BRN of Type B, particularly in the context
of environmental persistence.

The role of vectors in Type B perpetuation remains to be fully
described. Ticks may be infected by Type B and are said to be
the “reservoir” (Pavlovsky, 1966). In the former Soviet Union, 17
species of ixodid ticks have been found to be naturally infected
(Balashov, 1972), presumably by Type B inasmuch as Type A is
virtually restricted to North America. In addition, Type B is well
known to be tick-transmitted in North America and both types
may be present in ticks in the same site (Markowitz et al., 1985).
Human cases certainly result from tick exposure but this mode
of transmission is less common than exposure to furbearers or
contaminated water (Pavlovsky, 1966). Dermacentor marginatus
and Dermacentor reticulatus appear to be the main vectors there
as well as into central Europe. As with Type A, Type B-infected D.
marginatus or D. variabilis die more rapidly than do uninfected ticks
(Petrov, 1960; Reese et al., 2010), which again raises the question of
whether a non-adaptive trait may be associated with stable BRN.

Mosquitoes are strongly implicated as vectors in Sweden, given
that tularemic ulcers are most frequently found on the upper back,
neck, and ears of case-patients (Eliasson and Back, 2007), where
mosquitoes are more likely to feed. In addition, the agent has been
isolated from mosquitoes there (Olin, 1942) and recent studies
provide evidence for mosquito larvae acquiring infection from
water, perhaps by the ingestion of predatory protozoa (Mathisen
et al., 2009). GIS studies of the Orebro endemic area in Sweden
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demonstrate that there is temporal—spatial association of incidence
with mosquito breeding (Svensson et al., 2009). More analyses of
the contribution of mosquitoes to BRN are needed. One recent
study reported a third of mosquito pools to be infected in Alaska
(Triebenbach et al., 2010) when tested by PCR, but this finding
was at odds with the epidemiological evidence as well as with the
difficulty of finding infection in animals. Older studies in Alaska
failed to isolate F. tularensis from mosquitoes (Hopla, 1974) and
thus it is not clear what the PCR findings represent; it should be
noted that the assay that was used might also detect Francisella
novicida. Future mosquito surveys should always attempt to con-
firm PCR findings with a complementary assay such as culture or
even indirect immunofluorescence using monoclonal antibodies.
At the very least, multiple gene targets should corroborate the find-
ings. Definitive evidence for biological transmission by naturally
infected mosquitoes might be provided by the use of deliberately
placed sentinel mice but given the difficulties of animal experi-
mentation in Sweden, not a likely approach. The recent suggestion
that infectious agents may be detected by assaying sugar sources
probed by mosquitoes (Hall-Mendelin et al., 2010) may be an effec-
tive alternative approach to demonstrating that naturally infected
mosquitoes can transmit.

Given that mechanical transmission causes infection and thus
BRN > 1, it might be considered academic to determine whether
biological transmission occurs. But, the duration of mosquito
infectivity would differ depending on whether it was mechani-
cal or biological transmission, thereby impacting the magnitude
of BRN. In addition, the possibility that mosquito larvae may
acquire infection from water might greatly enhance BRN if those
larvae became adult females that transmitted. Whether there is a
main mode of perpetuation (e.g., ticks and rodents) with ancil-
lary cycles (spillover into a water cycle, mechanical transmission
by mosquitoes), whether it is the other way around (perpetuation
within water and spillover into rodents and their ectoparasites) or
whether there may be multiple parallel cycles in sites where there
are ticks would be difficult to answer with field studies but might
be facilitated by mathematical modeling of BRN. Such questions
have more than just academic interest: if ticks and rodents drive
the ecology of Type B, then intervention could be considered to
reduce risk, for example, by rodent or tick control. If water drives
the ecology, then risk reduction would have to focus on personal
protection (e.g., with vaccination) given the difficulty of manipu-
lating water ecosystems.

WHY IS TULAREMIA RELATIVELY RARE?

Both Type A and Type B are highly infectious and may be trans-
mitted mechanically on the mouthparts of various hematopha-
gous arthropods, or by contact with body or tissue fluids through
abraded and even intact skin, and by ingestion, in addition to true
biological (vector) transmission. Aerogenic infection was also
very quickly noted by laboratory workers. Such a wide spectrum
of modes of exposure and great infectivity helps to explain the
wide range of kinds of animals known to be exposed or infected
(Burroughs et al., 1945; Friend, 2006). It is likely that most of these
animals do not serve as amplifying hosts (“reservoirs”) that increase
the BRN of the agent of tularemia, but are incidental “dead end”
hosts. Many of the reports of an animal serving as host simply

document exposure (seroreactivity) in a limited sample which does
not allow inference about whether the exposure might be common
over many sampling periods or among many sites. If an animal
contributes significantly to BRN, it should do so for successive
generations and in more than one site. This is the rationale for
undertaking longitudinal ecologic studies: to determine whether
an observation is incidental or is a generality.

The reason it is important to determine whether there is
a main theme for perpetuation (one important reservoir host
such as a lagomorph) as opposed to many themes (almost any-
thing can serve as a reservoir) is that an ecological paradox
otherwise exists: if virtually any hematophagous arthropod and
vertebrate could maintain infection, then tularemia should be
readily perpetuated and extremely common across the Holarctic.
Thorough search of any site should document the presence of
F. tularensis. From an epidemiological standpoint, tularemia is
only moderately common, with global incidence in the range
of 100-1000 cases annually (Paddock and Telford, in press).
Tick surveys in known endemic sites generally record prevalence
of F. tularensis infection in the range of 0.1-5% (e.g., Green,
1931; Hopla, 1960; Hubalek and Halouzka, 1997; Goethert et al.,
2004) which is similar to that for tick borne encephalitis (TBE)
virus in I persulcatus complex ticks (Gresikova and Nosek,
1967; Korenberg, 1994; Schafer et al., 1999). TBE is considered
to be a common tick borne infection, with 1000-10,000 new
cases each year (Paddock and Telford, in press). TBE virus has a
Palearctic distribution similar to that of tularemia. F. tularensis
has been detected in I. ricinus, the main European vector of TBE.
With the potential for transmission by mosquitoes, in addition
to tick transmission and environmental exposure, tularemia
risk (human incidence) over the Palearctic should approach or
exceed that of TBE.

The question “why is tularemia not more common?” becomes
even more vexing given the possibility of environmental persistence,
that is, perpetuation that may be independent of vertebrate hosts.
Surface water and sediment yielded indisputable DNA sequence
evidence of contamination with Type B in Swedish endemic sites,
even in years with little epidemiological activity (Broman et al.,
2010). Infected carcasses contaminated water for 10 days and con-
taminated water stored in the cold infected animals after 2 weeks.
Naturally contaminated mud remained infectious as long as
10 weeks (Parker et al., 1951). Experimental microcosm experi-
ments demonstrated that E tularensis in silt could infect animals
for 2 months. About half of rodents immersed in contaminated
water became infected with exposure to as few as 100-1000 cfu/mL
(Pavlovsky, 1966), which appears to be large dose but the spleen
alone of a mouse dying of tularemia may have 10" cfu (Molins
et al., 2010) and it would not take many carcasses to contami-
nate a contained body of water. Indeed, many have speculated that
environmental persistence depends on continual contamination
by dead animals. However, water invertebrates such as shrimp or
snails could retain viable organisms for 20 days (Mironchuk and
Mazepa, 2002), and indeed, invertebrates were first described as
contributing to F. tularensis survival within water by former USSR
research (Pavlovsky, 1966). More recent reports (Anda et al., 2001)
of crayfish infection suggest that additional surveys using modern
methods are warranted. Even more interesting is the hypothesis

www.frontiersin.org

January 2011 | Volume 1 | Article 150 | 5



Telford Il and Goethert

Basic reproduction number of tularemia

that free-living amebae serve as hosts (Berdal et al., 1996; Abd et al.,
2003; El-Etr et al., 2009), which would allow for even greater dura-
tion of persistence and even the possibility of amplification in the
absence of vertebrates. In terms of BRN, environmental persistence
within aquatic invertebrates or protozoa would have implications
for ensuring that BRN > 1 when vertebrates are scarce but water
contamination could serve to greatly increase BRN and trigger an
epizootic or outbreak.

PRIORITIES FOR TULAREMIA ECOLOGY RESEARCH

The ecology of tularemia is sufficiently complex that limited
resources for research should be targeted to the most relevant ques-
tions. Developing quantitative models of the BRN for tularemia,
probably separately for Type A and Type B, would appear to be

a priority because such models provide structure for observa-
tions. Critical life cycle breakpoints and influential variables can
be hypothesized a priori and tested by field observations. Surveys
should be undertaken to identify useful study sites where the agent is
reliably detected and longitudinal observations (on a scale of years)
may be undertaken. Cooperative agreements should be developed
among researchers and long term funding jointly sought to support
such studies. We have outlined some of the more interesting lacunae
in our knowledge of tularemia ecology, and additional information
for all of these would greatly enhance iterative refinements of BRN
quantitative models in the future.
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