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Abstract
Objective. Leptospirosis is a zoonotic disease that contributes to human morbidity and
mortality worldwide, and is the result of contact between mucous membranes or broken
skin and the urine of infected animals either directly, or through contaminated soil or
water. Rodents, livestock, and dogs are all able to shed the Leptospira bacteria in their
urine. This research seeks to contribute to the understanding of transmission dynamics of
the pathogen through an examination of human behaviors, pathogen diversity, and
interactions between animal hosts and the environment.

Methods. The data for the studies presented in this thesis come primarily from the Ecoepidemiology of Leptospirosis study conducted in the Los Rios Region, Chile from 20102012. The study collected survey data from 422 households in twelve different
communities representing rural farm areas (4 communities), rural villages (4
communities), and urban slums (4 communities). At each household, survey data,
environmental water samples, and blood samples from humans and animals were
obtained. Rodents were also trapped and euthanized. Polymerase Chain Reaction (PCR)
methods were used to detect Leptospira in rodents and water samples, while Microscopic
Agglutination Testing (MAT) identified humans and animals with evidence of prior
leptospirosis infection. The secY region of PCR-positive water samples was amplified
and sequenced for phylogenetic analysis. Additional observational data was collected in
2013 from dogs in urban slums and was used to create an agent-based model for
leptospirosis transmission in NetLogo version 5.0.3.

Results. There were no discernable patterns of Leptospira diversity across the three
community types studied (rural farm areas, rural villages, and urban slums), but the
diversity of the pathogen did vary across the twelve individual communities. L.
interrogans, L. kirschneri, and L. weilli were found in all community types (rural farms,
rural villages, and urban slums), in descending order of frequency. There was no
evidence that community-level prevalence of Leptospira in dogs, rodents, or livestock
iii

influenced diversity of the pathogen in the environment. According to agent-based
modeling, both rodents and dogs contribute to environmental contamination and
subsequent human infection in urban slum areas, but dog-based interventions (culling of
stray dogs, and vaccination and restricting movement of owned dogs) are not expected to
reduce human incidence of the disease. Addressing indirect transmission of Leptospira
from the environment to humans was identified through the agent-based model as a better
approach to reducing incidence. Most households in the study (95%) reported
participating in some form of rodent control, but practices such as wearing boots or
gloves when working with livestock or in the garden were less common. The proportion
of households that participated in protective practices against zoonotic infection was
heavily dependent on the community in which the households existed.

Conclusions. The transmission and diversity of leptospirosis in endemic areas is driven
by community-level factors. Efforts to reduce transmission through human engagement
in protective practices should address the needs and norms of the individual communities.
These studies have provided the framework for systematic surveillance and modeling
strategies that can help to inform communities about potential contaminated
environments, identify changes in the ecology of the bacteria that may signal an uptick in
human infection, and suggest targeted interventions. As future research improves
diagnostic tools, understanding of the survival of the pathogen in the environment, and
shedding patterns by animal hosts, these proposed methods can be refined to better serve
the needs of communities where this neglected tropical disease is endemic.
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A. DISSERTATION OVERVIEW

A.1. Public Health Challenge
As a zoonosis, leptospirosis disproportionately affects individuals in resource-poor
settings because of the coexistence of humans with livestock that can carry the
Leptospira bacteria, as well as increased potential for contact with the rodent reservoir
and Leptospira-contaminated environments due to inadequate infrastructure. The
understanding of leptospirosis as a neglected tropical disease has been improved by
significant contributions to the literature in the areas of identifying risk factors for
infection and disease pathogenesis. This research has primarily been conducted in the
context of leptospirosis outbreaks, leaving gaps in the understanding of disease
transmission in endemic settings with sporadic human cases. The following dissertation
aims to provide perspective on leptospirosis transmission in endemic settings that will
help inform leptospirosis surveillance and prevention efforts, as well as highlight future
research opportunities.
The research presented in this dissertation focuses on three components of
leptospirosis transmission in the peri-domestic environment: human factors, pathogen
factors, and dynamics of infection. First, molecular methods now exist to detect and
subtype pathogens in the environment, including Leptospira, which can be used to
identify potential sources of human exposure to emerging zoonoses. Combined with
sequencing, such tools can provide insight about the genetic diversity of the pathogens
relevant for understanding disease ecology. When paired with contextual data at the
community and household level, additional inferences can be made about small-scale
disease transmission. Second, mathematical modelling has played an important role in
identifying trends in human incidence for many zoonoses. The current leptospirosis
models have been built for settings where human incidence is consistently high, has
seasonal peaks, and the primary source of infection is assumed to be rodents. Expansion
of mathematical modeling of leptospirosis to prediction of sporadic cases, additional
animal hosts, and smaller-scale transmission dynamics may contribute to a more
comprehensive understanding of this zoonosis. Third, the literature on emerging zoonotic
1

diseases provides extensive insight into protective practices that reduce human exposure
to these pathogens. These studies have focused on disease-specific interventions, highrisk occupational exposures and responses to outbreaks. Characterizing these practices at
the household level and as part of routine daily life is important to combatting zoonotic
disease emergence more broadly. While leptospirosis serves as the contextual framework
for this dissertation, the human factors, pathogen factors, and dynamics of infection that
are investigated have parallels in other zoonotic infections allowing for broader
generalizability of the research presented.
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A.2 Specific Aims
The following research questions and corresponding aims were addressed through
analyses of data collected for the Eco-epidemiology of Leptospirosis in Chile project
conducted by Dr. Claudia Muñoz-Zanzi:

Manuscript I: What is the extent of genetic diversity of the Leptospira species across
community types within a region with endemic levels of leptospirosis in humans and
animals?
Aim: Describe the presence and species diversity of Leptospira in surface water
samples from the peri-domestic environment and assess differences across community
types using phylogenic analysis tools.

Manuscript II: What is the relative importance of dogs and rodents in the transmission
of leptospirosis in an urban slum community? Are there opportunities for dog-based
intervention strategies to reduce human incidence of leptospirosis in urban slum
communities?
Aim: Using agent-based modeling techniques, identify key parameters for the
transmission of leptospirosis in an urban slum community, and assess the potential
impact of dog-based intervention strategies on human leptospirosis incidence.

Manuscript III: How do individuals protect themselves from exposure to zoonotic
diseases, and does that differ based on the type of community in which they live and
socio-demographic characteristics?
Aim: Identify the most commonly used preventive practices against exposure to
zoonotic infections across three community types, and identify associations between
participation in these practices and socio-demographic characteristics at the householdlevel.

3

Together, these aims are a multipronged approach to understanding and protecting
against Leptospira transmission including human prevention measures, surveillance of
the pathogen in the environment, and potential control strategies. Results from these
studies can be used to inform future research priorities for the control and prevention of
leptospirosis, and offer new methods and approaches that are transferrable to other
closely related zoonotic pathogens transmitted through the environment.
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B. GENERAL BACKGROUND
B1. Emerging Zoonotic Infections
Despite the increases in life expectancy over the past several decades, and the
progress in sanitation and drinking water infrastructure worldwide that has reduced
enteric infectious disease morbidity and mortality, infectious diseases still account for
25% of deaths worldwide [1,2]. Of these deadly pathogens, 58% are considered to be
zoonoses (diseases of animal origin) [3]. Of emerging, and reemerging pathogens,
“infectious diseases whose incidence in humans has increased in the past two decades or
threatens to increase in the near future” [4], more than 70% are zoonotic [5]. Zoonotic
disease emergence is of particular concern because these pathogens do not occur
regularly in the human population, which means that natural immunity may not exist, and
adequate treatments may not be readily available for novel pathogens [6]. Should
emerging zoonotic diseases attain the ability to regularly infect humans or sustain human
to human transmission, epidemics can result for which the public health infrastructure is
ill-prepared [7,8].
Fortunately, not all emerging zoonoses will progress to large-scale epidemics in the
human population. In trying to predict which pathogens might make the jump to
sustained human-to-human transmission, several characteristics of the pathogen are
considered including the type of animal reservoir, host range, and potential for human
contact with the pathogen [9]. Most zoonoses affecting humans originated in other
mammalian species prior to producing human infection [9]. Additionally, pathogens that
already have the ability to infect multiple animal species are more likely to produce
eventual infection in humans because of their demonstrated adaptability [9]. However,
neither of these criteria is valid for assessing the potential for human infection with an
emerging zoonosis if human contact with the pathogen is unlikely or rare. For human
infection to occur, humans must share the same environment with already infected animal
hosts, and must have direct or indirect contact with the pathogen. Leptospirosis, the focus
of this dissertation, meets all of the three aforementioned criteria; its primary reservoirs
are small mammals, notably rodents, Leptospira has a broad animal host range, and it is
5

present in rural and urban settings alike, ensuring opportunities for the pathogen to be
introduced to human populations [2,10].

B2. Leptospirosis as an Emerging Zoonotic Infection
B2.1 Epidemiology and pathogenesis and diagnosis of leptospirosis
Leptospirosis is considered to be among the most common zoonoses worldwide, with
endemicity in developing and developed countries alike [11], and it contributes to an
estimated 2.9 million Disability Adjusted Life Years lost annually [12]. The global
annual incidence of leptospirosis is estimated to be 5 per 100,000 persons [13], but in
outbreak settings the rates are twenty times as high, 90 to 128 cases per 100,000 [14–16].
These one million cases and 58,900 deaths each year occur disproportionately in
resource-poor areas, placing leptospirosis among the list of neglected tropical diseases
[12,17,18].
Even with the increased literature on the global burden of disease, these rates are
likely to be underestimates of leptospirosis due to the similarity of the pathogenesis of the
disease to other illnesses, and poor or inaccessible diagnostic tools for detection of
infection. After infection with the Leptospira bacteria, clinical presentation of the disease
may occur as little as one day after exposure, may take up to a month, or may never occur
and humans may remain infected asymptomatically [19,20]. In individuals who do have
symptoms, illness can be mild, consisting of fever, headaches, nausea and vomiting,
lasting approximately one week, but could also continue for several months [19,21]. A
secondary phase of illness occurs in 5-15% of cases that is much more severe and may
include jaundice, liver and kidney failure, pulmonary hemorrhaging, and death [19,22].
The biphasic illness of leptospirosis is important to the diagnosis and treatment of the
disease because certain diagnostic tools are effective during different stages of infection.
The first step in diagnosing leptospirosis in infected individuals is that they need to
present clinically, and leptospirosis needs to be suspected as a diagnosis. Because the
clinical signs elicited by infection with Leptospira in the initial phase of infection
includes fever, malaise and conjunctivitis, it cannot be differentiated from other febrile
illnesses [19,23]. Clinicians may therefore suspect a variety of other infectious diseases
6

before evaluating a patient for leptospirosis. For example, during an outbreak of
leptospirosis in Brazil, over 40% of the patients found to have leptospirosis were initially
given a diagnosis of Dengue fever because of the similarity of symptoms for the two
infections [24]. Among patients who never receive a definitive diagnosis for febrile
illnesses worldwide, 20% are suspected to actually have leptospirosis [25].
Misdiagnosis and under-diagnosis of leptospirosis are also the result of inadequate
diagnostic tests. The only diagnostic method that has demonstrated 100% specificity has
been bacterial culture of Leptospira from clinical samples [18]. Growth of the bacteria in
culture is considered a definitive diagnosis of leptospirosis, but that growth can take 1216 weeks and requires proper laboratory space and expertise to analyze the bacterial
growth [26]. Moreover, diagnosis by bacterial culture cannot provide any treatment
benefit to patients as antibiotics need to be administered within the first 1-2 weeks after
infection [27,28].
In lieu of bacterial culture, the most common technique used to diagnose leptospirosis
is the Microscopic Agglutination Test (MAT) which assesses the levels of antibody in
human blood produced by the immune response. The MAT is considered the reference
test for leptospirosis in clinical settings, with a sensitivity of 90% at best, and a slightly
higher specificity (>90%) [18,29]. Diagnosis by MAT requires that the patient have a
serum sample collected between 8-10 days of onset. If the first serum sample reacts to at
least one Leptospira serovar on the MAT panel with a titre ratio of 1:800 or higher, the
patient is considered to have leptospirosis. If the sample has a titre ratio below 1:800, the
patient is required to return for a second round of testing within 10-14 days. If the titre
ratio increased four-fold or if the first MAT had a nonexistent titre response and the
second had a positive response, the patient is said to have leptospirosis [18,22,30]. One
practical problem with MAT is that if patients never return for their second serum
sample, they are never diagnosed with leptospirosis, contributing to underestimation of
the disease in humans. MAT also requires experienced laboratory personnel, sufficient
infrastructure, and several hours of time to run the diagnostic test [31,32]. The MAT also
cannot distinguish between low titre response in an incident case of leptospirosis and low
7

titres resulting from previous exposure to the pathogen, and may miss cases if the panel
used to detect the disease does not include locally relevant serovars [22].
To address the issue of cost and timeliness of diagnosing cases, enzyme-linked
immunosorbent assay (ELISA) and rapid-test (Dri-dot, dip-stick, or lateral flow assay)
technologies have been developed. Rapid tests require only small samples of blood and
results are available between 30 seconds and 2 hours after the test depending on the assay
used [18]. The ELISA tests have reasonable sensitivities and specificities, but they are
ineffective in the first 1-2 weeks of illness because they detect IgM antibodies that form
later in the immune response than leptospiremia (Figure 1) [28,33,34]. Most of the rapid
diagnostic tests mentioned above have good specificities, but their sensitivities range
from 30%-90% depending on the test and the phase of disease in which the test was used,
and since they also rely on IgM antibodies, they likely miss many leptospirosis cases
because of active leptospiremia [35–38]. In addition to simply failing to detect disease,
IgM ELISAs and rapid tests do not detect disease early enough to provide adequate
treatment to leptospirosis patients. Antibiotic therapy is most effective within the first
week of illness, before IgM antibodies form [18,27,39,40].
The most promising development in leptospirosis detection has been the
establishment of polymerase chain reaction (PCR) methods. In clinical cases, PCR
methods offer more rapid diagnosis of leptospirosis within a meaningful treatment
window. Within hours, miniscule amounts of Leptospira DNA can be detected from
human blood, and this method is successful within the first week of illness when the
ELISA tests are not [41–44]. The sensitivity and specificity of the PCR methods are also
greater than those of the MAT, making the diagnosis more definitive of an incident
leptospirosis case than the MAT [18]. An additional added benefit of using PCR methods
is that they can determine the infecting Leptospira species, similar to bacterial culture,
but without the time and resources required for culture methods. As with the MAT, PCR
methods do require expensive equipment and experienced laboratory personnel, which
may not be feasible in resource poor settings [18]. PCR methods are also better at
identifying recent infection than MAT as PCR detects leptospiraemia rather than waiting
for antibodies to appear in the blood [27,45–47]. The primers used for PCR also need to
8

be specific enough to detect pathogenic Leptospira, but sensitive enough to amplify the
range of pathogenic species [45]. While PCR is becoming less expensive, and
increasingly accessible in clinical settings, more rapid diagnostic techniques are needed
for broader detection in the field, particularly during outbreaks and for surveillance
efforts. Until more accessible and rapid methods are available, preventing transmission of
the Leptospira will be the most effective means of reducing the burden of disease
worldwide [17,48,49]. A description and comparison of the various diagnostic methods
to test for leptospirosis is available in Table 1.

B2.2 Transmission of Leptospira
Transmission of the Leptospira pathogen occurs both directly between animal
hosts, and indirectly, through the environment (Figure 2) [50]. Direct transmission
requires that a susceptible host comes in contact with the urine of an infected animal, and
that the urine enters the mucous membranes or cuts in the skin of the susceptible animal
[22]. Sexual transmission and mother-to-offspring transmission through suckling has also
been described in animal species [27]. Direct transmission is not thought to be sustained
in the human population although sporadic instances have been documented [51]. When
animals excrete the pathogen in their urine, other animals and humans can become
infected through the contaminated environment [18,22,50]. This indirect transmission
method is the result of contact between the contaminated soil or water and mucous
membranes or abrasions in the skin [21,52,53]. The role of the animal hosts and the
environment in the transmission of Leptospira is outlined in greater detail in the
following subsections.

B2.3.1 Rodent reservoir
Leptospira is enzootic in rodents, meaning that the pathogen circulates
continuously through this population [50]. Unlike the illness that can result in human
infection, rodents are asymptomatic carriers of Leptospira. Rodents do not experience
morbidity or mortality when the bacteria colonize their kidneys, allowing for persistent
shedding of Leptospira into the environment throughout the life of the rodent [19,54]. If
9

excreted onto a damp surface, Leptospira can persist for months, and other rodents can
become infected through contact with the Leptospira-contaminated environment [26]. In
addition to the spread of Leptospira through the environment to other rodents, their close
proximity while nesting and feeding provides opportunities for direct transmission [55–
57]. The pathogen is ubiquitous in many rodent populations with PCR testing of the
kidneys of euthanized rodents indicating that more than 80% were carriers in geographic
areas where human outbreaks are common [32,58], and 12-20% in areas of sporadic
human cases [59,60].
Both large and small-scale human activities contribute to the persistence of rodents as
the carriers of zoonoses like leptospirosis. Anthropogenic factors such as altering natural
landscapes, agricultural practices, and the migration of persons to concentrated urban
areas change the ecosystem between pathogens and their natural animal hosts.
Deforestation and habitat fragmentation of natural ecosystems, for example, are
considered drivers of rodent-borne disease emergence because the larger predators that
feed on smaller prey such as rodents can no longer reproduce in the same place, reducing
predator densities. In response, the population of small mammals grows and pathogens
have a greater number of susceptible rodents to infect. Habitat fragmentation is also
considered to bring humans closer to animal habitats, and rodents in particular may seek
shelter and food from human neighbors [57,61]. Being in closer proximity to
serologically naïve humans increases opportunities for sufficient contact for transmission
of rodent-borne pathogens like leptospirosis from rodents to humans [8].

B2.3.2 Other animal hosts
The maintenance of leptospirosis in animal populations is supported by farming
practices in resource-poor settings. It is not uncommon for several livestock species to
share the same farmland and shelter in rural areas, as well as cats and dogs. The close
proximity of multiple animal species results in increased contact between infected and
susceptible animals, providing opportunities for the pathogen to spill over into new hosts
instead of dying out in a single animal reservoir [62]. Rodents are also drawn to the same
barns and shelters that animals inhabit as well as the animal feed [63]. This coexistence
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in rural areas facilitates direct contact between rodents and livestock, and also indirect
contact with their excrement, for further disease transmission.
Leptospirosis is recognized in all livestock including horses, sheep, goats, cattle, pigs,
and dogs in urban and rural areas [31,64,65]. Clinical illness occurs in all of these animal
species, but the Leptospira bacteria has also uniquely adapted to the animal hosts such
that the bacteria can be categorized into serogroups based on the immune response
produced in the host after infection [66]. The serogroups correspond to differences in the
severity of clinical outcomes for infected individuals, and the affinity of particular
serovars for certain mammalian hosts [31,67]. For example the Canicola serogroup is
carried asymptomatically in dogs, the Bratislava serogroup causes no disease in pigs and
horses, and the Hardijo serogroup produce no signs of infection in cows [26,68].
However, should an animal become infected with a serovar that it cannot carry
asymptomatically, clinical disease can result. In all instances, with acute infection, or
longer-term shedding with the host-adapted serovar, Leptospira colonize the kidneys and
the bacteria is excreted through the animals’ urine, allowing direct infection of other
animals or humans in close proximity or contamination of the surrounding environment.

B2.3.3 Environmental contamination
Once Leptospira is excreted into the environment from the urine of animal hosts,
the pathogen can survive weeks or months in suitable soil and fresh water [19,22]. This is
particularly true in tropical climates where flooding contributes to persistence of wet and
humid conditions on which the Leptospira thrive [69]. The movement of flood waters can
also carry Leptospira from place to place, distributing the contaminated sites throughout
the community [48,70–72]. The pervasiveness of freshwater throughout a community has
been associated with increased incidence of human infection with leptospirosis,
presumably because the contact rate between susceptible hosts and the contaminated
environment is high [24,73,74].
B2.3 Risk factors for human infection
Historically, leptospirosis was considered to be a disease associated with particular
occupations that require extensive contact with rodent habitats and other potentially
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infected mammals [18,53]. Sewer workers have the greatest occupational risk for
leptospirosis given the propensity of rodents to congregate in the underground pipes and
the subsequent inevitable presence of their urine [75,76]. Farmworkers are also at risk for
infection with Leptospira both because of their direct contact with infected animal urine,
as well as environments contaminated by rodents and livestock in the farm area [77,78].
Although the incidence rate of leptospirosis in farmers is declining, farmers remain an
important risk group because contact between farmers and their livestock and their
environment cannot be fully eliminated [19,63,78–80]. Farmers who tend crops are also
at higher risk of leptospirosis than the general population from the rodents that live
among the crops, allowing for indirect exposure to Leptospira in the environment [80–
82]. Given the increased awareness of leptospirosis in veterinarians, the risk is not as high
as in other occupations, but the contact required between veterinarians and the animals
that they care for will always allow potential Leptospira infection [83]. In addition to
specific occupations, a high-risk group for leptospirosis is men of working age. This
association is independent of their occupation, suggesting differences in non-occupational
exposure to Leptospira between men and women [19,40,54,82,84].
Non-occupational exposure to Leptospira often occurs after periods of severe
flooding in tropical regions as Leptospira-contaminated water inundates a community
[48,85]. The resulting outbreaks can be severe both in scope and in the resulting illness if
the outbreak strain is of the more pathogenic serovars such as Icterhaemorrhagiae [24].
In non-outbreak settings, exposure to Leptospira through environmental water sources is
also important. Leptospira can persist in nearly all water sources given the proper
temperature and pH [86]. Therefore, recreational activities such as fishing, canoeing, and
bathing in lakes have a strong associations with human leptospirosis [63,87]. Several
outbreaks of leptospirosis have also been linked to triathlon and “adventure” races that
use large freshwater sites as part of the course [88–91].
Around the household, surface waters can be contaminated with Leptospira, allowing
indirect transmission from domestic animals and rodents to humans in the peri-domestic
environment [53,92,93]. Wet soil can also harbor Leptospira, so activities performed
around the house such as gardening, gathering mushrooms, and general contact with
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existing mud and puddles near the house can contribute to leptospirosis cases
[15,63,74,87]. Although rare, direct contact with rodents while working inside the house
or in the garden can also be a risk factor for human leptospirosis [27,87]. Keeping
animals as pets is associated with individuals having leptospirosis, and direct
transmission of Leptospira between domestic dogs and humans has been documented
[26,63]. Stray dogs are also of concern to human leptospirosis infection, most probably
due to their shared environment with rodents and subsequent contamination of water
sources that humans might access [94]. However, some stray dogs do approach humans,
which may facilitate direct contact adequate for Leptospira transmission [95].

B3. Protective Practices against Zoonotic Disease Exposure
B3.1 Personal Protective Equipment
Although a majority of emerging and reemerging infections in humans are of
animal origin, there are effective strategies for protecting against zoonotic disease
exposure in humans. Many guidelines exist, particularly in occupational settings for use
of personal protective equipment (clothing or materials that provide a physical barrier
against transmission) [96–99]. However, the universal protection that equipment such as
gloves, boots, masks and protective eyewear can offer against environmental and direct
exposure to zoonoses in the peri-domestic area are not often the focus of public health
interventions. Rather, these guidelines are provided to at-risk individuals in the context of
specific diseases [97,100–102]. Targeted efforts such as educational campaigns and
distribution of personal protective equipment to reduce exposure to zoonoses can result in
a drop of human cases of disease, as witnessed in England with leptospirosis in sewer
workers [78]. But given the variety of zoonoses to which farmers and other occupational
groups can be exposed, a more holistic approach to addressing zoonotic disease risk at
the farm or household level is warranted [103]. It is well-documented that personal
protective equipment is underutilized in occupational settings [102,104], and little is
known about how or whether gloves, boots, and other physical barriers are used more
broadly. Not only is the use of personal protective equipment important for household
members who formally participate in the agricultural industry, but also for children who
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may unintentionally come in contact with contaminated environment around the
household, or informally contribute to the farm work [105].

B3.2 Vaccination
Another strategy for protecting against zoonotic disease transmission in both animal
populations and humans is vaccination. Using leptospirosis as an example, vaccinating
livestock herds can benefit animal health and reduce the risk for human infection [106],
and vaccinating dogs minimizes the burden of disease in pet populations [107]. Vaccines
have limitations, which can be excessively burdensome to the resource-poor populations
where the risk for human infection is highest. Vaccines do not have 100% efficacy, so an
entire herd must be vaccinated to ensure herd immunity. Additionally, vaccines often
only protect against certain strains of the pathogen, allowing infections from other strains
to still occur, as is the case for leptospirosis [18,107]. The need for boosters and annual
revaccination of herds and pets can be an insurmountable cost [18,108]. Vaccination in
animal populations requires that animals are owned and cared for by households. Stray
dogs in particular are known to be carriers of many zoonoses, including leptospirosis
[109,110], and vaccinations of these free-roaming animals on an annual basis may not be
cost-effective [111].
Vaccination can also be used in human populations either with or without
vaccination of the animal population. For leptospirosis specifically, there are a few
vaccines on the market, which provide protection against select serovars [112]. The
vaccines have been shown to reduce human incidence of leptospirosis with 97% efficacy
[51]. In creating a vaccine for leptospirosis, locally relevant strains need to be used to
ensure proper antigenic response [112]. Therefore, the vaccine is most commonly used in
areas prone to outbreaks and flooding, where one or two serovars are predominant and
predictable sources of human cases [51]. Another method for human protection against
zoonoses and leptospirosis specifically has been chemoprophylaxis. This strategy has
been effective in situations where prolonged and intense exposure to potentially
contaminated environments is anticipated [113–115]. However, this approach has not
been evaluated on a population level. A more affordable and comprehensive approach to
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reducing transmission than vaccines and chemoprophylaxis may be routine herd
surveillance for pathogens [103,116,117], and accessible veterinary care for animals
[118,119].

B3.3 Animal control
The mixing of animal species and subsequent spillover events is “the defining
characteristic of a zoonosis” [7]. One effective method for reducing spillover events is to
keep animal species from making sufficient contact with each other for disease
transmission. Physical separation can be relevant for separating different livestock
species on the same farm, but also to restrict owned animals from stray or wild
populations. On farms, this would include making sure that the animal shelters such as
huts, barns, or sheds are constructed and maintained to protect against inter-species
contact [118]. To reduce contact between domestic pets and stray or wild animals,
leashes and fencing can be used [120,121]. These strategies are also effective for
restricting animal movement so that they do not contaminate environments where
humans may be exposed [122].
As previously mentioned, rodents are efficient reservoirs of zoonotic pathogens
[123]. Therefore, rodent control is an important element of interrupting both direct and
indirect disease transmission routes. While traps and poison offer the most effective
method for reducing the presence of rodents at the household level, deterring rodent
presence by storing food and animal feed in rodent-proof containers, and disposing of
trash regularly can also be effective [57,124,125]. At the community level, more
concentrated efforts to address rodent population management through improved
infrastructure and wide scale rodent eradication can also be beneficial to reducing rodenttransmitted zoonoses [126–128].

B4. Molecular Methods for Detecting Pathogens in the Environment
Indirect transmission is characteristic of many zoonotic pathogens, not only
leptospirosis, and surveillance of specific pathogens in the environment has demonstrated
utility in anticipating and protecting against human infection [129–131]. Drinking water
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quality is maintained through constant monitoring for pathogens, and freshwater
swimming sites are regularly sampled to determine whether they are safe for recreation
[132–135]. However, while enteropathogens and fecal indicators can grow rapidly,
allowing for definitive detection of the pathogen with 24-48 hours [136], some zoonotic
pathogens can take substantially longer, up to several weeks for a definitive result
[18,137]. Such a long period between sample collection and results make it unreasonable
to use culturing as a timely indicator of infection risk.
Polymerase chain reaction (PCR) methods have been suggested for more efficient
detection of pathogens in the environment, as processing and results can be completed in
hours instead of days [34]. Briefly, the PCR process uses short single-stranded DNA
sequences called primers to anneal to the matching complementary strands of DNA of a
pathogen. Then, the DNA of the pathogen is replicated many times in the presence of an
enzyme, Taq polymerase and the resulting product is electrophoresed through an aragos
gel to confirm amplification followed by sequencing to confirm the presence of the
pathogen [138–140]. In addition to the time benefits of PCR, the outputs match the
specificity of bacterial culture through sequencing of the PCR product, and molecular
epidemiology methods can be applied to answer questions about factors associated with
the presence/absence of a particular pathogen [141]. For example, molecular evolution
methods allow for assessing whether genetic sequences of a pathogen differ based on
geographic location, type of environmental sample, or the time of sample collection. The
major limitation of PCR is that the annealing and replication of DNA can be performed
on non-viable pathogen DNA. Therefore, if PCR detects a pathogen’s DNA, it does
indicate recent contamination of the environment with the pathogen, but if the DNA is
non-viable, the immediate risk of infection for animals and humans from that specific site
are non-existent [42,92,142]. New tools are being developed that address whether a
detected pathogen is viable, and therefore capable of producing infection, which would
provide more accurate risk assessment for human health [143–145].
Regardless of the method used to detect pathogens in the environment (culture or
PCR), there are benefits to long-term monitoring to predict and ideally prevent outbreaks
[134,146]. As PCR methods are increasingly used, there are opportunities to detect
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multiple pathogens or strains of the same pathogen to determine their relative abundance
in the environment. Shifts in diversity of pathogens found in environmental samples,
specifically zoonotic pathogens, may indicate changes in the prevalence of disease in host
species, lapses in prevention strategies, or responses of the pathogen to external pressures
like climate or vaccination [63,79,93,147,148]. Through systematic and regular
monitoring the environment for contamination, indirect transmission of pathogens could
be increasingly avoided, reducing the burden of zoonotic disease in humans.

B5. Agent-Based Modeling as an Epidemiologic Tool
B5.1 Overview of Agent-Based Modeling
Agent-based modeling (ABM) has been described as a process in which one will
“begin with a theoretical understanding of a certain system, build a model of it, and then
simulate its dynamics to gain a better understanding of its complexity [149].” The agentbased modeling is well-suited for modeling the incidence of zoonotic disease in humans,
particularly those with an indirect transmission route because of the numerous ways in
which hosts become infected. Often the literature provides the statement or theory that
indirect transmission can occur, but the specifics of how much of the pathogen needs to
be present, what type of contact needs to be made, and details of pathogen and host
factors remain unknown. By simulating the hypotheses about transmission parameters, it
is possible to explore patterns of disease incidence that emerge from different scenarios.
When comparing this incidence data to existing epidemiologic records, we can begin to
explore which scenarios are more likely to represent the true system dynamics, and
inform research studies to further refine parameter estimates.
ABM’s consist of multiple individuals, called “agents”. Agents can represent animals,
humans, or physical space/environment, and each agent is assigned its own specific set of
rules and attributes that govern its interaction with other agents. The rules and attributes
are often based on a combination of primary data collection, literature reviews, and
expert opinion. Agents are also able to change their behavior based on interactions with
other agents, allowing for patterns to emerge over time that might be missed by static
attributes assigned to individuals when using other mathematical modeling techniques
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[150]. Among the most common mathematical modeling methods for examining the
dynamics of infectious diseases is the Reed-Frost or Susceptible-Infectious-Recovered
(SIR) model. The SIR model examines how a pathogen can move through a population
by assigning a fixed proportion of individuals as “infectious” at the start of the modeling
exercise and determining how often individuals randomly mix and make contact with one
another. With a certain probability, the contact is sufficient to transmit the infection, and
“susceptible” individuals become “infectious” [151,152]. Eventually “infectious”
individuals either die from the disease or “recover” and are readmitted to the
“susceptible” population or are given immunity to reinfection. One limitation of the SIR
model is that it assumes random mixing of the individuals in the population, an
assumption that often does not hold true in the actual transmission of infectious diseases.
Moreover, the SIR model works best when one host species and one transmission route is
examined at a time. Agent-based modeling (ABM) more easily incorporates the natural
ways in which an infectious agent is transmitted in a community than differential
equation-based SIR models. Agents are able to move within a physical space and contact
each other and the environment, allowing the observer to monitor patterns of infection.
The SIR structure is still used, as agents can transition through the susceptible, infected,
and recovered stages. By documenting the individual process of each agent for getting
infected, ABM helps to determine the contribution of individual behaviors and
characteristics that contribute to collective infection trends at the community or
population level.
B5.2 Applications in Epidemiology
Mathematical modeling in infectious disease epidemiology is not novel, rather
mathematical models have been used extensively to describe the probabilities of
transmission of a pathogen from host to host. However, the added benefits of agent-based
modeling are that it can incorporate all of the underlying infectious disease mathematical
models and illuminate dynamics in the overall prevalence and incidence of the disease
that would not be detected by looking at each model individually. Within epidemiology,

18

the advantages of ABM have resulted in three primary applications: i) risk assessment, ii)
testing intervention strategies, and iii) setting research priorities.
ABM is effective for risk assessment because of spatial and temporal explicitness.
Since the environment is an active agent in the model, although normally referred to as a
“patch”, it can retain information. Examples of information a patch might retain is the
amount of a particular pathogen present, the quantity of a particular resource, and the
presence of other hosts (Figure 3) [150]. For indirect transmission purposes, the amount
of a pathogen is relevant for determining the probability of transmission to another host,
while the presence of another host on the patch could present an opportunity for direct
transmission [153,154]. The temporal component of ABM is similar to SIR models in
that characteristics about the agents and their infection states can be reported at each
time-step in the model. However, where the SIR models are more likely to output just the
final result of which agent is in what stage of the disease, ABM provides opportunities to
examine the sub-steps that lead to that result. For example, in vector-borne diseases, the
outcome of interest may be incident infections, but since a vector has to first bite a host,
another measure that could be obtained from an ABM is the number of bites that
occurred in a given time period (Figure 4). These intermediate spatial and temporal
effects may be relevant to assessing when the highest risk for disease transmission exists
either from a particular location, or during a specific time period.
Mathematical modeling is often use to assess different intervention strategies when
they are otherwise unethical or unfeasible to test in real settings. Methods used include
decision modeling with or without Bayesian methods, network analyses, and differential
equations [155–158]. ABM provides another tool for examining the potential effect of
interventions on disease incidence and prevalence. The output from ABMs allow more
than an assessment of the final number of cases of a disease; the distribution of a
pathogen in a community can be visually assessed and because hosts are all individuals,
host characteristics relative to intervention strategies can be examined [159]. As with
other modeling techniques, many scenarios or interventions can be compared in an ABM,
with the added benefit of describing how an intervention works through space and time in
a population, not just whether it works [160].
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Forwarding research priorities is an objective or discussion point in all manuscripts.
But many modeling methods, including ABM, offer the benefit of quantifying or ranking
the relative importance of research priorities, particularly they pertain to disease
transmission. As described, ABM is often used when there is a theoretical understanding
of disease transmission, but a lack of understanding of the specific disease dynamics.
Literature reviews and expert opinions often yield a range of potential values for
parameters such as contact rates, direct and indirect transmission probabilities and
survival of pathogens in the environment, among others. Through sensitivity analyses, the
relative impact of each of these parameters on the outcomes can be quantified. In
situations where the range of suggested values for a parameter is wide or uncertain, a
conclusion might be that more resources should be put into better understanding that
portion of the disease system. However, when that parameter value is changed in the
model, it is possible that its influence on the outcome being assessed is minor. Perhaps a
different parameter is more influential, and the understanding of that aspect of the system
should be refined [161].
B6. Conclusion
The research presented in this dissertation is focused on understanding Leptospira
transmission in the peri-domestic environment. Specifically, peri-domestic transmission
is explored through three lenses: 1) human prevention measures, 2) pathogen surveillance
in the environment, and 3) potential control strategies. While leptospirosis is used as a
primary example throughout this dissertation, the significance of the studies presented
here is that they draw attention to broader issues in understanding the transmission of
similar zoonotic agents. First, while some emerging pathogens are known for their ability
to cause wide-ranging outbreaks, much of zoonotic disease transmission occurs where
people and animals are closest: in their daily lives. This small-scale, sporadic
transmission that takes place in the peri-domestic environment can set the stage for more
constant cross-species infections, and equally can interrupt it. Second, monitoring
pathogens in the peri-domestic environment could provide opportunities for early
warning of potential outbreaks, allow source tracking back to specific animal hosts or
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environmental contamination, and the evaluation of interventions. Third, multi-host
systems with direct and indirect transmission routes remain a challenge for intervention
strategies as the pathogen can continue to find susceptible hosts. Modeling tools offer the
ability to infer the relative importance of different hosts and the environment to suggest
where intervention strategies might be most efficient and effective. Fourth, for the subset
of emerging pathogens that are neglected tropical diseases, there remain many unknowns
about both the pathogens and the tools to prevent and control them, and this research can
help identify future research priorities. Jointly, the research presented in the following
chapters reveals and addresses several gaps in the literature regarding zoonotic disease
transmission in the peri-domestic environment.
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C. ECO-EPIDEMIOLOGY OF LEPTOSPIROSIS PROJECT OVERVIEW
C1. Los Rios Region, Chile – Study Site
This research is based on data collected in the Los Rios Region, Chile. Located in
south central Chile, the Los Rios Region is considered to be an agricultural area where
cattle production is a major industry and other livestock are common including pigs,
sheep, goats, horses, and poultry [162]. The median monthly income is approximately
$208 USD [92]. The climate of the region is considered temperate rainforest, but rainfall
varies substantially from 1200mm in the central valley to 5500mm in the Andes
Mountains. Average temperatures range from 8 °C in the winter to 17°C in the summer
[163].
Although outbreaks of zoonotic diseases in humans are not frequent, the Los Rios
Region has consistent low levels of endemic cases for many zoonoses, attributed to the
suitable climate for survival of pathogens in the environment, as well as direct
transmission opportunities in the agricultural sector. Among the notable zoonotic diseases
are trichinosis and echinococcosis with annual incidence rates of of 5.50 and 7.34 per
100,000 persons, respectively [164,165] and Hantaviruses with an annual incidence of
1.31 per 100,000 persons [166]. Toxoplasmosis also is particularly common in the region
with 40% of the human population showing serological evidence of prior infection, of
which a large proportion is attributed to ingestion of oocysts from the environment [167].
For leptospirosis, the disease of interest throughout this dissertation, the national
incidence rates are estimated to be between 0.14 and 0.20 per 100,000 persons [168]. But
as with many zoonotic diseases, surveillance is conducted passively and many cases are
subclinical, so the incidence rate is likely underestimated.

C2. Eco-epidemiology of Leptospirosis Study Design and Data Collection
The majority of the data for this project comes from the “Eco-Epidemiology of
Leptospirosis in Latin America” study conducted by Dr. Claudia Muñoz-Zanzi with
funding from the National Science Foundation Emerging Infectious Disease program.
The objectives of this broader study were to:
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1) Identify and quantify the socio-ecological elements that regulate the distribution
of Leptospira infection and environmental contamination in three different types
of communities in southern Chile representing rural and urban environments.
2) Identify effective intervention strategies to reduce animal and human leptospirosis
in developing countries through development of a mathematical transmission
model [169].
To address these aims, between November 2010 and March 2012, a total of 422
households from twelve communities were identified and surveyed. Households were
selected based on representativeness of the community in which they resided and their
willingness to participate in the study. The twelve communities consisted of four
communities from each of three distinct community types: urban slums (n=142
households), farm areas (n=146 households), and rural villages (n=134 households).
Urban slums were characterized as informal settlements outside of major cities, where
housing conditions were predominantly substandard and the population was highly
concentrated. Farm areas were classified based on a predominance of farms or isolated
houses, where individual households had their own water source. Rural villages were
considered to be located away from major population centers but with closely spaced
households where a single communal water source was accessed by community
members.
At each household, a questionnaire was administered by study staff to collect data on
household demographic, environmental, and behavioral characteristics. Demographic
questions included the age, sex, occupation, and education level of all individuals living
at the residence. Environmental characteristics included the quality of the housing
infrastructure such as the roof, walls, and floors of the dwelling space and indicators of
rodent presence in the house such as gnawed boxes, rodent feces, or hearing rodent
noises. Behavioral characteristics, the focus of Manuscript 3, included wearing boots and
gloves, restricting animal movement from the garden areas, vaccinating animals, and
rodent control measures.
At the same visit, environmental water samples were obtained from puddles, animal
drinking troughs, flowing water sources, drinking water, and containers in the peri23

domestic environment. These samples were later processed using polymerase chain
reaction (PCR) methods for detection of the Leptospira species and subsequent
sequencing of the PCR product, described in further detail in Manuscript 1. Rodent traps
were set for three consecutive nights at each household and checked daily. Trapped
rodents were euthanized and their kidneys were processed for assessment of Leptospira
carriage using PCR methods.
From animals and humans, serum samples were collected for assessment of prior
exposure to leptospirosis using a Microscopic Agglutination Test (MAT). Animal sera
collected for serology included the following species: dogs, cows, sheep, pigs, horses,
and goats. The MAT test was carried out at the Centers for Disease Control, United
States. A panel of 20 serovars from 17 serogroups was used including serovars Australis,
Bratislava, Autumnalis, Bataviae, Canicola, Djasiman, Grippotyphosa,
Icterohaemorrhagiae, Mankarso, Pomona, Pyrogenes, Wolffi, Ballum, Javanica,
Tarassovi, Cynopteri, Borincana, Alexi, Georgia, and Celledoni. For each serovar,
samples with titre ratios ≥ 1:100 were identified as positive.
The study protocol for the Eco-epidemiology of Leptospirosis in Chile project was
approved by the Ethics Committee of Austral University in Chile and by the University
of Minnesota IRB (No. 0903M62042).

C3. Leptospirosis in Los Rios Region, Chile
The research presented in this dissertation relies heavily on data collected in the
Eco-epidemiology of Leptospirosis in Chile study but does not seek to specifically
address risk factors associated with risk of disease. Rather, the data will be used to
explore human preventive activities against zoonoses in general, presence and diversity
of the pathogen in the environment, and specific disease transmission routes in an urban
environment. The following subsections are included to summarize the presence of
leptospirosis in the Los Rios Region, Chile in humans and animals as context for the
research presented in subsequent chapters. In general, the Los Rios Region can be
classified as an area in which exposure to the Leptospira occurs sporadically, but at
detectable and non-negligible levels.
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C3.1. Human Seroprevalence
The seroprevalence of leptospirosis in humans was assessed using MAT. A titre
ratio ≥1:100 was indicative of ever having been exposed to Leptospira. Overall, the
seroprevalence for the Los Rios Region was 6% but ranged from 3-10% across the 12
communities (Figure 5) [170]. The importance of farming in the Los Rios Region, and
the potential for direct and indirect transmission in agricultural settings, aligns with the
observation that community D-1, a farm community, had the highest seroprevalence.
However, community D-4, also a farm community, was the site of the lowest
seroprevalence (3%). The rural village communities had seroprevalences ranging from 39%, and the urban slum areas ranged from 3-8%, demonstrating larger variation between
communities of a given type than between the community types of rural farms, rural
villages and urban slums.
Figures 6-8 show the titre ratios for reactions against the 20 serovars in the MAT
panel (Figures 6-8). Notably, none of the human sera from farms appears to have reacted
to the Canicola serovar, perhaps because of the abundance of other animal species in
those communities that could transmit other serovars of the pathogen. There were also
stronger reactions (higher titres) to the Autumnalis and Ballum serovars in the rural
villages and urban slum communities than in the farm areas. Urban slums and rural
villages did have less diversity in MAT reactions than farms, with only four serovar types
with documented reactions compared to seven types in farm areas. The limitations of
MAT still apply however, and a positive reaction does not necessarily indicate current or
recent infection and cross-reactivity of the MAT may produce false positive readings for
serovars that share similar antigenic properties [142].

C3.2. Animal Seroprevalence
With the exception of rodents, leptospirosis presence in animals was also assessed
using MAT with the same titre ratio ≥1:100 being representative of past infection. Of the
dogs that were sampled across the study region, 26% were positive via MAT, as well as
16% of sheep, and 37% of cattle [170]. Dogs had a higher proportion testing positive in
urban areas (45.1%) compared to rural villages (22.3%) and farm areas (10.9%), but all
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had a similar breadth of serovars to which the sera reacted [65]. Sheep and cows were not
present in the urban areas, and can therefore only be compared between rural villages and
farm areas. There were more sheep overall in the farm areas than in rural villages, and
nine different serovars detected compared to eight in the rural villages. Cows were the
most diverse in the types of Leptospira to which they had been exposed. Eleven different
serovars were observed in the rural village MAT results, and thirteen in the farm area
results. Of the cows that did test positive in rural villages, all had a stronger than 1:100
titre ratio response to the serogroup Sejroe (serovar Wolfii) antigen.
While dogs, sheep, and cows were assessed for previous Leptospira exposure via
MAT, rodents were trapped and examined for Leptospira carriage through PCR testing of
their kidneys after being euthanized. Overall, 20.4% of rodents in the study were PCRpositive for Leptospira [59]. Rodents most commonly tested positive in the rural villages
(25.9%), while 19.7% of rodents trapped in farm areas, and 12.3% of rodents trapped in
urban slums were PCR-positive [59]. Diversity of the pathogen obtained from the rodent
samples was not assessed, but the season and year of sample collection as well as type of
rodent were associated with whether a given rodent tested positive for Leptospira
carriage. More samples tested positive in Year 1 of the study than Year 2, and Spring
more than summer. Mice and wild rodents were more likely to be carriers than rats [59].

C3.3 Leptospirosis in Los Rios Region, Chile - Summary
These MAT and PCR results demonstrate that leptospirosis is present in the Los
Rios Region, Chile. The proportion of animals and humans testing positive differed
substantially across the individual communities, and MAT profiles varied across
community types. A wide range of seroprevalences across the 12 communities, suggested
that local behaviors and settings play a role in disease transmission. The objective of the
following chapters is to describe small-scale zoonotic disease transmission that occurs in
and around the household and explore opportunities to reduce the human burden of
disease.
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D. MANUSCRIPT I: Distribution and Diversity of Pathogenic Leptospira Species in
Peri-domestic Surface Waters from South Central Chile

Published: Mason MR, Encina C, Sreevatsan S, and Muñoz-Zanzi C. Distribution and
Diversity of Pathogenic Leptospira Species in Peri-domestic Surface Waters from South
Central Chile. PLoS Neglected Tropical Diseases. (2016) 10 (8).
DOI:10.1371/journal.pntd.004895

D1. Summary
Background: Leptospirosis is a neglected zoonosis affecting animals and humans
caused by infection with Leptospira. The bacteria can survive outside of hosts for long
periods of time in soil and water. While identification of Leptospira species from human
cases and animal reservoirs are increasingly reported, little is known about the diversity
of pathogenic Leptospira species in the environment and how surveillance of the
environment might be used for monitoring and controlling disease.
Methods and Findings: Water samples (n=104) were collected from the peridomestic environment of 422 households from farms, rural villages, and urban slums
participating in a broader study on the eco-epidemiology of leptospirosis in the Los Rios
Region, Chile between October 2010 and April 2012. The secY region of samples,
previously detected as pathogenic Leptospira by PCR, was amplified and sequenced.
Sequences were aligned using ClustalW in MEGA, and a minimum spanning tree was
created in PHYLOViZ using the goeBURST algorithm to assess sequence similarity.
Sequences from four clinical isolates, 17 rodents, and 20 reference strains were also
included in the analysis. Overall, water samples contained L. interrogans, L. kirschneri,
and L. weilii, with descending frequency. All species were found in each community
type. The distribution of the species differed by the season in which the water samples
were obtained. There was no evidence that community-level prevalence of Leptospira in
dogs, rodents, or livestock influenced pathogen diversity in the water samples.
Conclusions: This study reports the presence of pathogenic Leptospira in the peridomestic environment of households in three community types and the differences in
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Leptospira diversity at the community level. Systematic environmental surveillance of
Leptospira can be used for detecting changes in pathogen diversity and to identify and
monitor contaminated areas where an increased risk of human infection exists.

D2. Author Summary
Leptospirosis is a zoonotic disease that is caused by either direct contact with the
urine of animals infected with pathogenic forms of Leptospira, or indirectly, through
contact with contaminated water or soil. Because many people become infected through
the environment, where the bacteria can live for many months if the conditions are
suitable, we tested water samples from the peri-domestic area in twelve different
communities from Los Rios region, Chile to examine whether the Leptospira species
were different in urban, rural village, and farm areas. We found that all three community
types had L. interrogans, L. kirschneri, and L. weilii. No evident associations were seen
between animal infection and the frequency or diversity of Leptospira. The proposed
surveillance method has potential for systematic monitoring of surface waters that will
help us better understand the importance of animal, climate, and environmental factors in
the variation of Leptospira species present in a community in order to predict infection
risk and inform prevention programs.

D3. Introduction
Each year, an estimated 1.03 million cases of human leptospirosis occur
worldwide, resulting in 2.9 million disability adjusted life years lost [12,17].
Transmission of Leptospira to animal hosts and humans occurs either through direct
contact with the urine of an infected animal, or indirectly, through contact between
mucosae or open skin and contaminated soil or water [22,53]. The resulting clinical
disease in humans can range from asymptomatic infection to flu-like symptoms, jaundice,
and pulmonary hemorrhaging, with a case fatality of 10-50% [33]. Risk factors
associated with human infection include specific occupational hazards and recreational
activities [53,63,78], but also commonplace exposures such as living in urban areas
[171], contact with livestock and companion animals in the peri-domestic environment
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[77], and walking barefoot [172]. Many of these factors are related to living in resourcepoor settings, and indeed, the impact of leptospirosis on a community depends heavily on
where it rests on the socio-economic gradient [55,71].
Many studies have documented the impact that rainfall and flooding have on the
incidence of leptospirosis in humans and animals [107,173–176]. With lasting humidity
and warm temperatures, Leptospira can persist in the environment for several months
[22]. Studies have also previously examined the concentration and species of Leptospira
present in surface waters in tropical areas where heavy flooding occurs seasonally. In
urban sites in Malaysia, water samples collected from public spaces including lakes,
swamps, and effluent drains, as well as soil samples near households, were examined for
Leptospira using culture [69]. Approximately 23% of all samples tested positive,
however, many of the species found were intermediate and saprophytic (L. wolffii, L.
biflexa, and L. meyeri) [69]. In Peru, surface waters in both urban and rural areas were
assessed for Leptospira using PCR methods, revealing increased species diversity in rural
areas compared with urban centers. Urban samples were primarily identified as L.
interrogans while rural area samples were primarily L. santarosai and L. noguchii [72].
Both studies recommended regular monitoring of the environment for identifying
contaminated areas where humans may be at higher risk for infection.
Recent developments in PCR methods have made it possible to more efficiently
determine the presence of pathogenic Leptospira from environmental samples [177,178].
Presently, public health responses to Leptospira-contaminated bodies of water are
reactionary. There can be a delay of several days or weeks from the start of an outbreak
to messages reaching the community advising them to avoid the contaminated sources,
by which point human infection has already occurred [129]. In high risk areas, it would
be beneficial to have systematic surveillance of Leptospira in the environment so that
meaningful changes in the amount or the geographic distribution of the pathogen can be
detected in advance of human cases. Additional improvements to molecular sequencing
are also allowing for rapid genetic classification of Leptospira which can be useful for
integration of animal and human surveillance [179]. Shifts in the relative abundance of
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particular species in these settings may be indicative of changes in the local ecology and
heightened risk for human infection.
The objective of this study was to describe the presence and species diversity of
Leptospira in surface water samples from the peri-domestic environment in a region with
endemic levels of leptospirosis in humans and animals. It was hypothesized that
differences in the molecular makeup of the pathogen would be evident across rural, small
village, and urban community types.

D4. Materials and Methods
D4.1 Surface water sample collection
The water samples collected for this study were obtained as part of a broader research
project on the eco-epidemiology of leptospirosis in the Los Rios Region of South Central
Chile between November 2010 and April 2012. Valdivia, the capital of the Los Rios
Region (39° 48′ 50”S, 17° 14’ 45”W), receives an average of 2500 mm of rainfall
annually, and experiences temperatures between 7.6° and 16.9°C throughout the year
[180]. Water samples were collected from the peri-domestic environment of 422
households in twelve communities across three community types: marginalized or urban
slum communities (U, n=142 households), rural villages (C, n=134 households) and rural
farm areas (D, n=146 households). Households were selected randomly from within each
community as part of the larger research study and were enrolled based on their
willingness to participate in a household questionnaire, collection of serum samples from
pets, livestock and household members, rodent trapping efforts in and around the
household, and water sample collection. A detailed description of the components of this
cross-sectional study has been previously provided [59,92]. Reported results from these
same communities document wide evidence of Leptospira exposure in animals and
people. Overall seroprevalence in humans was 6%, ranging by community from 3% to
10% [170]. Additionally, 26%, 16%, and 37% of dogs, sheep, and cattle were
seropositive, respectively, and 20% of trapped rodents were PCR positive [59,65,170]
(Figure 9).
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Water samples were collected primarily from the peri-domestic environment,
outside of the physical housing structure and within the household’s property limits. In
farm areas and villages, this included the yard, and any livestock living spaces within
approximately a 15-20m radius. In urban slums, because of the close proximity between
houses, the sampling space was limited to small yards separating houses. Water sample
sources included pails, buckets, large bins, animal drinking troughs, trash cans, small
streams, ditches, puddles, and standing water. Based on additional usage information
from study participants, these sources were further classified into five categories for
analysis: flowing water sources, animal drinking troughs, puddles, containers, and
household drinking water sources. Study staff collected water from as many of the water
sources described above within a household’s peri-domestic area, up to a limit of 7
samples per household. At least 50mL of water, 1L when possible, was collected using
sterile technique and poured into a labeled Whirlpak bag [181]. Samples were stored at
4°C for no more than 24 hours before processing through previously described methods
[92].
D4.2 Extraction and PCR detection of Leptospira
Extraction of whole DNA from water samples was conducted using a commercially
available QIAamp DNA Mini Kit (Qiagen, Valencia, California, US), per the
manufacturer’s instructions. DNA elution was performed with 200 µl of elution buffer.
All water samples were tested using two PCR protocols, and all amplifications included a
negative control, consisting of water, and a positive plasmidial control. The first PCR was
a nested PCR protocol using the Lepat set of primers (Lepat1 and Lepat2) targeting the
16s rRNA gene found by Murgia et al. to identify pathogenic Leptospira [20]. A 510
base pair product was amplified in the first round using 16S13 (5’-CGG CGC GTC TTA
AAC ATG–3’) and 16S522 (5’-TCC GCC TAC ACA CCC TTT AC-3’) primers. A
second amplification round of a 330 bp product was obtained using Lepat1 (5’GAGTCTGGGATAACTTT-3’) and Lepat2 (5’-TCACATCGYTGCTTATTTT-3’)
primers. The second PCR protocol targeted a 242 base pair fragment of the lipL32 gene
that also detects pathogenic Leptospira. This portion of the Leptospira genome was
amplified with the LipL32-45F (5’-AAGCATTACCGCTTGTGGTG-3’) and LipL3231

286R (5’-GAACTCCCATTTCAGCGATT-3’) primers [43,182]. GoTaq Flexi DNA
polymerase was used in combination (5:1) with Pfu DNA Polymerase (Promega,
Madison, Wisconsin, US) for all PCR protocols.
A sample was considered positive for pathogenic Leptospira if it tested positive
through either PCR protocol. All of these positive samples as well as DNA from 20
reference Leptospira strains obtained from the Royal Tropical Institute, The Netherlands
(Table 2), four local clinical isolates (two humans, one horse, and one cow), and 17
rodents (7 Rattus rattus, 7 Mus musculus and 3 wild rodents) captured from the same 422
households [59] were then tested using a PCR that targets the secY gene. The secY
primers used were SecYIVF (5’- GCGATTCAGTTTAATCCTGC -3’) and SecYIV (5’CTTAGATTTGAGCTCTAACTC -3’), with a target of 202 base pairs [44]. After
amplification, the PCR products were purified and sequenced (Macrogen Inc., Seoul,
Korea) and then used in a BLAST search of GenBank (National Center for
Biotechnology Information, Bethesda, MD) to verify their similarity to other pathogenic
Leptospira sequences. The chromatograms obtained from sequencing were cut at the start
and end of the primers for the respective forward and reverse sequences, and examined
visually for mismatches in the nucleotide bases using Sequencher 4.10 (Gene Codes
Corporation, Ann Arbor, Michigan, USA). A sample was considered suitable for
phylogenetic analysis if the forward and reverse sequences could be aligned, and any
mismatches between base pairs could be resolved based on visual inspection of the
chromatogram. Sequences are available in GenBank (Accession numbers: KX444622KX444627, KX513514 - KX513524, KX513410 - KX513513).
D4.3 Statistical and phylogenetic analyses
Sample positivity was tabulated and described by community type (rural farms,
rural villages, or urban slum areas), year, and season of sampling (Spring: AugustNovember, or Summer: December-April). A mixed-effects logistic regression model with
random intercepts at the community level was used to examine associations between
these variables and sample PCR-positivity. Correlations between the proportion of
seropositive dogs, livestock, PCR-positive rodents, and the proportion of PCR-positive
water samples within a community were also calculated. Data for the community-level
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seroprevalence of Leptospira in livestock and dogs, and the PCR data for Leptospira
carriage in rodents were obtained from the data collected for the broader study in the
region [65,92] (Figure 9).
The secY sequences from the PCR-positive samples were compared to the
sequences from the reference strains using the goeBURST algorithm in PHYLOViZ at
the single-, double- and triple-locus variant levels, corresponding to the number of base
pair differences between samples [183,184]. Each water, rodent, and clinical sample was
classified as a particular Leptospira species based on the reference sequence with which
it shared the most genetic similarity. The resulting minimum spanning tree was paired
with data from the water sample collection sites to visually assess associations between
household characteristics and the way in which samples clustered on the minimum
spanning tree. Fisher’s exact tests were used to examine whether the distribution of
Leptospira species differed across community types (rural farms, rural villages, or urban
slum areas), year, and season of sampling (Spring: August-November, or Summer:
December-April) [185]. Differences in the distribution of Leptospira species by sample
type, average temperature of the preceding seven days (°C), rainfall in the preceding 30
days (mm), and household-level prevalence of animals and rodents with Leptospira
infection were also assessed because of their relevance in prior analyses [59,65,92].
D4.4 Ethics statement
The study protocol was approved by the University of Minnesota’s Institutional
Review Board (No. 0903M62042), the Institutional Animal Care and Use Committee
(No. 0904A63201), and Austral University’s Human and Animal Ethics Committee (No.
01/09). The Public Health Service Policy on Humane Care and Use of Laboratory
Animals in testing, research, and training provides the core of the operational guidelines
for the University of Minnesota Institutional Animal Care and Use Committee. Head of
households, all adults, provided written informed consent prior to participation in this
study.
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D5. Results
D5.1 Presence of pathogenic Leptospira
From the 422 households in the Los Rios Region, 359 (85.1%) had at least one
environmental water sample collected. In those 359 households, 816 water samples were
obtained, of which, 153 (18.8%) were PCR positive for pathogenic Leptospira by at least
one of the two PCR protocols (Table 3). Farm areas had the most water samples collected
(n=359) and also the highest proportion of PCR-positive samples (20.6%). Of the
different water sample types, puddles were most commonly contaminated with
pathogenic Leptospira (27.3%). In the mixed model with the random intercept for
community, community type was not associated with whether a water sample was PCRpositive (D vs C p-value = 0.94 and U vs C p-value = 0.71). This is likely due to the
distinct differences in the proportion of positive water samples at the community level,
with large differences between communities of the same type. Among the rural villages,
between 10.5% and 37.5% of samples tested positive, 6.1% and 43.1% of samples tested
positive in rural farm areas, and between 4.9% and 33.3% in urban slum communities.
The mixed regression model also indicated an interaction between season and year of
sampling. In the second year of the study, more samples collected in summer (DecemberApril) tested positive (39.3%) compared with samples collected in spring (AugustNovember) (20.3%, p-value = 0.04). This was not observed in the samples collected
during the first year (p-value = 0.77). No trends were observed between the proportion of
PCR-positive water samples and the proportions of livestock or dogs seropositive for
Leptospira or the proportion of PCR-positive rodents (Figure 14). Seropositivity ranged
from 4.5% -22.6% for sheep, 10.7%-75.0% for cows, and 4.8%-68.0% for dogs. The
proportion of PCR- positive rodents ranged from 0 – 41% at the community level.
D5.2 Leptospira species from water samples
From the 153 PCR positive samples, 104 (12.7% of all water samples) had a
sequence suitable for phylogenetic analysis using the secY gene (Figure 10). In the
goeBURST analysis of the sequences from the secY gene, all sequences were not
connected in the network until 18 variant loci were considered. Because the DNA from
water samples were not obtained from isolates, some variation in the genetic makeup of
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the sequences relative to the reference sequences was expected, and therefore the triplevariant locus Minimum Spanning Tree (MST) was used for classification of samples.
Fewer than three base pair differences from a reference sequence were considered to be
indicative of the correspondent species. Based on this classification, the most common
Leptospira species in water samples was L. interrogans (75.0%, n=78), followed by L.
kirschneri (15.4%, n=16), and L. weilii (2.9%, n=3) (Figure 11). Seven water samples
(6.7%) had three or more base pair differences with any reference sequence and were not
classified. Using the National Center for Biotechnology Information (NCBI) Basic Local
Alignment Search Tool (BLAST), the unclassified were confirmed to be pathogenic
Leptospira. The seven unclassified sequences matched with pathogenic Leptospira in the
NCBI BLAST database at 97% or above as either L. interrogans (n=6) or L.
borgpetersenii or L. kirschneri (n=1). The majority of rodent samples were most similar
to L. kirschneri (70.6%, 12/17 rodents), followed by L. borgpetersenii (11.8%, 2/17
rodents), L. interrogans (11.8%, 2/17 rodents) and one sample was unclassified (5.9%,
1/17) . The sequences from the cow, horse, and from one of the human cases were most
similar to L. interrogans, while the sequence from the second human case aligned most
closely with L. kirschneri (Figures 10-11).
Community type was not associated with the presence of a particular Leptospira
species (p-value = 0.27) (Table 4). A visual representation is seen in Figure 12 where the
community types are equally distributed across the three known Leptospira species in the
MST produced in Phyloviz. However, at the community level, there were notable
differences in distribution of species (Figure 13). Community D-4, seemed to have L.
interrogans only; 19 of 22 samples were classified as L. interrogans, and the other three,
while unclassified, were also suggested to be L. interrogans based on results from the
NCBI BLAST. Similarly, all sequences from community U-3 (n=15) were classified as L.
interrogans. In other communities, diversity was evident despite the small number of
sequences. In community U-1, for example, among the three samples sequenced, all three
Leptospira species were identified (L. interrogans, L. kirschneri and L. weilii).
In five communities (two rural villages and three farm areas) where L. kirschneri
was found in rodents, it was also found in at least one water sample from the respective
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community. L. kirschneri was found in a rodent from an additional rural village but only
one secY water sequence (classified as L. interrogans) was available for comparison. L.
interrogans was found in two rodents (one from a rural community and one from a rural
village) but it is also the most commonly found species in water samples across all
communities. Sequences classified as L. borgpetersenii were found in two rodents but in
none of the water samples (Figures 10-11). The diversity of Leptospira species in water
samples in a community did not appear to be associated with the proportion of infected
animals in the community (Figure 9), and in general, L. interrogans, L. kirschneri, and L.
weilii were found across the various communities (Figure 13).
D5.3 Sample characteristics associated with Leptospira diversity
Samples that were considered “not classified” in the MST procedure were
excluded from this analysis. Sequences obtained in summer corresponded to a higher
proportion of L. kirschneri (25.5%, 12/47) compared to sequences obtained in the spring
(8.0%, 4/50), and all three L. weilii samples were obtained in the spring (Table 4, p-value
= 0.02). In the subset of households with livestock, the water sequences from households
with seropositive livestock contained a higher proportion of L. interrogans (95.4%,
21/22) than water samples from households with seronegative livestock (66.7%, 12/18 of
L. interrogans) (p-value = 0.04).
The type of water sample did not appear to be associated with the presence of a
particular Leptospira species (p-value = 0.24), but all the sequences from flowing water
sources (n=8) were most closely related to L. interrogans (Table 4). The temperature in
the preceding week, and rainfall in the preceding month of sample collection were also
not statistically significantly associated with the distribution of presumptive Leptospira
species (p-value = 0.07 and p-value = 0.12, respectively). Nonetheless, 94.4% (17) of
samples were identified as L. interrogans when the average temperature was below 7°C,
while 76.9% (30) and 77.5% (31) of samples were identified as L. interrogans at
temperatures between 7°C and 14°C or above 14°C, respectively (Table 4). L.
interrogans was also more common at higher levels of precipitation with 94.7% (18) of
samples identified when the rainfall in the preceding month was above 100 mm,
36

compared to 78.6% (22 samples) when rainfall was between 50 and 100mm, and 76.0%
(38 samples) when rainfall was less than 50 mm in the preceding month (Table 4).

D6. Discussion
This study reports the presence of pathogenic Leptospira in the peri-domestic
environment of households in several community types, and the substantial differences in
Leptospira diversity at the community level. The development of PCR methods for
detecting pathogenic Leptospira over the past decade has greatly improved the efficiency
with which a specific site can be tested for Leptospira presence. Several studies have
noted the success of these methods in establishing the presence of the bacteria in bodies
of water such as rivers, canals and streams [178,186,187]. Fewer studies have examined
the presence of pathogenic Leptospira in the daily human environment where regular
contact with contaminated water sources may occur. In Peru, researchers examined
surface water samples from puddles and gutters in an urban location, and wells, fish
farms and streams in rural areas. Leptospira was detected in both urban and rural areas,
but with higher concentration and more frequent contamination in the urban compared to
the rural sites [72]. More frequent contamination with pathogenic Leptospira was also
observed in urban sites compared to rural areas in India [93]. In our study, greater
differences in the proportion of water samples testing positive were observed at the
community level than across community types (urban slums, rural villages or farms).
This is indicative of the importance of small scale transmission dynamics in the ecology
of leptospirosis.
This study also describes the difference in pathogenic Leptospira species obtained
in environmental water samples in different communities, and across community types.
Results in Peru suggested that non-L. interrogans species were more likely in samples
from rural areas than from urban sites due to the presence of more animal species [72]. It
is reasonable to expect a higher presence of non-L. interrogans species in locations where
there is a higher diversity and density of animal species overlapping in the same
environment; however, this was not generally reflected in our findings where the majority
of sequences in rural areas were classified as L. interrogans (86.8%), which was higher
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than in urban sites (73.3%) (Table 4). This was primarily driven by the large number of
samples with L. interrogans in farm communities D-3 (84.6%) and D-4 (86.4%).
Furthermore, in some urban sites, U-1 for example, all three Leptospira species were
present (L. interrogans, L. kirschneri, and L. weilii). A possible explanation of these
findings is that the urban slum communities in the study were in close proximity to rural
farms, and wild mammals may transmit these more diverse Leptospira species between
the rural and urban areas. Nevertheless, the variation in diversity across all twelve
communities highlights the importance of better understanding local transmission
dynamics for assessing Leptospira risk in the peri-domestic environment. The seasonality
of leptospirosis has been well-described; human and animal incidence increases in
periods following warm temperatures and heavy rainfall [74,107]. Temporal patterns in
species diversity were reported in a study in New Caledonia which found that black rats
normally carried L. interrogans, but during the hot season, they were found to carry L.
borgpetersenii [188]. In this study, most of the sequences corresponded to L. interrogans
but, among water samples collected in spring, there was an increase in the proportion that
were classified as L. kirschneri compared to sequences obtained in the summer (Table 4).
As a cross-sectional study with sampling that took place over two years, we cannot
separate the effect of community differences from a potential true season effect. Future
prospective studies can examine the joint influence of rainfall, temperature, and host
population dynamics on the Leptospira diversity and determine seasonality patterns.
L. interrogans was more common in households with seropositive livestock
(sheep or cattle) than in households without seropositive livestock (Table 4), which is
consistent with reports of sheep and cattle carrying L. interrogans in Chile [189] and in
other animal species and rural water sources in other geographic locations [64,148,190].
Considering the large number of sequences classified as L. interrogans, it also possible
that sequencing of the secY target may not provide enough discrimination to capture
associations between other examined factors and molecular diversity. Alternatively, it is
possible that water samples were contaminated with more than one Leptospira species,
and that L. interrogans was more commonly amplified, since PCR is a competitive
process that amplifies the most abundant species in the sample. This would result in
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measured diversity being lower than the actual diversity mainly because the relative
concentration of non-L. interrogans species is low. Furthermore, presence of multiple
species in a sample could be a factor leading to the many sequences that could not be
classified. The impact of contamination by multiple species on PCR detection and
subsequent genotyping needs further investigation. Several methods have been developed
for genetic classification of Leptospira isolates [143,144,191,192]; however, being able
to use culture-free methods is essential for large-scale and systematic monitoring of
environmental contamination. Recently, a culture-free high resolution melting method
was proposed for identification of Leptospira strains in blood samples at the species and
subspecies levels [191]. Similar methods need to be developed and optimized for
environmental testing.
A limitation of culture-free methods for identification of Leptospira in the
environment is the inability to differentiate between live and dead bacteria [193]. While
the detection of DNA in the environment may not directly represent infection risk, the
benefit of being able to test a large number of samples and obtain fast results may
outweigh this limitation for the purpose of obtaining an indicator of contamination level
and of the genetic makeup of the circulating strains. With the development of recent
methods that target RNA and DNA in environmental samples, it may be possible to
discern not only presence of Leptospira but also the relative abundance of viable
Leptospira [143–145]. We expect that both detection limit, a likely problem when testing
environmental samples, and testing of mixed DNA contributed to our inability to
sequence some of the PCR positive samples or classify some of the secY sequences.
Upon further review, seven of the eight unclassified samples (seven water samples, and
one rodent sample) had some ambiguous base pairs in their chromatograms and the
eighth sample had gaps at the end of the sequence where the final bases of the primer
should have been. All eight sequences matched with L. interrogans in the NCBI BLAST
database with at least 97% similarity. There were an additional 49 samples that were not
included in this analysis because of the poor quality of the chromatograms. It is important
to note that all these samples were detected as pathogenic Leptospira by at least one of
the two detection protocols.
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The environment is recognized as an important source of infection and
development of proper methods for surveillance of Leptospira in soil and water can
provide useful information for research and public health programs. An ideal
environmental surveillance program may include detection and quantification of
pathogenic Leptospira in environmental samples in a geographical area, followed by
molecular classification and comparison with local strains from human and animal cases
(Figure 15). Quantification of Leptospira contamination using qPCR methods was
beyond the scope of this study, but would allow more accurate monitoring of high risk
areas and environmental risk assessment because of the ability of qPCR to determine the
concentration of Leptospira in a given sample [72]. Quantitative PCR methods are less
specific than other methods and may not be adequate for phylogenetic analysis at the
subspecies level [72]. An ideal environmental surveillance program could integrate
human and animal genotyping data with the results of environmental sampling to allow
tracking the sources of infections. Additionally, changes in the diversity of Leptospira
detected may indicate a shift in the local epidemiology in the various animal hosts or
lapses in control programs [148]. Monitoring changes in the level of contamination at
appropriate scales, along with environmental features such as rainfall, temperature, pH,
soil type, and geographic features [38,47] could potentially aid in outbreak prediction.
This concept of environmental surveillance has been used to assess the safety of
recreational waters for swimming in the United States. There, the primary pathogen
observed is E. coli, and a protocol has been developed to predict dangerously high
concentrations in the environment. The model includes measurements pertaining to
environmental conditions (wave height and log10turbidity), weather conditions (past 48
hour rainfall and wind direction), and animal factors (the presence of birds). After four
years’ worth of E. coli measurements taken from the water source at least four
consecutive days per week, the model was able to predict unsafe swimming days with
90.2-97.5% specificity, and 36.4-59.1% sensitivity [130]. Further development of
laboratory methods is still needed to allow for a similar systematic, large-scale, and costeffective identification of Leptospira in the environment.
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D7. Conclusions
This study demonstrated that PCR methods can be used to assess the presence and
species diversity of pathogenic Leptospira in surface waters in several community
settings. Presence and diversity of Leptospira species varied substantially at the
community level, more than by community type, suggesting that targeted prospective
monitoring may be appropriate to identify local mechanisms responsible for enhanced
transmission, including critical periods of high risk, and key animal hosts.
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E. MANUSCRIPT II: The Role of Dogs in the Transmission Dynamics of
Leptospirosis in Slum Communities: An Agent-Based Model.

This work has been conducted in consultation with leptospirosis and modeling experts
from the NIMBioS Leptospirosis Modeling Working Group, with specific guidance from
the following individuals who will be listed as co-authors on the final manuscript
submitted for publication: M.E. Gompper, S.M. Lenhart, J.E. Nally, A.V. Belsare, A.
Previtali, and C. Muñoz-Zanzi.

E1. Summary
Leptospirosis is a zoonotic neglected tropical disease caused by pathogenic forms
of the Leptospira bacteria, resulting in an estimated one million clinical cases annually,
with a case-fatality of 5-15%. The bacteria infects animal hosts including rodents, dogs,
and livestock, and is transmitted into the environment through their urine. Rodents are
thought to be the primary reservoir, but studies suggest that dogs could also play an
important role in the ecology and public health impact of leptospirosis. This purpose of
this agent-based model is to assess the relative importance of dogs and rodents in the
transmission of Leptospira in an urban, marginalized setting, characterized by high
housing density and an abundance of rodents, and owned, and free-roaming dogs. The
model also evaluates the effect of three dog-centered interventions on human
leptospirosis incidence: culling the stray dog population, vaccination, and restraining the
owned dog population. A literature review and expert opinion contributed to the
selection of parameters. The model was validated by comparing the results of 100
iterations of a 10-year simulation with available incidence and prevalence data from the
literature. In the model runs, both rodents and dogs contributed to the presence of
leptospires in the environment when animal host abundance was high, but when the
animal host populations were small, rodents contributed 94% of the total leptospires in
the environment. The sensitivity analysis demonstrated gaps in knowledge of the
probability of transmission and survival of the pathogen in the environment, and none of
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the intervention strategies, alone or in combination, resulted in reductions in human
incidence of the two serovars over the modeling period. Future research efforts should
include modeling human-centered intervention strategies to prevent contact with
contaminated environments in addition to testing varying frequencies and intensities of
rodent control methods and dog vaccination efforts.

E2. Background
Leptospirosis is a neglected zoonotic disease estimated to result in one million
clinical cases worldwide each year [12,17]. The disease can present in humans with mild
flu-like symptoms, or can produce more severe health outcomes such as jaundice, renal
failure, and pulmonary hemorrhaging, characterized as Weil’s syndrome [19]. Death is
estimated to occur in 5-15% of these cases [31], although in some outbreaks where the
circulating Leptospira bacteria is particularly virulent, case fatality can exceed 50% [33].
Human infection is the result of direct or indirect contact with Leptospira bacteria in the
urine of infected animal hosts, primarily livestock, dogs, and rodents [22]. Because the
pathogen can survive outside the host in a warm and humid environment, occupational
and recreational exposures to contaminated soil and water are commonly suspected
sources of infection [22,194].
Leptospirosis is also recognized as a disease of poverty and the burden of disease is
expected to increase with the flow of human populations to urban slums with poor socioeconomic conditions and inadequate infrastructure [18,40,194]. Rodents, which are wellrecognized reservoirs, have consistently been implicated in outbreaks of leptospirosis in
these urban communities because livestock are absent from the transmission cycle
[32,188,195,196]. However, carriage of Leptospira in dogs in urban slums is nonnegligible. Culture and PCR detection of Leptospira from kidneys suggest that between
3% and 4% of dogs in urban environments are carriers [197,198]. Studies using
Microscopic Agglutination Tests (MAT) suggest more frequent exposure in dogs than
was found by PCR and culture methods, with sero-prevalences ranging from 14.8 –
45.1% in a variety of urban settings [65,199–202]. Although the infecting serovar or
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source cannot be inferred directly from MAT results, studies have documented the same
serovars in rodents and dogs in the same community [198] and region [203]. Some
human infections also appear to be the result of contact with the dog-adapted serovar
Canicola. MAT results showed that between 7% and 9% of human serum samples reacted
to serovar Canicola in rural areas in Germany and Italy, and 63% of clinical isolates in
Argentina were identified as serovar Canicola using MLST [63,87,204]. Use of
molecular methods may provide increasing evidence that dogs play a meaningful role in
the burden of leptospirosis in humans in some populations [205]. A more thorough
understanding of the transmission dynamics of Leptospira in these marginalized urban
communities is needed to better quantify the contribution of dogs to environmental
contamination and subsequent human infections, as well as to identify opportunities for
intervention strategies.
Mathematical modeling has been used on several occasions to describe the
transmission dynamics of leptospirosis, incorporating environmental, host, and pathogen
factors, with the goal of predicting fluctuations in human incidence. Most of these models
have been built using differential equations in the Susceptible-Infected-Recovered (SIR)
framework. In these models, a certain number of infectious individuals are said to exist in
an otherwise susceptible population, and based on the contact rate, and Ro (the basic
reproductive rate of infection), a fraction of the susceptible individuals become newly
infected at each time step. After a specified amount of time, those individuals recover and
become immune to the disease [152]. Two SIR models of human leptospirosis in
Thailand demonstrated the ability to accurately predict human infection rates with respect
to increased rainfall [206] and human population structures [207]. These models were
expanded to include more specific interactions between humans and rodent carriers of
leptospirosis, as well as the disease-related death rate in the human population [208].
These differential equation models have performed well in settings where human
leptospirosis has seasonal epidemics driven by rainfall and the primary source of
infection is rodents. However, small-scale and community-level structures need to be
considered when attempting to investigate other factors such as the presence of livestock
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and dog Leptospira carriers, human movement and behaviors, and contaminated
environments in the peri-domestic area [77].
One deterministic differential equations model successfully demonstrated the
importance of modeling small-scale transmission dynamics of leptospirosis in rodents
[56]. In the study, transmission, shedding, and environmental contamination parameters
were compiled to create a simulated community where rodent infection with Leptospira
could occur through direct and indirect transmission routes [56]. Because of the
specificity of output obtained from each model element, the model was able to quantify
the number of leptospires in the environment, the relative importance of each
transmission route for infection, and the relative effectiveness of two rodent control
strategies [56]. Differential equations do not easily incorporate stochastic elements or
discontinuity in features to represent individual behaviors [209], which may be key to
explaining the occurrence of cases in non-epidemic situations.
Agent-based modeling (ABM) incorporates the natural ways in which an infectious
disease is transmitted in a community more easily than SIR models. Agents (animal and
human hosts) are able to move within a physical space and contact each other and the
environment, allowing the observer to monitor patterns of infection. By documenting the
individual agents’ transition through the susceptible, infected, and recovered stages,
ABM helps to explain the contribution of individual behaviors and characteristics to
collective infection trends at the community-level. ABM has the added benefit of
incorporating individual behavior and movement through space and time, highlighting
important environmental features, and allowing for easy design and hypothetical testing
of spatial and temporal intervention strategies. Given the importance of the environment
in human infection with Leptospira, particularly in urban environments [48,49,70], ABM
may prove to be a useful tool in understanding disease transmission, and for exploring
potential intervention strategies within individual communities.
With the small-scale community in mind, the purpose of this study was to determine
the relative importance of dogs and rodents in the transmission of Leptospira to humans
in an urban slum. An urban slum differs from an urban community because, in addition to
having a high population density, housing infrastructure is inadequate, incomes are low,
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and it is located on the outskirts of urban centers [59]. Typically, trash is improperly
disposed and sewer systems can be rat-infested [210,211]. These characteristics make
urban slums welcoming habitats for rodents and stray dogs [211,212]. This agent-based
model monitors the transmission of two Leptospira strains, one adapted to each animal
host (rodents and dogs), environmental contamination, and the incidence of human
infection. Through a sensitivity analysis, the model seeks to identify key parameters for
which additional research is needed to reduce uncertainty. This model also evaluates the
benefits of various interventions focused on responsible dog ownership and stray dog
control programs for reducing human infection.

E3. Materials and Methods
E3.1 Model Overview
A generalized urban slum model was created (1 km2) consisting of dogs, rodents, and
human agents cohabitating in a dense environment. The theoretical community is based
on characteristics and data collected (number of hosts, households, and prevalence of
leptospirosis) in the urban slum communities studied in an eco-epidemiological study of
leptospirosis in Los Rios Region, Chile [59]. Direct observation in two of the urban slum
communities from the study provided background information for the design of the
environment and movement of agents, particularly dogs.
The dog agents were divided into free-roaming (hereinafter stray) and owned dog
populations. A conceptual framework for the model of transmission in urban slum areas
is shown in Figure 16. An infected rodent or dog can shed Leptospira into the
environment through their urine. Once in the soil or water, indirect transmission of the
pathogen is possible to any host species, including humans, through contact between the
contaminated environment and host mucous membranes, abrasions or cuts in the skin,
[27,80,213,214].The focus of this model will be on indirect transmission through the
environment across animal species, but it will allow direct transmission within animal
hosts (dog to dog, and rodent to rodent). Each possible direct transmission route and
indirect transmission route has assigned probabilities. The SIR status of a host, the
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amount of leptospires with which animals are infected, and the quantity of leptospires in
the environment are recorded at each time step. Density-dependent birth and death rates
dictate the size of the host population with no migration in or out of the community.
E3.2 Model Description
The following subsections provide an overview of the properties of the rodent, dog,
and human agents and rules for agent interaction and disease processes following the
ODD protocol for agent-based models [215]. The rules for each agent were constructed
through a review of the literature, expert opinion, direct observation, and survey and
serologic data from the eco-epidemiology of leptospirosis project. The model was
developed using NetLogo software version 5.0.3 (October, 2012) [216].
E3.2.1 Purpose
The purpose of this model is to examine the relative importance of dogs and rodents
in the indirect transmission of leptospirosis to humans in a generalized urban slum
community. Three dog-based intervention strategies will also be tested, focusing on
vaccination and restricting movement of the owned dog population and culling the stray
dog population, to investigate whether they mitigate human infection. Additionally, the
model seeks to highlight opportunities for future research that would be beneficial in
refining the model and contributing to understanding of leptospirosis transmission in
urban slum communities.
E3.2.2 Entities, state variables and scales
The model consists of four agents: rodents, stray dogs, owned dogs, and humans, and
two circulating serovars of Leptospira (SeroR and SeroD). SeroR is adapted to the
rodent host and SeroD is adapted to the dog host such that rodents are the primary host
for SeroR and dogs are the primary hosts for SeroD. For the purposes of this model,
adaptation means that the serovar produces a longer-lasting infection in the primary host,
contributing to persistent excretion of the pathogen, continuously, sometimes for months
[217,218]. When a host is infected with a serovar to which it is not adapted, the infection
is acute [218,219], suggesting a shedding period that can be last several days or up to a
few weeks. SeroR is only present in rodents and SeroD is only present in dogs at model
initialization to reflect their unique affinity for a particular animal host, but are
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transmitted across animal species, through the environment, during the model runs. At
each time step in the model (one week), a rodent or stray or owned dog can be in one of
four states in a modified-SIR model: susceptible (S), in a latent stage where they are
infected but not yet shedding (L), infectious through shedding (I), or recovered (R).
Humans do not have a shedding state, but still move through a latent stage and infection
stage, when clinical symptoms might occur, before recovering [27,50,53,66,88].
Each agent type has a pre-established birth and death rate, but rodents have the added
attribute of being either juvenile (less than 8 weeks old) or adult (at least 8 weeks old)
which have different survival probabilities and reproductive capabilities. Dogs are also
not able to reproduce until they are one year old. Movement of the agents occurs seven
times per week (once daily). Rodents and owned dogs move in closer proximity to
households than stray dogs and humans. Time is discrete, and each step in the model
represents one week. The model duration is 10 years, after a one-year burn-in period. The
baseline model was run 100 times, based on expert opinion and the coefficient of
variation of the human incidence of SeroR and SeroD. When the coefficient of variation
was <20% for 30 consecutive iterations, it was considered to be sufficient. This occurred
after 59 iterations for SeroR and 84 iterations for SeroD [220].
E3.2.3 Process overview and scheduling
At each time-step, all agents experience the same sequence of procedures: agents
die, new agents are born, agents move, they have the opportunity to get infected with
Leptospira (SeroR and SeroD), and if shedding, the agents shed the Leptospira into the
environment. Agent death and birth occurs weekly, once per time-step, but movement,
infection, and shedding activities happen daily, seven times per time-step. The model
records the quantity of SeroR leptospires and SeroD leptospires on each patch daily, and
of those leptospires, how many were shed by a rodent and how many were shed by a dog.
Leptospires die off in the environment at a rate of 20% per day. When the number of
leptospires is below 1000 on a given patch, the environment is considered free from the
pathogen. The outputs from the model include the incidence of human infection caused
by SeroR and SeroD, the prevalence of Leptospira infection with SeroR and SeroD in
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stray and owned dogs, rodents, and humans, as well as the proportion of patches
contaminated with SeroR and/or SeroD, and at what concentration.

E3.2.4 Design Concepts
E3.2.4.1 Emergence
The key outputs from the model that are expected to vary in unpredictable ways are
the patterns of incidence and prevalence in humans. Because of the inherent importance
of the environment in indirect transmission, changes in the amount and distribution of
SeroR and SeroD in the environment are likely to give rise to incidence and prevalence
observations in all agents that cannot be individually predicted or dictated by model rules.
E3.2.4.2 Interaction
Interaction is the most important design concept in this model as it is required for
pathogen transmission, particularly through the environment. All of the following
interactions could produce a new Leptospira infection: i) a susceptible owned or stray
dog, rodent, or human visiting a patch contaminated with SeroR and/or SeroD, ii) a
susceptible rodent and a rodent in the shedding phase sharing the same patch, and iii) a
susceptible dog and a dog in the shedding phase sharing the same patch.
E3.2.4.3 Stochasticity
Stochasticity is used in the model to determine some of the characteristics of the
agents at model initialization. Dogs were randomly assigned to be or not be in the latent
state of the SLIR model for SeroD, while rodents were randomly assigned to the latent
state for SeroR at model initialization. Households were able to own 0-5 dogs each with
different probabilities for each number of dogs. Rodents and humans were assigned to
households randomly, and each household had an equal probability of being selected as
the agent’s starting patch. Stray dogs were assigned a random starting location within the
whole modeling space. Age was randomly assigned between 0 and 52 weeks for dogs,
and between 0 and 16 weeks for rodents to have an even split of juvenile and adult
rodents.
Daily movement for rodents and stray dogs is a random patch within a 5 and 50 patch
home range of the initial location of the agent, respectively, while owned dogs’
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movement is determined by a random draw from a Poisson distribution with λ = 5
patches from their initial location. Humans had a 50% chance of moving randomly within
a 10 patch radius of their initial location, and a 50% chance of moving to any randomly
selected patch in the modeling space at each movement opportunity.
Randomness is included in the submodels with respect to the incubation period for
agents, the quantity of SeroR and SeroD that an agent will shed, the rate at which an
agent will stop shedding, and the probability of infection from a contaminated patch or
interaction with an agent that is shedding. Whether an agent reproduces or dies within a
time-step is also determined by random processes.
E3.2.4.4 Observation
For model validation, both incidence and prevalence measures were recorded and
compared to existing values in the literature and from the eco-epidemiology of
leptospirosis study. Annual human incidence per 100,000 and seroprevalence (proportion
of people ever infected over the 10-year modeling period) for SeroR and SeroD were
recorded. The proportion of owned dogs, stray dogs, and rodents in the shedding state for
SeroR and SeroD was also documented weekly. To determine the relative importance of
rodents and dogs in environmental contamination with SeroR and SeroD, the amount of
leptospires of each serovar from each agent type present on each patch, was summed and
recorded weekly as well. Baseline and intervention conditions were compared according
to all these measures.
E3.3 Initialization
The model landscape is 150 x 150 patches, and each patch represents a 7m x 7m area.
The model was initialized with an average of 1.1 dogs per household (n ≈ 165) [65], with
47% of households not owning any dogs, 27% owning 1 dog, 11% owning 2 dogs, 8%
owning 3 dogs, and 5% owning 4 dogs [221]. The ratio of owned dogs to stray dogs in
the community was 1:1 (M. Mason, personal observation, November 2013). The initial
number of rodents in the community was 500 based on expert opinion (S. Belmain & F.
Costa, personal communication, January 2015).
At model initialization, 4% of dogs were randomly selected to be in the latent stage
for SeroD, based on the previously recorded proportion of urban slum dogs with evidence
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of current infection [65] and 17% of rodents were randomly selected to be in the latent
stage for SeroR, based on estimates of PCR positivity in kidneys [59,60,188]. The rest
of the agents were considered susceptible to both serovars, and all patches were clear of
Leptospira contamination. Agents were assigned their initial starting patch as described
above under “stochasticity”.
E3.4 Input data
This model does not use input data to represent time-varying processes.
E3.5 Submodels
E3.5.1 Dogs (d-move, d-get-infected, d-shed)
Seven times per time-step (daily) both owned and stray dogs move, get infected, and
shed. A dog moves, either to a random patch within 50 patches of its initial location
(stray dogs) or following a Poisson distribution with λ=5 patches for owned dogs. If a
dog that is currently shedding is present on the same patch as a susceptible dog, then
there is a 1% chance of direct transmission from dog that is shedding to the susceptible
dog (M. Gompper, personal communication)[56]. This process is independent for SeroR
and SeroD, that is to say that a dog that is shedding SeroR could infect a dog susceptible
to SeroR, but the same dog could become infected from SeroD if it is susceptible to
SeroD.
The probability an animial host is infected through the environment depends on the
amount of leptospires on the patch and the agent type. Mechanisms for transmission of
Leptospira from the environment to animal hosts consistently noted in the literature
include ingestion and mucosal or abrasive contact with contaminated soil or water
[31,78,222], but the number of leptospires required and duration of contact for sufficient
transmission remain unknown. One previous model for leptospirosis suggested an
indirect transmission probability of 0.0025 with 106 leptospires present in the
environment [56]. For the purposes of this model, a susceptible dog will become infected
with SeroR or SeroD based on the following probabilities:
p(infected)SeroR = (0.01/107) x number of leptospiresSeroR
p(infected)SeroD = (0.01/107) x number of leptospiresSeroD
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Once infected, a dog has a randomly selected incubation period of 3-21 days for
SeroR and 3-14 days for SeroD [142,223,224]. After the incubation period has been
reached, the peak amount of leptospires shed by the dog is selected from a normal
distribution constructed from the lab-based estimate of 5.9 x 104 leptospires shed per mL
[68]. To translate the concentration into a quantity for the model, the amount of urine
shed per dog per day, estimated at 60mL per kg body weight, is used [225]. This is
combined with the average weight of dogs observed on-site in urban slums of 15kg
(Mason, personal observation, 2013), to obtain an average of 900mL of urine shed per
dog per day in the model. The peak quantity of leptospires shed by dogs is randomly
selected from a normal distribution (mean=5.9 x 104 and sd=104) x 900mL per day. A
dog shes the peak quantity of leptospires into the environment. It takes three days for the
dog to begin shedding the peak quantity of leptospires into the environment after it
reaches the end of its incubation period.
It is well-established in the literature that the Leptospira serovars carried by each
animal host are species dependent [31]. For example, dogs are believed to carry the
Canicola serovar more frequently than other serovars because it is adapted to the canine
species, allowing longer periods of asymptomatic shedding [68]. However, differences in
the quantity of leptospires shed in canines have not been examined stratified by the
infecting serovar. Therefore, the peak amount of leptospires shed are drawn from the
same distribution for both SeroR and SeroD when a dog becomes infected. The duration
of shedding is longer for SeroD relative to SeroR, modeled as a more gradual decay
function for SeroD relative to SeroR. The shedding functions, based on the peak amount
selected from the normal distribution (peak) for the amount of leptospires shed per day
(A) for a dog (d) are shown below where t indicates the number of days the dog has been
shedding and c is the decay rate. The decay rate is randomly selected from 0.15 to 0.35
for SeroD and 0.3 to 0.7 for SeroR. After the incubation period, a sharp rise in the
quantity of leptospires in urine is noted [31,50,51,68], represented in this model by a
linear progression from 0 leptospires to the peak quantity of leptospires shed over the
course of three days.
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E3.5.2 Rodents (r-move, r-get-infected, r-shed)
Seven times per time-step, rodents move, get infected, and shed. A rodent moves to a
random patch within 5 patches of its initial location. If there is a rodent in the shedding
stage sharing the patch with a susceptible rodent, there is a 1% chance of direct
transmission of Leptospira to the susceptible rodent [56]. Similar to dogs, this process is
independent for both serovars (SeroR and SeroD). The probability of indirect
transmission from the environment is also the same for rodents and dogs for both
serovars:
p(infected)SeroR = 0.01/107 x number of leptospiresSeroR
p(infected)SeroD = 0.01/107 x number of leptospiresSeroD
Once infected, a rodent has a randomly selected incubation period of 7-14 days for both
SeroR and SeroD [68,226] (J. Nally, personal communication). After the incubation
period has been reached, the peak amount of leptospires shed per mL of urine by rodents
is randomly selected from a normal random distribution (mean=6.1 x 106 leptospires,
standard deviation=1.5 x 106) based on shedding by Norway rats in Brazilian slum
communities [58]. In the eco-epidemiology of leptospirosis study, the average weight of
rodents in marginalized urban communities was 138.4g (Munoz-Zanzi, unpublished
data). If a rodent excretes 5.5mL of urine per 100g body weight per day [227], then the
rodents in this model shed 7.59mL of urine per day on average, yielding a randomly
selected peak value from a normal distribution (mean = 6.1 x 106, sd =1.5 x 106) x
7.59mL. It takes three days after the incubation period limit has been reached for a rodent
to begin shedding the peak quantity of leptospires into the environment.
Long-term shedding of leptospires by rodents is commonly reported [19,68,222],
and therefore the shedding functions will be different when a rodent is infected with the
rodent-adapted serovar as compared to the dog-adapted serovar. The shedding functions,
based on the peak amount selected from the normal distribution (peak) for the amount of
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leptospires shed per day (A) for a rodent (r) are shown below where t indicates the
number of days the dog has been shedding that serovar and c is the decay rate. The decay
rate is randomly selected 0.3 to 0.7 for SeroD and 0.15 to 0.35 for SeroR, allowing a
longer duration of shedding for the rodent-adapted serovar. As with the dogs, a sharp
increase in the quantity of leptospires shed occurs over the first three days of shedding:
if t = 0,1,2,3:
if t > 3:
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E3.5.3 Humans (h-move, h-get-infected)
Seven times per time-step humans move, get infected, and shed. A human has a 50%
chance of moving randomly within a 10 patch radius of its household, and a 50% chance
of moving to a random patch anywhere in the modeling space. Direct transmission to
humans is not modeled, and so all infections are assumed to occur as a result of contact
with a contaminated environment. To reflect protective measures that humans may take
to protect themselves from zoonotic disease transmission from the environment [228], the
probability of infection is reduced by a factor of 100. A susceptible human will become
infected with SeroR or SeroD based on the following probabilities:
p(infected)SeroR = 0.01/109 x number of leptospiresSeroR
p(infected)SeroD = 0.01/109 x number of leptospiresSeroD
Once infected, it is unlikely the human contributes to additional incidence of the
disease in the community – humans are considered dead-end hosts for leptospirosis, even
though they may shed [50,54]. A human will recover after one month of being infected,
and immunity to the infecting serovar will be lifelong. There is some evidence suggesting
that humans could also become asymptomatic shedders of Leptospira, but since the
outcome of interest in this model is incidence of human disease, the long-term effects of
infection in humans are beyond the scope of this study.
E3.5.4 Environment decay (e-decay)
Each day, infected rodents and dogs move and excrete leptospires into the
environment in the amount indicated by the shedding equations. The leptospires that they
shed are added to the number of leptospires already on the patch. With each time step
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only a portion of the live leptospires survive. A previous model for leptospirosis
transmission in the rodent population used varying rates of decay in the environment of
5% to 20% per day [56]. The climate in South Central Chile is not prone to excessive
rainfall and flooding, suggesting that the soil would not be suitable for particularly longterm survival of leptospires. Therefore, each day, 20% of the current number of
leptospires on a given patch die, until fewer than 1000 leptospires exist, and a patch will
no longer be considered contaminated and contact with that patch would not be sufficient
to produce infection in a host.
E3.5.5 Dog disease progression
Once infected, a dog has a randomly selected incubation period of 3-21 days if
infected with SeroR [224], and 3-14 days for SeroD [142,223,224]. When the incubation
period ends, the dog begins to shed leptospires into the environment following a prespecified shedding function (Table 5). When the quantity of leptospires shed drops below
100 leptospires per day, a dog is considered recovered and immune from the serovar with
which it was infected. Immunity is lifelong against seroR for dogs, [27,85] and immunity
lasts one year against seroD, as extrapolated from vaccine studies that suggest one-year
protection with artificial immunity [217,229–231].
E3.5.6 Rodent disease progression
Once infected, a rodent has a randomly selected incubation period of 7-14 days for
SeroR and SeroD [68,226] (J. Nally, Personal communication). When the incubation
period ends, the rodent begins to shed leptospires into the environment following a prespecified shedding function (Table 5). When the quantity of leptospires shed drops below
100 leptospires per day, a rodent is considered recovered from, and re-susceptible to, the
serovar with which it was infected. Immunity is lifelong against seroD, but a rodent is
immediately susceptible again to infection with seroR.
E3.5.7 Human disease progression
Once infected, a human moves directly from the susceptible state to the infected state
and after 40 days to the recovered state. It is recognized that humans go through a latent
period of infection (2-30 days) and often a biphasic illness [27,50,53,66,88], but this
model’s purpose is specifically to examine incidence and seroprevalence, which only
55

requires counting infection events and previous infection. After recovery, humans remain
immune against SeroR and SeroD for the duration of the 10-year modeling period
[27,85].
E3.5.8 Dogs reproduce/die
The birth and death functions are the same for both the stray and owned dog
populations. Dogs are able to reproduce at the age of one year, with an average of 1.2
puppies per year based on previous estimates in Chile [221]. Breeding occurs over a 15week period between September and December annually, the spring season. Translated
into a weekly probability, a dog has a 0.0769 chance of reproducing each week during the
breeding season, and correspondingly, a weekly probability of death of 0.0228
throughout the year (Table 5). The probability of death increases by 10% as a result of
infection with either Leptospira serovar. Both birth and death rates are density dependent
such that the probability of birth or death is adjusted by the current number of dogs (at
least one year old) in the respective stray and owned dog populations. The more dogs
there are at the current time-step, the more likely a dog is to die, and the less likely it is to
reproduce:
p(birth) = 0.0769 x
p(death) = 0.0228 x
E3.5.9 Rodents reproduce/die
Rodents can reproduce year round, and 25% of the total rodent population can
reproduce at any time to reflect the age and sex structure of the population (A. Previtali,
personal communication). There are 26 weeks of a higher weekly probability of
reproducing (0.6027) and 26 weeks of a lower weekly probability (0.2063) annually,
reflecting an estimated 25-48 offspring per year for female rodents, or 12.5-24 offspring
per rodent per year (Table 5). Rodents are mature when they are two months old, but half
are not expected to survive to maturity, so the weekly probability of death for juvenile
rodents is 0.0830 [232]. The weekly probability of death is 0.0957 for adult rodents,
derived from 80% of the rodents who survived to two months dying by the end of the
seventh month [232]. The birth and death probabilities of rodents are density dependent
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such that births are more likely when there are fewer rodents than at model initialization,
and deaths are more likely when there are more rodents than at model initialization.

p(birth - high) = 0.6027 x
p(birth - low) = 0.2063 x
p(death – juvenile)= 0.0830 x
p(death – adult)= 0.0957 x

E3.5.10 Humans reproduce/die
The model assumes that there is no migration into or out of the marginalized urban
community. The human crude birth rate per 1,000 in Chile is 13.9 [233], which translates
to a weekly reproductive probability of 0.00268. There is no assumed seasonality to
human births, so the weekly probability of death is also 0.00268. Human probability of
death also increases by 10% when infected with either Leptospira. As with the other
agents, the more humans there are in the population, the more frequently deaths occur,
and the less frequently births occur:
p(birth) = 0.00268 x
p(death)= 0.00268 x
E3.6 Parameterization and Interventions
E3.6.1 Calibration
At model initialization, there are 500 rodents, 165 stray dogs, approximately 165
owned dogs, and 615 humans. The model was run with the baseline scenario parameters
(Table 5) 100 times for 10 years after a one-year burn-in period (Table 5) to evaluate
whether the outputs of interest were within ranges consistent with the literature. Over all
time-steps and all model runs, there were an average of 149 owned dogs (range: 56-313)
in the population, and 140 stray dogs (range: 52-291), maintaining approximately a 1:1
ratio between owned and stray dogs across the simulations. The rodent population
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averaged 498 rodents (range: 325-672) during the simulations, or 3.32 per household,
within the wide expert opinion estimates 0.3 to 50 rodents per household, and the range
of 0-9 rodents trapped per household in the eco-epidemiology of leptospirosis study [59].
The human population remained stable (mean=615), between 583 and 649 individuals
over the course of the simulations.
The proportion of rodents shedding SeroR and SeroD averaged 28.1%, and 14.7%,
respectively, over the ten years. In highly endemic urban slum areas, shedding any
Leptospira species, as detected by PCR, can be observed in 46% - 84% [32,58] of rodents
captured, but serology from the eco-epidemiology of leptospirosis study suggest 10.3% 22.5% depending on the rodent species [59]. The results of the model were within the
bounds of these estimates. The stray and owned dog populations had similar proportions
shedding SeroR (9.0% and 9.8%, respectively) and SeroD (16.6% and 17.7%,
respectively) on average, over the modeling period. The proportion of dogs shedding
SeroR was close to the estimates reported in dogs from veterinary clinics and shelters
(6.8% and 11.1%, respectively) [68]. The shedding of SeroD was consistent with results
from MAT-positive dogs in urban slums in Chile with titres ≥ 1:800 which, depending on
the community, ranged from 0% - 31.3% [65].
Annual human incidence was an average of 283.4 cases per 100,000 for SeroD, and
346.0 cases per 100,000 for SeroR. In temperate climates, annual human incidence of
leptospirosis is thought to be 0.1-1 per 100,000, and over 100 per 100,000 persons in
outbreak settings [14–16,18], but the disease is known to be underreported [11,19,234],
with one study documenting 42% of cases originally misdiagnosed as other diseases [24].
When viewed from a seroprevalence perspective, at the end of the 10-year simulation, an
average of 2.9% of humans would have theoretically tested positive for leptospirosis via
MAT for SeroD, and 3.5% for SeroR, as measured by the proportion of individuals in the
recovered state for each serovar. When summed, the seroprevalence estimate is consistent
with serology data obtained in the urban slum sites in Chile, where 6-8% of individuals
had MAT titres ≥ 1:100 [170].
In the environment, the quantity of leptospires in the environment ranged from 1.58 x
109 – 7.34 x 109 for SeroR and 2.43 x 109 – 7.97 x 109 for SeroD over the 10-year
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modeling period (Figure 17). On average, there were 3.69 x 109 leptospires of SeroR and
4.47 x 109 leptospires of SeroD. The average proportion of patches contaminated was
slightly higher for SeroR than SeroD with 9.3% of patches contaminated with at least
1,000 leptospires of SeroR and 8.2% of patches contaminated with at least 1,000
leptospires of SeroD for the duration of the modeling period.
E3.6.2 Sensitivity Analysis
While many parameters in the model were well-identified through literature reviews
and expert opinion, there are three categories of parameters with substantial uncertainty:
transmission probabilities, duration of shedding in animal hosts, and survival of the
Leptospira pathogen in the environment. A sensitivity analysis was conducted to vary
each of these parameters individually and assess which parameter(s) appeared to most
heavily influence human leptospirosis incidence. The scenarios assessed in the sensitivity
analysis are outlined in Table 6. Each scenario was run for 10 years after a one-year burnin period, for 10 runs, and the median and interquartile ranges are reported from the
modeling results.
E3.6.3 Interventions
The interventions tested in this model were focused on the dog population including
vaccination, culling the stray dog population, and restricting the movement of owned
dogs. Each intervention strategy was implemented one year into the model run,
immediately following the burn-in period. A vaccine that is assumed to be fully
protective against SeroR and 90% protective against SeroD was used [229–231], and
tested as a strategy in 50%, 75%, and 100% of the owned dog population, representing a
“best-case scenario” for vaccine efficacy. Culling, removal of 50%, 75%, and 100% of
the stray dog population, was another intervention strategy, and further restricting the
owned dog population to λ = 2 patches in the Poisson distribution for home range was
also considered. Each of the intervention strategies was tested individually and in all
possible combinations, yielding 32 different scenarios, as outlined in Table 7. Each
scenario was run for two years after the one year burn-in period with 100 runs to assess
the short-term benefit of these one-time strategies. The medians and interquartile ranges
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were reported to compare intervention strategies, and the baseline model was re-run for
two years with 100 runs for comparison.

E4. Results
E4.1 Baseline Model Observations
From the 100 runs of the baseline model, identifiable patterns in human leptospirosis
were observed, including the relative importance of rodents and dogs contributing to
human infection. Of the 346 cases per 100,000 annually of SeroR, 276 (80%) were
attributed to rodents and 70 (20%) were attributed to dogs. Of the 283 cases per 100,000
of SeroD annually, 200 (71%) were attributed to rodents and 83 (29%) were attributed to
dogs.
The average prevalence (proportion of people currently infected) throughout the
modeling period also had a pronounced annual cycle (Figure 17). On average, the lowest
prevalence was 0.003% and the highest average prevalence was 0.006% for both SeroR
and SeroD. The prevalence was highest at the start and end of each year, with the lowest
prevalence occurring mid-year. This pattern mirrored the existing count of animal hosts
(rodents, and stray and owned dogs) in the model, such that more animals were present at
the start and end of the year, and their population size was smallest mid-year (Figure 21).
The relative importance of rodents and dogs can also be discerned from the model
outputs through observations of the pathogen in the environment. Throughout the whole
modeling period, the proportion of contamination in the environment by SeroR is greater
than the proportion of the environment contaminated by SeroD as measured by the total
number of leptospires of each type (Figure 17). This is reflected in the higher human
seroprevalence of 3.5% for SeroR compared to 2.9% for SeroD at the end of the 10-year
period. Additionally, the annual incidence of 346.0 per 100,000 is higher for SeroR than
the 283.4 per 100,000 for SeroD. Leptospires for SeroR are most often shed by the rodent
host; however, of the SeroD leptospires in the environment, the proportion shed by
rodents also exceeded the proportion shed by dogs at most time-steps (Figure 17). At the
start of the model, only dogs are infected with SeroD and only rodents are infected with
SeroR, but it takes only eight weeks of the burn-in period for rodents to shed more than
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half of the total SeroR leptospires in the environment. When the dog population is largest
(the first four weeks and the last four weeks of each year), the dogs do shed the majority
of SeroD in the environment, but otherwise rodents are the primary shedders for both
SeroR and SeroD throughout the modeling period.
At the time of the highest average prevalence of SeroR in humans, 33% of all
leptospires in the environment are of SeroR from rodents. An additional 18% of all
leptospires in the environment are of SeroR, but contributed by dogs (Figure 17). At the
time of the highest average prevalence of SeroD in humans, 47% of leptospires in the
environment are of SeroD (29% from rodents and 18% from dogs). There is a
recognizable absence of dog contributions of leptospires to the environment when the
prevalence of SeroR and SeroD are low in the human population. When human
prevalence is lowest for SeroR and SeroD, 94% of leptospires in the environment are
attributed to rodents (Figure 17). The total number of leptospires in the environment is
also much lower at these points, 4.3 x 109, compared to over 1.1 x 1010 at the point of
maximum prevalence of SeroR and SeroD in humans (Figure 17). This low human
prevalence and low levels of environmental contamination correspond to the points in
time where presence of animal hosts is also lowest (Figure 21).
E4.2 Sensitivity Analysis
E4.2.1 Transmission Probabilities
Adjusting the indirect transmission probabilities (scenarios 1 and 2) by a factor of 10
had a substantial effect on the resulting human incidence (Figure 18). When the
probabilities were ten times higher than the baseline scenario, median human incidence
for SeroR was more than 12 times the baseline incidence, and 11 times the baseline
incidence for the SeroD (Table 8). Reducing the indirect transmission probability by a
factor of 10 (scenario 4) resulted an average median human incidence 8% of the baseline
amount for the SeroR, and 10% of the baseline amount for SeroD. Reducing the direct
transmission parameters had a smaller but still notable effect on human incidence (Figure
18) as demonstrated in scenario 4 where the median human incidence was reduced to
18% of the baseline value for SeroR, and 29% of the baseline value for SeroD (Table 8).
At baseline, this model also made the assumption that animal hosts could directly
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transmit either serovar to the same animal host species. When the non-host adapted
serovar was not permitted to be transmitted directly (scenario 5), median human
incidence for SeroR was 84% of the baseline value, and the human incidence for SeroD
was 37% of the baseline value (Figure 18).
E4.2.2 Shedding Duration
Shedding duration had the smallest effect on human incidence for both SeroR and
SeroD (scenarios 6-14). The interquartile ranges overlap each other, as well as with the
baseline incidence for both serovars. In scenarios 6-8, the decay constant was halved,
suggesting that the hosts should shed for a longer period of time, and that the slope of the
amount of leptospires shed into the environment over time would be less steep than at
baseline. In scenarios 9-11, the slope of the amount of leptospires shed into the
environment was steeper than at baseline, and therefore the number of days an animal
host was shedding was reduced. In scenarios 12-14, 10% of rodents and dogs were
designated as long-term shedders with decay constants of 0.01-0.05. Allowing for longterm shedders produced consistently higher than median baseline human incidence rates
for SeroR and SeroD (Table 8) but with interquartile ranges that overlapped with the
baseline interquartile range, and remained indistinguishable from baseline values when
plotted on the log-scale (Figure 18).
E4.2.3 Environmental Survival
Varying the proportion of Leptospira that survived each day in the environment
(scenarios 15 and 16) produced human incidence results noticeably different from
baseline (Figure 18). Reducing survival from 80% to 70% per day reduced median annual
human incidence from 339.3 to 80.9 cases per 100,000 for SeroR, and from 281.5 to 88.9
cases per 100,000 for SeroD (Table 8). The opposite was true when survival was
increased from 80% to 90% per day. Human incidence for both serovars increased to
more than three times the median baseline estimates (Table 8).
E4.3 Interventions
The largest reduction in median annual human incidence one year post-intervention
for SeroR was observed under intervention strategy 31 in which 75% of the owned dog
population was vaccinated and 100% of the stray dog population was culled at the end of
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year one. However, the interquartile range for SeroR in intervention strategy 31 still
overlapped with the interquartile range for the baseline model (Table 9). For SeroD,
reductions in median human incidence for one year post-intervention were observed for
many strategies with 15 interventions with median estimates between 163.3 and 165.3 per
100,000 annually, compared to 322.6 per 100,000 at baseline (Table 9). But the
interquartile ranges for these 15 interventions overlapped with the interquartile range
from the baseline model. The two scenarios in which the overlap was smallest was for
intervention strategies 9 and 10, and in both scenarios the lower bound of the
interquartiles range was zero. In scenario 9, 50% of the owned dog population was
vaccinated, and in scenario 10, 75% of the owned dog population was vaccinated. In both
scenarios, 75% of the stray dog population was culled. In all three interventions strategies
(9, 10 and 31), the small reductions in median annual incidence after the first year of the
intervention were no longer present in the second year following the intervention (Figure
19, Table 9).

E5. Discussion
E5.1 Relative importance of Rodents and Dogs in Leptospira Transmission
This model described the transmission of Leptospira in an urban slum community
for multiple animal hosts with two circulating serovars and the relative contribution of
each animal host and serovar combination to human leptospirosis incidence. It is the first
model of leptospirosis to consider multiple explicit animal hosts, and to include more
than one infecting Leptospira serovar. Moreover, by taking an agent-based model
approach, patterns of disease emergence were allowed to develop through the interactions
between and within agents, and between agents and the environment. The most notable
nuances in the model results were fluctuations in current human infection by animal
population sizes. Much of the modeling literature focuses on seasonality in temperature
and rainfall as predictors of human incidence of leptospirosis, and the influence of
climate on the sustained survival of the pathogen in the environment [73,74]. However,
this model produced changes in human infection without explicitly incorporating climatic
factors and subsequent changes in pathogen survival. It is likely that changes in the
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animal populations, also driven by seasonality [61], influence the amount of Leptospira
being carried and shed into the environment. This seasonality may or may not require
increased temperature and rainfall in order to produce increases in human incidence.
More importantly, if the combination of increased presence of animal hosts coincides
with increased temperature and rainfall, it can be assumed that Leptospira would be even
more abundant in the environment, providing increased opportunity for human infection.
Consistent with the literature, rodents played an important role in disease
transmission in this model [32,58,84], contributing more heavily to environmental
contamination with leptospires than dogs, regardless of the serovar. This was particularly
true when the number of leptospires in the total environment was low. One conclusion
may be that rodents are more important as maintenance hosts for transmission to humans
when fewer alternative animal hosts are present. They do have a smaller home range than
stray dogs in the model, so their leptospires are shed within a smaller space than the dogs,
allowing more frequent contact between susceptible and infected rodents and a
contaminated environment, sustaining transmission. Similarly, the spatial link can be
made between SeroR and human infection. If the rodents are most commonly shedding
SeroR, then the proximity of rodents to humans would encourage a higher incidence of
SeroR in humans than SeroD. This was observed in the baseline model, and throughout
the scenarios examined in sensitivity analysis.
The importance of rodents does not nullify the contribution of dogs to Leptospira
transmission in this model. At the times of highest human prevalence of SeroR and
SeroD, dogs were responsible for 42% and 32% of all leptospires contaminating the
environment, respectively. These times of higher human prevelance occurred when more
dogs were present. When there are more dogs, the density of the dogs in the urban slum
increases, and this provides more opportunities for direct contact between infected and
susceptible dogs and a contaminated environment. Seroprevalence in dogs has been
documented to be higher in communities with high dog densities (more dogs per m2)
[65]. There may be a threshold of dog density at which Leptospira transmission is
expedited by dogs and below that threshold, rodents sustain transmission until the
population of susceptible canine hosts increases again.
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A critical assumption in this model was that rodents and dogs could both shed the
non-host-adapted serovar. That is to say that dogs could shed SeroR, and rodents could
shed SeroD. Differences in the shedding duration between the two serovars for each host
were included so that the host-adapted serovar would be shed longer, because of the
ability of rodents and dogs to be carriers for their respective adapted serovars
[26,68,85,198]. However, the manner in which non-host-adapted serovars are shed may
be different than the way presented in this model. For example, the force of infection may
not be as strong, so the amount of leptospires shed may be different for the host- and nonhost-adapted serovar, or shedding may be more sporadic than continuous [197]. These
assumptions were not tested in the present model.
E5.2 Influential parameters
In addition to describing the relative importance of rodents and dogs in transmission
of Leptospira, one of the purposes of constructing this model was to identify influential
parameters and areas for research opportunities in refining parameter estimates for
transmission in urban slum environments. Changes in human incidence relative to
baseline were most noticeable after adjusting transmission probabilities and the survival
of Leptospira in the environment. Within the category of transmission probabilities, the
indirect transmission parameter adjustments resulted in large changes in human incidence
rates relative to baseline. Since the only mechanism for transmission from animals to
humans in this model was through the environment, it follows that increases in the
probability of indirect transmission increase the overall probability of human infection.
This was not the case for animals, where changes in direct transmission probabilities
resulted in larger differences than changes in indirect transmission probabilities for the
intermediate outcome of the average proportion of animals actively shedding. Because of
the importance of indirect transmission of Leptospira in human infection, protective
practices that reduce human contact with the environment may offer the best approach to
reducing the human burden of disease. Potential research opportunities to improve the
understanding of indirect transmission might be to explore the relative efficacy of
protective practices like boot and glove wearing, educational campaigns, and restricting
human access to stagnant surface water.
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Closely linked to indirect transmission probabilities is Leptospira survival in the
environment. The longer a pathogen stays in the environment, the more opportunities a
human has contact that patch and become infected. Many factors contribute to the
survival of Leptospira in the environment including the pH of the water or soil,
temperature, and the particular strain of the pathogen [53,235]. Consistently warmer
temperatures and increased rainfall make it more likely for the pathogen to survive, both
of which are occurring with greater frequency as a result of climate change [51,194].
Increased human contact with contaminated environments can be compounded by the
movement of populations to urban areas. Increased urbanization means that the same
contaminated space can now reach increasingly more people, and produce more new
infections [40,194]. Studies that further assess the survival of Leptospira in the
environment while monitoring temperature and pH, and that quantify the amount and
species distribution of Leptospira, could greatly improve the inputs for models and would
be useful for predicting outbreaks and assessing risk for indirect transmission in the
community.
Direct transmission of the non-host-adapted serovar was assumed to be possible in the
baseline model. However, once that assumption was removed (scenario 5), the drop in
human incidence of SeroD was larger than the drop in human incidence of SeroR relative
to baseline. This would suggest that direct transmission of SeroD in rodents was
important to the observed human incidence. It has been observed that rodents and dogs in
the same area share the same serovars [198,203] and that they can pass the pathogen in
their urine as an acute infection [197], but there is still skepticism in the field as to
whether sustained direct transmission of non-host-adapted serovars can occur, or if nonhost-adapted serovars can only be obtained through contact with a contaminated
environment [197,203]. Additional lab-based studies are needed to further test for direct
transmission of non-host-adapted serovars to improve the ability to attribute human cases
to the most likely animal sources.
The set of parameters that had the smallest effect on human incidence was the
duration of Leptospira shedding by the animal hosts. While the existence of
asymptomatic carriers of Leptospira is well-documented in rodents and dogs [236],
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adjusting the duration of shedding, including long-term shedding of the host-adapted
serovar, did not influence overall human incidence relative to baseline estimates in the
sensitivity analysis. For rodents, their relatively short life span in comparison to the
humans in the model may mean that even if they are life-long shedders, the difference
between acute and long-term shedding is small. Additionally, the rodents move around
within a confined space, near households, so that they re-contaminate the same
environment. The change in the quantity of leptospires on a patch may be negligible for
altering the overall probability of transmission to humans if the contact rate between
humans and that environment remains constant.
E5.3 Intervention Strategies
In general, vaccinating owned dogs, restricting movement of owned dogs, and culling
of stray dogs were not effective strategies for reducing human incidence of leptospirosis.
These three dog-based intervention strategies did not reduce annual human incidence as
evaluated by comparing the interquartile range of baseline and intervention models. One
reason that restricting dog movement might not have been effective was that in restricting
owned dog movement and keeping dogs closer to the households, dogs were more likely
to come in contact with a rodent-contaminated environment. When λ = 5 patches, the
dogs were able to move outside of the peri-domestic environment, displayed as the
orange boundary in Figure 20. However, when λ = 2 patches, the dogs are much more
likely to stay within the orange boundary. The rodents reside exclusively within this
space and primarily carry SeroR, which they shed into the environment, and the owned
dogs can become infected contribute additional leptospires of SeroR to the peri-domestic
environment, leading to subsequent increases in human infection. Leashes and fencing
are recommended as best practices for reducing animal contact with infected hosts and
contaminated environments that carry zoonoses [237]. However, in both the models and
in real-world scenarios, the lack of restricted movement of other hosts, namely rodents,
still allows contamination of the environment and produces infection in owned dogs.
Rodents are known to be attracted to locations where owned animals might be present
due to feed storage, food scraps that may be given to the animals, and animal waste
products [95,238–240]. Probabilistically, infection in owned dogs may be reduced with
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more freedom to roam and therefore a lower chance of encountering a patch in the
environment contaminated by rodents but such free roaming practices are likely to
increase transmission of other zoonoses and are therefore not recommended [109].
Culling of stray dogs was tried as a parallel intervention to the common
recommendation of trapping and poisoning rodents to reduce leptospirosis. However,
rodent control has not always proven to be effective because of the intensity and
frequency at which it needs to be done [241,242]. To determine whether decreases in
leptospirosis incidence could be observed without rodent control, culling was performed
at varying levels of intensity (50%, 75%, and 100%), but only as a one-time intervention.
Culling seemed to have a short-term immediate effect on the incidence of SeroD in
humans when done in combination with vaccination but even with full removal of the
stray dog population, the interquartile range still overlapped with the baseline model
(Figure 19, Table 9). A reduction was observed in the intermediate outcome of the
proportion of patches in the environment that were contaminated with SeroD, but this is
due to the concentration of transmission activity in the peri-domestic environment as no
stray dogs were left to roam the larger environmental space (Figure 20). This model also
assumed it was possible to cull the entire stray dog population, but certainly some owned
dogs become stray over time, or stray dogs will be missed. Because of its small effect on
annual human leptospirosis incidence in the model, culling stray dogs should not be
recommended as an intervention strategy for this disease.
In countries where vaccination of owned dogs against leptospirosis is routine, it has
been an effective strategy for reducing infection and disease in the animal host [229,231].
And in other animal hosts, vaccination has served as a tool for reducing the human
burden of disease [106]. In this model, vaccination did appear to have some effect on the
incidence of SeroD in humans in combination with culling, at least for the year following
vaccination (Table 9). The vaccine was assumed to be 90% effective against SeroD while
offering full immunity to SeroR. However, no changes in prevalence trends were
observed for SeroR in humans. Since rodents were the primary carriers of both SeroR and
SeroD, they may be able to sustain transmission in the peri-domestic environment
without requiring dogs and an interim host. Since the vaccine was only protective for one
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year, a more thorough examination of the cumulative effects of multiple years of
vaccination in a population should also be conducted before recommending this as part of
an intervention strategy for marginalized urban communities.
The context of the community being modeled likely precludes vaccination and culling
from being feasible strategies for reducing the burden of leptospirosis in urban slum
communities, especially because both needed to be implemented in this model for any
minimum benefit to be observed. Culling and large-scale vaccination campaigns typically
involve action being taken by local animal control officials, which requires external
resources that may not be readily available in low and middle income countries or
communities [243]. Individual actions, such as vaccinating the owned dog population, are
also likely to be too expensive for the urban slum communities. In the communities that
informed this model, only 22% of the population earned more than $417 USD per month
[59]. The vaccine cost may be beyond the financial means of dog owners without support
of community-based animal health workers [244]. Additionally, while individual dogs
might be protected through vaccination, stray dogs would still be able to shed the
pathogen into the environment, allowing for continued indirect transmission to humans.
If it were possible to vaccinate stray animals, vaccination interventions for leptospirosis
could be reconsidered as has been proposed for reducing rabies transmission [245].
The results of the intervention analysis, and the importance of the environment in
transmission of Leptospira to humans as described in the sensitivity analyses, suggest
that reducing human contact with contaminated environments could be a more effective
strategy for reducing leptospirosis incidence than dog-centered interventions. The agentbased model approach is well-suited to examine human-centered intervention strategies
for reducing human leptospirosis incidence. Modeling the spread of social networks and
the diffusion of ideas throughout a community might prove effective for testing the
potential effects of an educational campaign [246] and game theory and decision-making
on the part of the human agents could also be considered in future models [209].
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E6. Conclusions
This agent-based model was the first multi-host, multi-serovar, model for
leptospirosis in urban slum communities and observed that both rodents and dogs
contribute to environmental contamination and subsequent human infection. The
sensitivity analysis highlighted gaps in the current understanding of indirect transmission
dynamics of leptospirosis, particularly with respect to the probability of effective
transmission from a contaminated source to a susceptible host, and the survival of the
pathogen in the environment. Intervention strategies of restricting owned dog movement,
vaccinating owned dogs, and culling stray dog populations were not effective in reducing
human leptospirosis incidence in the model. Human-focused interventions such as
educational campaigns and protective equipment, might offer better protection against
indirect transmission and could also be examined in the novel agent-based model
framework presented here.
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F. MANUSCRIPT III: Protective Practices Against Zoonotic Infections among
Rural and Slum Communities from South Central Chile.

Published: Mason MR, Gonzalez M, Hodges JS, and Muñoz-Zanzi C. Protective
Practices Against Zoonotic Infections Among Rural and Slum Communities from South
Central Chile. BMC Public Health. (2015) 15:713. DOI: 10.1186/s12889-015-1964-2.

F1. Summary
Background. Despite well-recognized recommendations to reduce human exposure to
zoonotic pathogens, the use of personal and herd-level protective practices is inconsistent
in communities where human interactions with animals are common. This study assessed
household-level participation in rodent- (extermination, proper food storage, trash
disposal), occupational- (preventive veterinary care, boot-wearing, glove-wearing), and
garden-associated (restricting animal access, boot-wearing, glove-wearing) protective
practices in farms, villages, and slums in the Los Rios region, Chile, where zoonotic
pathogens are endemic.
Methods. Questionnaires administered at 422 households across 12 communities recorded
household-level socio-demographic characteristics and participation in nine protective
practices. Household inclusion in the analysis of occupational practices required having
livestock and a household member with occupational exposure to livestock (n=127), and
inclusion in analysis of garden practices required having a garden and at least one animal
(n=233). The proportion of households participating in each protective practice was
compared across community types through chi-square analyses. Mixed effects logistic
regression assessed household-level associations between socio-demographic
characteristics and participation in each protective practice.
Results. Most households (95.3%) reported participation in rodent control, and a positive
association between the number of rodent signs in a household and rodent extermination
was observed (OR: 1.75, 95% CI: 1.41, 2.16). Occupational protective practices were
reported in 61.8% of eligible households; household size (OR: 1.63, 95% CI: 1.17, 5.84)
and having children (OR: 0.22, 95% CI: 0.06, 0.78) were associated with preventive
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veterinary care. Among eligible households, 73.8% engaged in protective practices when
gardening, and species diversity was positively associated with wearing boots (OR: 1.27,
95% CI: 1.03, 1.56). Household-level participation in all three protective practices within
any exposure category was limited (<10.4%) and participation in any individual
protective practice varied considerably within and across community types.
Conclusions. The levels of participation in protective practices reported in this study are
consistent with descriptions in the literature of imperfect use of methods that reduce
human exposure to zoonotic pathogens. The wide differences across communities in the
proportion of households participating in protective practices against human exposure to
zoonotic pathogens, suggests that future research should identify community-level
characteristics that influence household participation in such practices.

F2. Background
Of emerging infectious pathogens, 75% are considered to be zoonotic – those
transmitted between animals and humans [1]. Emerging diseases are of concern for
human health because they are either completely novel organisms or are more virulent
forms of established pathogens. In both cases, humans initially lack immunity to
infection, and provide a continuous source of susceptible hosts for the pathogens [6,247].
Although not all zoonotic pathogens are emerging infectious diseases, many have wildlife
reservoirs, and the increasingly indistinguishable boundary between human civilization
and wild animal habitats has resulted in the migration of these pathogens to domestic
animals where they have become well-established [6,248]. Human infection with
zoonotic pathogens is therefore both associated with travel to exotic locations and direct
contact with wild animal species, as well as mundane animal interactions with household
pets, livestock, rodents and environments contaminated with zoonotic pathogens
[62,105].
In addition to the human morbidity and mortality that result from zoonotic
infections, the cycle of poverty associated with zoonotic disease transmission is welldocumented [249,250]. High incidence of human and animal cases of zoonotic infections
is found in communities that depend on their livestock for food and income [249]. Often,
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animals are kept close to the living spaces of their owners, contributing to increased
contact between animals and humans, as well as contamination in the peri-domestic
environment [250–252]. If animals get sick, limited resources exist for veterinary care or
care of household members who may subsequently become ill, further straining
household finances and perpetuating the poverty cycle [253–257].
One challenge for reducing the human public health disease burden is the variety
of direct and indirect transmission routes of zoonotic pathogens from animals to humans
[258]. Direct transmission of zoonotic pathogens to humans occurs through contact with
body fluids and tissues from sick animals (e.g., rabies and brucellosis), inhalation of
aerosolized pathogens excreted in feces, tissues, or body fluids from infected animals
(e.g., influenza viruses and Mycobacterium bovis), and ingestion of contaminated animal
products (e.g., Salmonella and E. coli) [1,259]. Indirect transmission results from contact
with an environment contaminated with zoonotic pathogens. The persistence of many
organisms in the soil, water, or animal excrement, outside of the animal host, allows for
frequent human contact opportunities, creating an added layer of uncertainty when trying
to identify the infection source. In the case of leptospirosis, arenaviruses, and
hantaviruses, the pathogens are passed from the urine and/or feces of rodents and can
survive in proper conditions for weeks to months [123,260].
The complexity and array of zoonotic disease transmission pathways therefore
require a comprehensive set of protective practices, in conjunction with the standard
prevention measure of proper hand hygiene, to reduce the risk of human infection
[104,261]. Protective practices often promoted to reduce human exposure to zoonotic
pathogens include wearing personal protective equipment when working around livestock
and in the garden (e.g. gloves and boots) [74,104,258,262], as well as rodent control
measures such as proper food handling and storage, trash and waste disposal
[27,127,263]. Within the animal population, the overall burden of zoonotic pathogens can
be reduced by a combination of individual and herd-level practices. Vaccination of pets
and livestock, treating parasitic infections, quarantining sick animals, and maintaining
clean food and water supplies, keep individual animals free from infections [247].
Population-based practices such as routine disease surveillance, participation in
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eradication efforts, and the maintenance of overall herd health, have been widely
recommended to lessen the transmission of zoonotic pathogens among animal
populations, which subsequently reduce the risk of transmission to humans [264]. For
small and subsistence farmers, control over the movement of animals in the peri-domestic
environment is also important to reduce contamination of garden and living spaces with
zoonotic pathogens excreted in feces, urine, and other body fluids and tissues of infected
animals [238,264]. The accuracy with which these individual and herd-level protective
practices are performed, and their duration and sustainability, vary substantially,
contributing to challenges in measuring participation in these practices and evaluating
their effectiveness [100,265,266]. Despite the limitations of these interventions, they are
recommended globally as mechanisms to reduce zoonotic disease transmission among
animals, and from animals to humans [263].
While the literature is rich in documentation of particular circumstances in which
recommended protective practices are performed at the individual and household level to
reduce human exposure to zoonotic pathogens, these studies tend to be restricted to
disease-specific interventions [267,268], high-risk occupational settings [104,269,270],
and responses to outbreaks of zoonoses in flocks and herds [100,271,272]. To-date, little
attention has been given to describing the routine protective practices carried out by
households. Understanding these behaviors is important to inform effective public health
programs.
The Los Rios Region in South Central Chile, where this study was conducted, is a
temperate climate area in which agriculture and animal husbandry are primary economic
interests, involving of a mixture of large and small scale farms. This setting lends itself
well to persistent endemic rates in humans of several zoonotic pathogens. For example,
the annual incidence rates of trichinosis and echinococcosis are 5.50 and 7.34 per
100,000 persons, respectively [164,165]. Hantaviruses have an annual incidence rate of
1.31 per 100,000 persons in addition to documented sporadic cases and outbreaks [166],
and an estimated seroprevalence of 1.07% [273]. Toxoplasmosis also is particularly
common in the region with 40% of the human population showing serological evidence
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of prior infection, of which, a large proportion is attributed to the ingestion of oocysts
from the environment [167].
Within this context, this study sought to assess the level of household-level
participation in a specific list of protective practices against human infection with
zoonotic pathogens. In order to contribute to the understanding of prevention of zoonotic
disease transmission in areas of endemic human rates of infection, this study had two
specific objectives. The first was to compare household-level participation in rodent(extermination, proper food storage, trash disposal), occupational- (preventive veterinary
care, boot-wearing, glove-wearing), and garden-associated preventive practices
(restricting animal access, boot-wearing, glove-wearing) within and across three distinct
community types (farm areas, rural villages, and urban slums). The second objective was
to assess whether any household socio-demographic characteristics were associated with
each of the nine preventive practices.

F3. Methods
F3.1 Selection of Study Site, Community Types, and Households
The data used for this study were obtained from a broader research project
conducted between November 2010 and April 2012 in the Los Rios Region of South
Central Chile on the eco-epidemiology of leptospirosis [59,92]. Surveys were
administered by study staff during the spring (September-December) and summer months
(January-April) each year. Four communities were selected from each of three
community types: marginalized or slum urban communities (n=142 households),
farming areas (n=146 households), and rural villages (n=134 households), yielding 422
total households. Marginalized urban communities (referred to as U-1 through U-4) were
characterized as informal settlements commonly outside of major cities, where housing
conditions were predominantly substandard and the population was highly concentrated.
Farm areas (referred to as D-1 through D-4) were classified based on a predominance of
dispersed households, mainly small family farms, located in a rural locality. Rural
villages (referred to as C-1 through C-4) were considered to be located away from major
population centers but with closely spaced households. The twelve communities were
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selected based on their representativeness of the three types of settings, the preliminary
interest of community leaders in participating in the larger study, and their proximity to
the local collaborating university. Individual households were selected randomly and
enrolled based on willingness to participate.
A particular set of households was used for the analysis of protective practices in
each of the three sources of exposure (rodents, occupational settings, and the garden). All
422 households were considered eligible for participation in rodent control practices
since all households were at-risk for rodent presence. The analyses of occupationassociated protective practices included only farm households that owned livestock (at
least one animal) and had at least one family member with reported contact with livestock
(e.g. during the birthing process, when milking or butchering an animal, or when cleaning
animal barns) (n=127). Households which both owned at least one animal (livestock or
pet) and had a vegetable garden were considered for assessment of gardening-related
protective practices (n=233) (Table 10).
F3.2 Household Participation in Protective Practices
At each household, a questionnaire was administered by study staff to collect data
on participation in protective practices within the categories of rodent control,
occupational protection, and protection during gardening activities. Inclusion criteria for
each of the three exposure categories and definitions for each of the corresponding
protective practices are listed in Table 10. All nine activities in the three protective
practice categories were considered as binary variables; either a household reported
participation in a protective practice or they did not.
F3.3 Household socio-demographic characteristics
Data collected through the household questionnaire for evaluating associations
between socio-demographic factors and participation in protective practices included the
sex (male or female), age (in years) and high school graduation status (yes or no) of the
head of household. Other factors included the number of people in the household (range
1-12), whether the household had children under age 18 (yes or no), household monthly
income (above or below $350 USD, the study population’s median income), and number
of animals of each species (pets: dogs, cats; livestock: horses, sheep/goats, cows, pigs;
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and other: poultry). Species diversity was defined as the total number of different animal
species present (range 0-7). A proxy for rodent presence was defined as the number of
rodent signs a household reported from the following indicators: seeing rodents, seeing
rodent droppings, seeing or smelling rodent urine, seeing gnawed boxes, food, or wood,
holes in the walls, or hearing rodent noises.
Additional infrastructure characteristics of the household collected by the
questionnaire but not used for the analyses of socio-demographic characteristics and
participation in protective practices are listed in Table 11. Surveys were administered
during the spring (September-December) and summer months (January-April) each year.
The study protocol was approved by the University of Minnesota’s Institutional
Review Board (No. 0903M62042), the Institutional Animal Care and Use Committee
(No. 0904A63201), and Austral University’s Human and Animal Ethics Committee (No.
01/09).
F3.4 Data analyses
After examining the distribution of socio-demographic characteristics across
community types, a separate but identical set of analyses was performed for each of the
three categories of protective practices (rodent control, occupational protection, and
protection in the garden). The proportion of households engaging in each of the practices
was examined overall, by community, and across community types. Differences across
community types in the proportion of households participating in protective practices
were assessed using Chi-square tests or Fisher’s tests as appropriate [185].
Logistic regression models were developed to examine associations between
household socio-demographic factors, and participation in each of the nine zoonotic
protective practices. Both univariate and multivariate mixed models were constructed
with random intercepts included at the community level to take into consideration
potential correlations of responses within communities. Stepwise model selection was
used, along with examination of the Akaike information criterion (AIC) to construct a
multivariate model for each protective practice. Confounding and effect modification
were then considered for the variable of community type, and other socio-demographic
factors originally omitted from the multivariable model but considered to be potential
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mechanisms necessary to understanding the factors associated with household
participation in the protective practices. Odds ratios (OR) and 95% confidence intervals
(CI) for each statistically significant (α = 0.05) socio-demographic factor included in the
final model were calculated following standard methods [274]. Regression analyses were
performed in R version 2.15 using the lme4 package [275,276].

F4. Results
F4.1 Study Population
The distribution of the socio-demographic characteristics reported in the
household questionnaire varied substantially by community type (Table 11). The farm
and rural village households had higher incomes, older heads of households, more often
had children, and had greater species diversity than marginalized urban households.
Marginalized urban households were less likely to have gardens, have a male head of
household, live in permanent houses, or have good household infrastructure than the farm
or small village communities. While the marginalized urban households were least likely
to have a septic tank or system for human waste disposal, they were most likely to have
their garbage picked up by trucks, and had the fewest rodent signs per household on
average.
F4.2 Participation in Rodent Control Practices
F4.2.1 Comparisons of participation in rodent control practices by community type
Overall, 95.3% (402/422) of households reported participating in at least one
rodent control practice. The most common rodent control activity was storing food in
closed containers (89.6%, 378/422), followed by rodent extermination (66.4%, 280/422),
and proper trash disposal (16.1%, 68/422) (Figure 22). Based on chi-square tests, the
three community types did not differ significantly in the proportion of households
keeping food in closed containers (P=0.31) or practicing proper trash disposal (P=0.37).
However, significantly more households in the farm communities participated in rodent
extermination compared to rural villages and marginalized urban communities (P<0.01).
This difference was also observed at the community level where communities D-2 and D4 had the highest proportion of households participating in rodent extermination (90.1%
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and 85.7%, respectively) and U-4 had the lowest (37.5%) of all twelve communities. The
contrast between individual farm communities and rural villages was less pronounced
(Table 12).
Participation in all three rodent control practices was consistent across all three
community types with 11.0% of farms, 10.4% of rural village households, and 10.6% of
marginalized urban households reporting participation in all three protective practices
(Chi-square P=0.99). In farm communities, only 2.7% of households reported that they
did not participate in any protective practice compared to 7.0% of marginalized urban
households and 4.5% of rural village households, but this difference was not statistically
significant (Chi-square P=0.23) (Figure 22).
Use of cats for rodent control was not included as a protective practice as it is not
endorsed as an effective method for reducing zoonotic disease transmission, but cat
ownership was included in the household survey. Of the 235 households with cats, 171
(72.8%) reported that they used cats as a method of rodent control, and 85 (36.2%)
reported it as their only method of rodent control. The proportion of households
participating in rodent extermination was lower in households with cats (61.2%) than in
households without cats (72.7%) (Chi-square P=0.02).
F4.2.2 Associations between socio-demographic factors and rodent extermination
The multivariable analysis for rodent extermination yielded a final model that
included number of rodent signs (P<0.01) while adjusting by community type (Table 13).
An increase of one rodent sign was associated with a 1.75-fold increase in the odds of
participation by the household in rodent extermination (OR: 1.75, 95% CI: 1.41, 2.16).
Among households reporting no rodent signs, participation in rodent extermination was
37.0%. When one rodent sign was reported in a household, 63.2% reported participating
in rodent extermination, which increased to 70.0% of households when two rodent signs
were reported.
F4.2.3 Associations between socio-demographic factors and proper trash disposal and
food storage
In the regression analysis, the only significant factor associated with proper trash
disposal was the number of people per household (Table 13). The addition of one
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member to the household increased the odds of participation in proper trash disposal by
17% (OR: 1.17, 95% CI: 1.02, 1.34, P=0.03). No confounding or effect modification was
observed in the analysis of this protective practice, but variation across the twelve
individual communities for participation in this protective practice was non-negligible. A
difference of one standard deviation in the random intercept for community increased the
odds of participation in proper trash disposal more than increasing the family size by one
person. The proportion of households participating in proper trash disposal was highest in
community U-3 (40.0%) and lowest in community U-4 (6.3%) demonstrating marked
variation even within the same community type (Table 12).
No statistically significant associations were noted between socio-demographic
factors and whether a household stored food in closed containers. This practice was
frequent in all communities with between 72.5% (U-1) and 96.7% (C-1) of households
reporting keeping their food in closed containers (Table 12).
F4.3 Preventive Veterinary Care and Occupational Protective Practices
More than half of eligible households reported participation in at least one
occupational protective practice (62.2%, 79/127). The most common protective practice
was the use of boots (51.9%), followed by wearing gloves (23.6%) and preventive
veterinary care (19.7%). Household engagement in joint occupational prevention
practices was limited; with only seven households (5.5%) reporting participation in all
three practices (Figure 23).
F4.4 Associations between socio-demographic factors and participation in occupational
protective practices
No socio-demographic factors were significantly associated with the use of boots
or gloves. For the outcome of preventive veterinary care, the addition of one family
member increased the odds of participation 1.65-fold (95% CI: 1.20, 2.27) (Table 13).
This multivariate model also found that households with children were less likely to
participate in preventive veterinary care than those without children (OR: 0.20, 95% CI:
0.06, 0.70) (Table 13). Although no confounding or effect modification was observed in
the analysis of this protective practice, the mixed model did indicate that there were
differences across the farm communities. The effect of a one standard deviation increase
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in the community’s random intercept increased the odds of participation in preventive
veterinary care more than the addition of one family member to the household. This was
further confirmed by the wide range in the proportion of households reporting
participation in preventive veterinary care across the four farm communities (0.0% to
38.5%, Table 12).
Although species diversity was not a significant factor associated with preventive
veterinary care, differences were observed when examining the presence and absence of
specific species and whether a household participated in preventive veterinary care.
Notably, all of the 25 households that participated in preventive veterinary care owned at
least one cow, representing 26.3% of households with cows. Households with horses had
the highest proportion of participation in preventive veterinary care (33.3%, 7/21) while
the lowest proportion was found among households with sheep or goats (13.9%, 11/79).
Households with at least 20 individual livestock animals, regardless of species, were also
more likely to participate in preventive veterinary care than those households with fewer
than 20 livestock animals (28.9% v. 14.6%, respectively), but the difference was not
statistically significant (Chi-square P=0.09).
F4.5 Participation in Protective Practices in the Garden
F4.5.1 Comparisons of participation in protective practices in the garden by community
type
Of the households that both owned animals and had a vegetable garden, most
were likely to report participation in at least one protective practice in the garden (73.8%,
172/233). Participation in multiple prevention practices was more likely than
participating in only one practice (40.7% and 33.0%, respectively), with the most
commonly reported combination being wearing boots and restricting animal access to the
garden (Figure 24). The farm community type had the highest proportion of households
participating in all three protective practices in the garden (10.7%), but this did not differ
significantly from the proportion of households in rural villages (3.4%) and marginalized
urban communities (4.0%) (Figure 24). Urban communities were more likely than rural
villages and farm communities to have households that did not participate in any
prevention activities in the garden (P<0.01) (Figure 24). The use of boots in the garden
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was more commonly reported by farm households compared to other community types
(P<0.01) as well as prohibiting animal access to the garden (P<0.01). Community types
did not differ significantly in the proportion of households reporting glove use (P=0.74).
F4.5.2 Associations between socio-demographic factors and participation in protective
practices in the garden
Because only 25 urban households had gardens and animals, one random intercept
was used to represent households in the urban community type instead of four
community-level intercepts in this set of regression analyses. For the outcome of
preventing animal access to the garden, the head of household's age was the only
statistically significant factor, and community type was included as a confounder. A tenyear increase in the head of household's age was associated with a 1.24-fold increase in
the odds of preventing animal access to the garden (OR: 1.24, 95% CI: 1.04, 1.48) (Table
13).
Species diversity was the only independent predictor of a house reporting use of
boots when working in the garden (OR: 1.27, 95% CI: 1.03, 1.56). No confounding or
effect modification was observed in the analysis (Table 13). The mixed-effects regression
model suggested that the unexplained variance between communities was large when
examining wearing boots in the garden. A one standard deviation increase in a
community’s random intercept increased the odds of wearing boots while gardening by
3.07, which was larger in magnitude than the odds ratio for the presence of one additional
animal species at a given household. This was further confirmed by the spread of the
proportion of households reporting the practice in each community, with as few as 0%
(U-2) and as many as 91.2% (D-1) of households wearing boots in the garden (Table 12).
Among households that were included in both the analysis of occupational and
garden protective practices (n=108), boot-wearing in one setting was indicative of bootwearing in the other setting (Chi-square P<0.01). Of households that reported boot
wearing in the garden, 69.7% also reported boot wearing for occupational protection. Of
the households that did not wear boots in the garden, 26.2% of reported using boots for
occupational protection. No socio-demographic variables were associated with use of
gloves in the garden.
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F5. Discussion
F5.1 Protective practices against human exposure to zoonotic pathogens
This study documented household participation in nine protective practices
against zoonotic disease transmission in the Los Rios region, Chile from three common
exposure sources: rodents, occupational settings, and the garden. To the best of the
authors’ knowledge, no outbreaks of zoonotic pathogens in humans in the study area
were present during data collection. The level of participation reported in this study is
therefore considered to be representative of routine engagement in protective practices.
Consistent with other studies on protective practices, the proportion of people
reporting that they engaged in these globally recommended practices depends on the
particular practice. Other studies on personal protective equipment that also measured
glove wearing found as few as 0.87% of households with backyard chickens used gloves
as protective measures against avian influenza in Thailand, and a minority of swine and
poultry farmers in Minnesota [100,104]. Glove wearing in this study ranged from 7.1% to
46.2% for households with potential occupational exposure to zoonotic pathogens, and
from 0.0% to 80.0% for households with potential exposure in the garden (Table 12).
Boot use is more common than the use of gloves as a protective practice. Previous studies
have reported that 78% and 84% of swine workers in Thailand and Romania,
respectively, used boots as a protective practice [117,269], while this study observed a
wide range of participation (3.6% to 78.4%). Because the potential for exposure to
zoonotic pathogens can be pervasive, it is important that those at-risk use all available
recommended measures [105].
Within each category, study results showed that few households reported
engaging in all three protective practices simultaneously. This is of concern because
zoonotic diseases have many transmission routes, and comprehensive protection is
important for reducing human infection risk [254]. For example, rodent control of some
type was nearly universal (95.3%), and most people stored food in closed containers, but
by not engaging in proper trash disposal or extermination efforts in conjunction with
proper food storage, rodents may still be present in the household. In the case of
occupational exposure, many households did not participate in any protective measures
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(37.8%), and only 5.5% of households reported engaging in all three protective practices.
The low participation in occupational protection practices is particularly interesting
because most of the recommendations for zoonotic disease prevention are written for
those who work with animals in an agricultural setting [105]. This study did not assess
the reasons for, or barriers to, engaging in protective practices, but additional studies on
households’ estimation of the risk posed by common exposures to zoonotic pathogens
may be able to explain why some protective practices are more widely used than others
[277].
F5.2 Community-level factors in household participation in protective practices
Knowledge about how zoonotic pathogens enter and spread throughout a
community may also influence the types of prevention measures that households take.
Primary prevention, aimed at preventing the initial occurrence of disease, requires an
understanding of the disease transmission process. In this study, primary prevention
activities such as rodent extermination, proper trash disposal, and preventive veterinary
care, were less common than secondary prevention measures that are taken in response to
a risk like boot-wearing. The specific lack of engagement in preventive veterinary care is
of concern because this primary prevention activity reduces the ability of many zoonotic
pathogens to initially become established in an animal or human population. Boot and
glove wearing around animals and their environment only mitigates transmission between
animals and humans, and does not reduce animal infection or any resulting productivity
and fertility losses. In addition to a potential knowledge gap surrounding primary
zoonotic disease prevention measures, there may be a lack of acceptable or accessible
mechanisms through which primary prevention can be conducted. Although the final
model for rodent extermination did not identify an association between income and
rodent trapping in this analysis, other studies have found that the ability to pay for pest
control influences whether a household will engage in protective practices [278,279].
When gaps in rodent control efforts occur, rodent activity rapidly increases, suggesting
that community-wide efforts from the government or external agencies are the best way
to ensure continuity in rodent population control [127].
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Community-based interventions are similarly recommended for preventive
veterinary care, in particular to increase access to veterinary care in low resource rural
settings [119,280,281]. Although in this study income was not associated with
participation in preventive veterinary care overall, income may influence more specific
outcomes such as preventive veterinary care by type, frequency, or duration. Given the
burden that veterinary care can place on livestock owners [251,257], and that the median
monthly income for all households in this study was $350 USD (substantially lower than
the national average income of $1146.83 USD per month [282]), it is also possible that
there were not enough households with a high enough income to have an impact in
veterinary care participation. Further exploration is needed into the types of preventive
veterinary care households engaged in, and the access and availability of treatment for
livestock and pets, would allow for the identification of conditions in which transmission
of zoonotic pathogens may be facilitated.
This study found a great deal of variation between communities and across
community types in the proportion of households participating in protective practices.
Community type was included as a confounder in the association between the number of
rodent signs reported in a household and rodent extermination efforts, as well as the
association between number of people in the household and restricting animal access to
the garden. Farm communities reported more rodent signs in the household and more
people in the household than village and marginalized urban communities (Table 11).
Similarly, the farm areas were more likely to participate in rodent extermination efforts
(80.9%) and restricting animal access to the garden (63.6%) than rural village and
marginalized urban communities (Figures 22 and 24, respectively). Therefore,
community type should be considered when studying household-level exposures and
outcomes related to zoonotic diseases as the effect of socio-demographic factors are
likely affected by the community context in which they exist.
At the community level, the proportion of households within a community that
reported participating in rodent extermination efforts ranged from 37.5%-90.1% (Table
12). Differences in other rodent control practices were also observed across communities
within the same community type. Urban communities had both the highest and lowest
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proportion of households reporting proper trash disposal, 40.0% and 6.3% from U-3 and
U-4, respectively (Table 12). These two communities were geographically adjacent to
one another and shared similar socio-demographic patterns. The micro-scale identity of
the communities in this study reinforces the importance of tailoring educational materials
and public health outreach efforts to the specific population for which it is intended.
There may also be other household and community-level factors not examined in this
study that influence household participation in protective practices. Studies have shown
that friends and family members, social norms, and media coverage, influence risk
perception within a community, and that these factors play a meaningful role in decisions
to engage in certain protective behaviors [283–285]. It is also accepted that sociological
factors contribute to the transmission of infectious diseases, but difficulty in quantifying
the importance of these social networks on individual and household behaviors persists
[286].
F5.3 Limitations and Future research
This study was unable to measure the frequency of duration of the protective
practices in which the households participated, which may be influenced by the perceived
effectiveness and immediacy in addressing the problems. For example, households with
more rodent signs were more likely to report having engaged in rodent extermination
efforts. This suggests that the households are trying to resolve a current and immediate
rodent infestation issue. It could also be argued that households have rodent signs
because they are unsuccessful in their extermination efforts. This temporality dilemma
has been reported in other studies of rodent presence and control [239]. Nevertheless, an
association between comprehensive rodent control and reduced rodent presence is found
throughout the literature, which contributes to lowering human exposure to rodent-borne
pathogens.
This study also did not consider practices or behaviors that influence the risk of
exposure to zoonotic pathogens transmitted from close contact with pets due to
limitations in length and depth of the household questionnaire. Pets can be an important
source of human infection [120,287,288]. Awareness of diseases carried by pets is
limited among their owners and protective practices such as hand washing after petting or
86

playing with the animals and mindfulness of avoiding areas contaminated with animal
feces may not be apparent to pet-owners [120,289]. Given the role that pets play in
contaminating the environment and being accidental hosts for a variety of pathogens
[287,290], identifying gaps in protective practices against zoonotic disease exposure from
pets may be just as important as the practices examined in this study for lowering the risk
of human infection.
This study analyzed specific protective practices at the household level although it
is recognized that protective practices are taken by individuals. It was assumed that risk
perception and practices were highly correlated among household members who engaged
in the same activities, and household-level data has been used successfully to examine
factors associated with zoonotic disease risk in other communities [48,57]. To better
capture the individual dynamics that contribute to household engagement in protective
practices, additional investigations can be conducted using mixed methods approaches.
Qualitative data would be particularly useful in evaluating the knowledge and perceptions
on zoonotic disease susceptibility and barriers to engaging in protective practices.

F6. Conclusions
This study found that participation in recommended protective practices against
zoonotic disease transmission including rodent control, occupational protection, and
protection in the garden, is sub-optimal among the study population and varied
substantially by community type and across the twelve communities included in the
study. Results suggest that, in this population, inter-community differences influence
household participation in protective practices, may be more than household sociodemographic characteristics. Consequently, education campaigns could be tailored to
specific communities in an effort to expand the use of recommended practices. Further
research on social and culture determinants such as shared norms, beliefs, and knowledge
about zoonotic disease transmission is also needed to better understand the reasons why
households do or do not participate in specific practices. The survey data used in this
study would be well-complemented by qualitative research that addresses the duration
and frequency of household participation in protective practices against exposure to
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zoonotic pathogens, and the barriers to and perceived benefits of engaging in such
practices.
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G. CONTRIBUTIONS AND CONCLUSIONS

This research examined several facets of leptospirosis transmission, with a
particular focus on the peri-domestic environment and indirect transmission for human
infection. The contributions to the literature in the areas of distribution and diversity of
Leptospira in the environment, transmission of the pathogen in urban slum communities,
and understanding of human protective practices are discussed below.
The first contribution of this research to the leptospirosis field was documenting the
presence of Leptospira in surface waters in multiple community types in a non-outbreak
area. In describing similarities and differences in the pathogen at the molecular level,
Leptospira was found to be more diverse within community types (rural farm, small
village, urban slum) than between the three types. This was in contrast to previous studies
that suggested rural areas had more Leptospira diversity than urban sites. The unique
profile of Leptospira contamination in each community suggests that monitoring at the
local level is important to mitigating human and animal infection. Changes in the
diversity or quantity of Leptospira present in a community may indicate shifts in the
pathogenicity of the bacteria, prevalence in animal hosts, or the effect of intervention
strategies.
Given the importance of understanding local transmission factors, a second
contribution to the leptospirosis field was the creation of an agent-based model (ABM) to
examine the relative contributions of dogs and rodents to environmental contamination in
an urban slum environment. This ABM provides a novel approach to modeling infectious
disease dynamics that is spatially and temporally explicit. The model results suggested
that both rodents and dogs contributed considerably to contamination of the environment
with Leptospira when animal hosts abounded. However, rodents were responsible for
sustaining disease transmission when the dog population was smaller, which may explain
the ineffectiveness of dog-based intervention strategies (culling of stray dogs, and
vaccination and restricting the movement of owned dogs) in reducing human
leptospirosis incidence. This is the first model to propose and evaluate dog-based
intervention strategies as a tool for mitigating leptospirosis in urban slum settings.
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In addition to providing a new modeling tool that can be extended to accommodate
other animal hosts and serovars, the ABM highlighted areas of future research for
refining the understanding of indirect transmission of Leptospira to humans. The most
influential parameters in the ABM were the duration of pathogen survival in the
environment and the probability of infection from a contaminated environment to a
susceptible human. Both Aim I and Aim II articulated appropriate next steps in
monitoring and assessing Leptospira in the environment, including its survival relative to
pH, temperature, soil type, and molecular features of the pathogen.
A broader contribution of this research was documenting the participation in
protective practices against zoonotic disease transmission in areas with sporadic disease.
Many studies have assessed the use of protective practices in times of outbreaks, but this
research was designed to describe routine engagement in rodent control and mitigation of
zoonotic disease exposure occupationally and in the garden. Consistent with the other
two aims, Aim III found that individual communities of the same type differed more in
their participation in protective practices than observed between community types. The
socio-demographic characteristics measured were similarly less associated with of
household participation in protective practices than the community in which the
household existed. These findings are directly relevant to the design of interventions and
educational campaigns aimed at reducing zoonotic disease transmission by demonstrating
the need to consider community-level factors such as shared knowledge, belief, and
norms that may influence a household’s ability to participate in protective practices.
In summary, this research has reinforced existing knowledge that leptospirosis is a
disease that is place-specific. Each community has a specific combination of factors that
contributes to the presence, distribution, and diversity of Leptospira in the environment.
These measured and unmeasured community-level factors also influence participation of
households in protective practices that mitigate indirect transmission of leptospirosis and
other zoonotic pathogens from the environment to humans.
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Table 1. Comparison of common diagnostic tests for leptospirosis
Adapted from: Hartskeerl et al. 2011 [18]
Test
Culture

Sensitivitya,b,c
5-50%

Specificitya,b
100%

Costsd
$22f

Dark-Field
Microscopy
(DFM)

104
bacteria/mL

Low;
confusion
with protein
fibres

$1

Microscopic
Agglutinatio
n Test

90%

>90%

$180f,g

IgM-ELISAh

84%

99%

$54f,g

IgM-ELISAi

>90%

88-95%

$10-18g,i

IgG-ELISA
for cattle
DriDot test

c.a.90%

95%

$7j

82%

95%

$6-8g,j

Easy, quick (30
s), cost
effective

Lateral flow
test

81%

96%

$2-6g,i

100%

93%

$112f

Easy, quick (10
min), finger
prick blood,
cost effective
Early
diagnosis.
Veterinary and
human
applicability

Advantages
Provides
evidence.
Veterinary and
human
applicability.
Quick and
early diagnosis.
Veterinary and
human
applicability.
Gold standard.
Veterinary and
human
applicability.

Cost effective,
can be done
without ELISA
reader
Cost effective
and relatively
rapid (1-2h)
1h

Disadvantagese
Too slow and
difficult

Reference
[22,27,291]

Unreliable,
requires
confirmation

[22,27,291]

Requires a panel
of live antigens,
difficult
(expertise),
laborious (3h),
serology.
Problems with
seronegative
carrier animals.
Laborious (4h),
serology
Limited
veterinary use
Serology

[22,27,291]

Misses early
immune response
Serology, needs
confirmation by
MAT.
No veterinary use
Serology, needs
confirmation by
MAT

[292]

[27,291]

[27,291]

[27,291]

[27,291]

Few tests
[27,44,291,
validated [37,44], 293]
sophisticated
expensive
equipment,
expertise
aSeveral studies indicate different percentages, bSensitivity and specificity largely depends on a number of factors;
stage of illness, type and producer of test and panel of clinical materials used for testing [22,37]. sSensitivity of culture
depends mainly on the route and transport time to the laboratory. MAT is the gold standard and should be 100%.
However, when comparing with culture this gold standard appears not optimal. Sensitivities of other serological tests
are compared with MAT. dExcluding costs for equipment. eSerology has the disadvantage that it detects antibodies 7-10
days after the onset of the disease. This is too late for antibiotic treatment, which should start within the first 4 days.
fIncludes personnel costs for execution of test based on costs formally recognized by The health assurance authority in
The Netherlands (year 2011). gBased on performance of one test. Please notice that serological confirmation requires
testing of both acute and convalescence serum samples for seroconversion or significant titre rise. hIn-house ELISA.
iCommercial ELISA. jCosts may vary, amongst other factors, due to the subjection to different import taxes raised in
distinct countries.
Real-time
PCR
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Table 2. List of reference Leptospira species used in phylogenetic analyses
Reference
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Species
L.interrogans
L.alexanderi
L.inadai
L.kirschneri
L.borgpetersenii
L.weilii
L.noguchii
L.santarosai
L.alstonii (genomospecies1)
L.kmetyi
L.interrogans
L.interrogans
L.borgpetersenii
L.interrogans
L.kirschneri
L.interrogans
L.borgpetersenii
L.borgpetersenii
L.interrogans
L.interrogans
L.interrogans
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Serovar
Hardjo type Prajitno
Yunnan
Mangus
Bim
Hardjo type Bovis
Celledoni
Argentiniensis
Goiano
Pinchang
Malaysia
Bratislava
Autumnalis
Ballum
Canicola
Grippotyphosa type Moskva
Icterohaemorrhagiae
Javanica
Tarassovi
Wolfii
Pyrogenes
Pomona

Table 3. Leptospira PCR results by community type and sample characteristics for
water samples collected from households in the Los Rios Region, Chile (2010-2012)

Sample Characteristic
Subtotals
Sample Type
Animal drinking trough
Puddle
Human drinking water
Flowing source
Container
Year of Sample
2010-2011 (Year 1)
2011-2012 (Year 2)
Season of Sample
Spring (Aug–Nov)
Summer (Dec–Apr)
Presumptive Species*
L. interrogans
L. kirschneri
L. weilii
Unclassified
Leptospira sp. †

Rural Village (C)
n=217
PCR+(%)
39/217 (18.0%)

Farm Area (D)
n=359
PCR+(%)
74/359 (20.6%)

Urban Slum (U)
n=240
PCR+(%)
40/240 (16.7%)

Total
n=816
PCR+(%)
153/816 (18.8%)

5/28 (17.9%)
18/84 (21.4%)
0/10 (0%)
5/45 (11.1%)
11/50 (22.0%)

9/55 (16.4%)
35/104 (33.7%)
11/47 (23.4%)
6/62 (9.7%)
13/91 (14.3%)

0/2 (0%)
31/120 (25.8%)
3/38 (7.9%)
2/27 (7.4%)
4/53 (7.5%)

14/85 (16.5%)
84/308 (27.3%)
14/95 (14.7%)
13/134 (9.7%)
28/194 (14.4%)

13/84 (15.5%)
26/133 (19.6%)

15/176 (8.5%)
59/183 (32.2%)

9/120 (7.5%)
31/120 (25.8%)

37/380 (9.7%)
116/436
(26.6%)

18/120 (15.0%)
21/97 (21.6%)

28/111 (25.2%)
46/248 (18.5%)

24/168 (14.3%)
16/72 (22.2%)

70/399 (17.5%)
83/417 (19.9%)

10 (62.5%)
4 (25.0%)
0 (0%)

46 (80.7%)
5 (8.8%)
2 (3.5%)

22 (71.0%)
7 (22.6%)
1 (3.2%)

78 (75.0%)
16 (15.4%)
3 (2.9%)

2 (12.5%)

4 (7.0%)

1 (3.2%)

7 (6.7%)

* Distribution of species among sequences obtained in each community type.
† Unclassified Leptospira sp. are sequences that were confirmed to be pathogenic Leptospira in a search of the NCBI
database, but had more than a three base pair difference from reference strains used in the phylogenetic analysis
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Table 4. Leptospira species phylogenetic classification of secY (202 bp) sequences
obtained from water samples collected from the peri-domestic environment and
sample/household characteristics

L. interrogans L. kirschneri
Sample Type
Animal drinking trough
Puddle
Human drinking water
Flowing source
Container
Year of Sample
Year 1
Year 2
Season of Sample
Spring (August-November)
Summer (December-April)
Community Type
Farms
Rural villages
Urban slums
Average Temperature Past 7 days
<7°C
7-14°C
>14°C
Average Rainfall Past 30 days
<50mm
50-100mm
>100mm
Presence of Seropositive Dogs ǂ
No
Yes
Presence of Seropositive Livestock ǂ
No
Yes
Presence of PCR Positive Rodents ǂ
No
Yes

L. weilii

Total

p-value

8 (88.9%)*
42 (77.8%)
5 (55.5%)
8 (100%)
15 (88.2%)

1 (11.1%)
11 (20.4%)
2 (22.2%)
0
2 (11.8%)

0
1 (1.9%)
2 (22.2%)
0
0

9
54
9
8
17

15 (65.2%)
63 (85.1%)

7 (30.4%)
9 (12.2%)

1 (4.4%)
2 (2.7%)

23
74

0.07

43 (86.0%)
35 (74.5%)

4 (8.0%)
12 (25.5%)

3 (6.0%)
0

50
47

0.02

46 (86.8%)
10 (71.4%)
22 (73.3%)

5 (9.4%)
4 (28.6%)
7 (23.3%)

2 (3.8%)
0
1 (3.3%)

53
14
30

17 (94.4%)
30 (76.9%)
31 (77.5%)

0
7 (17.9%)
9 (22.5%)

1(5.6%)
2 (5.1%)
0

18
39
40

38 (76.0%)
22(78.6%)
18 (94.7%)

11 (22.0%)
5 (17.9%)
0

1 (2.0%)
1 (3.6%)
1 (5.3%)

50
28
19

11 (78.6%)
27 (77.1%)

3 (21.4%)
7 (20.0%)

0
1 (2.9%)

14
35

1.0

12 (66.7%)
21 (95.5%)

5 (27.8%)
1 (4.5%)

1 (5.6%)
0

18
22

0.04

8 (88.9%)
70 (79.5%)

1 (11.1%)
15 (17.0%)

0
3 (3.4%)

9
88

1.0

0.21

0.25

0.07

0.12

* Percentages correspond to the distribution of Leptospira species for each level of the variable investigated
ǂ Results correspond to sequences from households where both sequences and dogs, livestock, and rodents,
respectively, were present.
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Table 5. Parameter values at model initialization for the agent-based model and
corresponding justification
Parameter
Number of
agents

Rodents
500

Dogs
165 (stray),
~165 (owned)

Humans
615 in 150
households

Weekly
probability
of
reproducing
(birth rate)
Weekly
probability
of death

High: 0.6027
Low: 0.2063

0.0769

0.000266

Juvenile: 0.0830
Adult: 0.0957

0.0228

0.000266

Home range
and
movement
rules

Randomly within 5
patch radius of initial
patch

Randomly within 50
patch radius of initial
patch (stray)

0.50 probability
of random
movement
within 10 patch
radius of initial
patch
0.50 probability
of random
movement in
entire
environment
2-30 days
(SeroR and
SeroD)

Random-Poisson
λ = 5 patches of
household (owned)

Incubation
period range

7-14 days
(SeroR and SeroD)

3-21 days (SeroR)
3-14 days (SeroD)

Proportion in
latent stage
of infection
Peak
quantity of
leptospires
shed of
SeroR
Peak
quantity of
leptospires
shed of
SeroD

0.17

0.04

Random selection
from normal
distribution:
(µ=50,000 per mL,
σ=15,000) x 7.59mL
Random selection
from normal
distribution:
(µ=50,000 per mL,
σ=15,000) x 7.59mL

Random selection
from normal
distribution:
(µ = 59,000 per mL,
σ=10,000) x 900mL
Random selection
from normal
distribution:
(µ = 59,000 per mL,
σ=10,000) x 900mL
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Completely
susceptible
population
N/A

N/A

Justification
(S. Belmain & F. Costa,
personal communication)r
(M. Mason, direct
observation, 2013) [59]sd, od, h
[56,232,294] (F. Costa,
personal communication)r
[212,221] (M. Gompper,
personal communication)od,sd
[233]h
[56,232,294] (F. Costa,
personal communication)r
[212,221] (M. Gompper,
personal communication)od,sd
[233]h
[153,232,294–297] (S.
Belmain and F. Costa,
personal communication)r
[95,298,299] and then
adapted to a smaller scaled
environment, (A. Belsare,
personal communication) od,sd
(M. Mason, direct
observation, 2013)h

[68,226](J. Nally, personal
communication)r
[142,223,224](J. Nally,
personal communication)od,sd
[27,50,53,66,88]h
[59,60,188]r [65] od,sd

[68,222],(C. Munoz-Zanzi,
unpublished data)r [68,225]
(M. Mason, direct
observation, 2013)od, sd
[68,222],(C. Munoz-Zanzi,
unpublished data)r [68,225]
(M. Mason, direct
observation, 2013)od, sd

Table 5. continued…
Parameter
Shedding
function
SeroR

Rodents
if t = 0,1,2,3:
=

x

)

if t > 3:
x

Justification
[19,68,222]r [68]
(NIMBios Working
Group, Personal
communication)od,sd

N/A

[19,68,222]r [68]
(NIMBios Working
Group, Personal
communication)od,sd

[236]r, (NIMBios
Working Group,
Personal
communication)
od,sd, [27]h
(NIMBios Working
Group, Personal
communication)r,od,sd
, [27]h
[56] with
modifications

)

x

c = decay rate randomly
selected from uniform
distribution (0.3, 0.7) and
t = days of shedding

if t = 0,1,2,3:
=

if t = 0,1,2,3:
=

x

)

x

)

if t > 3:
=

Duration of
immunity
SeroD

=

c = decay rate randomly
selected from uniform
distribution (0.15, 0.35) and
t = days of shedding

if t > 3:

Duration of
immunity
SeroR

x

Humans
N/A

if t > 3:
=

Shedding
function
SeroD

Dogs
if t = 0,1,2,3:
=

x

=

x

c = decay rate randomly
selected from uniform
distribution (0.3, 0.7) and
t = days of shedding
None

c = decay rate randomly
selected from uniform
distribution (0.15, 0.35) and
t = days of shedding
Lifelong

Lifelong

Lifelong

1 Year

Lifelong

Probability of 0.01 / 107
0.01 / 107
0.01 / 109
indirect
transmission
from
environment
(either
serovar)
Probability of 0.01
0.01
N/A
[56]
direct
transmission
(either
serovar) from
same species
host
Superscripts indicate the agent for which the noted justification was used: sd = stray dogs, od = owned dogs, r = rodents,
h = humans
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Table 6. Scenarios for agent-based model sensitivity analysis
Parameter
Type

Scenario
1 – indirect
transmission
probability
increases

2 – indirect
transmission
probability
decreases
Transmission
probabilities

3 – direct
transmission
probability
increases
4 – direct
transmission
probability
decreases
5 – no direct
transmission of
SeroR in dogs
and no direct
transmission of
seroD in rodents
6 – increased for
host-adapted
7 – increased for
non-hostadapted
8 – increased for
both serovars

Shedding
duration

9 – decreased
for host-adapted
10– decreased
for non-hostadapted
11 – decreased
for both
serovars

Baseline model
parameter value(s)
Dogs: 0.01/107 x number of
leptospires on patch
Rodents: 0.01/107 x number of
leptospires on patch
Humans: 0.01/109 x number of
leptospires on patch
Dogs: 0.01/107 x number of
leptospires on patch
Rodents: 0.01/107 x number of
leptospires on patch
Humans: 0.01/109 x number of
leptospires on patch

Tested parameter value(s)
Dogs: 0.01/106 * number of
leptospires on patch
Rodents: 0.01/106 * number of
leptospires on patch
Humans: 0.01/108 * number of
leptospires on patch
Dogs: 0.01/108 * number of
leptospires on patch
Rodents: 0.01/108 * number of
leptospires on patch
Humans: 0.01/1010 * number of
leptospires on patch

Dog to Dog: 0.01
Rodent to Rodent: 0.01

Dog to Dog: 0.05
Rodent to Rodent: 0.05

Dog to Dog: 0.01
Rodent to Rodent: 0.01

Dog to Dog: 0.001
Rodent to Rodent: 0.001

Dog to Dog: 0.01
Rodent to Rodent: 0.01

Dog to Dog
Dog to Dog

= 0.01
=0

Rodent to Rodent
Rodent to Rodent

= 0.01
=0

Dogs
Rodents

: c = (0.15 - 0.35)
: c = (0.15 - 0.35)

Dogs
Rodents

: c = (0.075 - 0.175)
: c = (0.075 - 0.175)

Dogs
Rodents

: c = (0.3 - 0.7)
: c = (0.3 - 0.7)

Dogs
Rodents

: c = (0.15 - 0.35)
: c = (0.15 - 0.35)

Dogs
Dogs
Rodents
Rodents
Dogs
Rodents

: c = (0.15 - 0.35)
: c = (0.3 – 0.7)
: c = (0.15 - 0.35)
: c = (0.3 - 0.7)
: c = (0.15 - 0.35)
: c = (0.15 - 0.35)

Dogs
Dogs
Rodents
Rodents
Dogs
Rodents

: c = (0.075 - 0.175)
: c = (0.15 – 0.35)
: c = (0.075 - 0.175)
: c = (0.15 - 0.35)
: c = (0.3 - 0.7)
: c = (0.3 - 0.7)

Dogs
Rodents

: c = (0.3 - 0.7)
: c = (0.3 - 0.7)

Dogs
Rodents

: c = (0.5 - 0.9)
: c = (0.5 - 0.9)

Dogs
Dogs
Rodents
Rodents

: c = (0.15 - 0.35)
: c = (0.3 – 0.7)
: c = (0.15 - 0.35)
: c = (0.3 - 0.7)

Dogs
Dogs
Rodents
Rodents

: c = (0.3 - 0.7)
: c = (0.5 – 0.9)
: c = (0.3 - 0.7)
: c = (0.5 - 0.9)
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Table 6. continued…
Parameter
Type

Scenario
12 – 10% longterm shedding
SeroR in rodents

Shedding
duration
(con’t.)

Survival in
environment

13 – 10% longterm shedding
SeroD in dogs

Baseline model
parameter value(s)
Rodents

Dogs

: c = (0.15 - 0.35)

: c = (0.15 - 0.35)

Tested parameter value(s)
90% w/ Rodents
: c = (0.15 0.35)
10% w/ Rodents SeroR: c = (0.01 –
0.05)
90% w/ Dogs
: c = (0.15 - 0.35)
10% w/ Dogs SeroD: c = (0.01 – 0.05)

15 – shorter

80% per day

90% w/ Rodents
: c = (0.15 0.35)
10% w/ Rodents SeroR: c = (0.01 –
0.05)
: c = (0.15 - 0.35)
90% w/ Dogs
10% w/ Dogs SeroD: c = (0.01 – 0.05)
70% per day

16 – longer

80% per day

90% per day

14 – 10% longterm shedding
SeroR in rodents
and SeroD in
dogs

Rodents
Dogs

: c = (0.15 - 0.35)
: c = (0.15 - 0.35)
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Table 7. Scenarios for agent-based model intervention assessment

Strategy
Number
1-Baseline
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Vaccination

Culling

None
None
50% of owned dog population
75% of owned dog population
100% of owned dog population
50% of owned dog population
75% of owned dog population
100% of owned dog population
50% of owned dog population
75% of owned dog population
100% of owned dog population
50% of owned dog population
75% of owned dog population
100% of owned dog population
50% of owned dog population
75% of owned dog population
100% of owned dog population
50% of owned dog population
75% of owned dog population
100% of owned dog population
None
None
None
None
None
50% of owned dog population
75% of owned dog population
100% of owned dog population
None
50% of owned dog population
75% of owned dog population
100% of owned dog population

None
None
None
None
None
50% of stray dog population
50% of stray dog population
50% of stray dog population
75% of stray dog population
75% of stray dog population
75% of stray dog population
None
None
None
50% of stray dog population
50% of stray dog population
50% of stray dog population
75% of stray dog population
75% of stray dog population
75% of stray dog population
50% of stray dog population
75% of stray dog population
50% of stray dog population
75% of stray dog population
100% of stray dog population
100% of stray dog population
100% of stray dog population
100% of stray dog population
100% of stray dog population
100% of stray dog population
100% of stray dog population
100% of stray dog population
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Owned Dog
Home-range
λ=5
λ=2
λ=5
λ=5
λ=5
λ=5
λ=5
λ=5
λ=5
λ=5
λ=5
λ=2
λ=2
λ=2
λ=2
λ=2
λ=2
λ=2
λ=2
λ=2
λ=5
λ=5
λ=2
λ=2
λ=5
λ=5
λ=5
λ=5
λ=2
λ=2
λ=2
λ=2

Table 8. Median Annual Human Incidence per 100,000 persons for the scenarios
tested in the sensitivity analysis (n=10 iterations of 10-year model runs)
Scenario
Baseline
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Human Incidence SeroR
(25th %-ile, 75th %-ile)
339.3
(287.0, 395.4)
4306.8
(4255.4, 4578.8)
24.1
(16.4, 32.0)
599.7
(580.3, 622.0)
65.0
(49.3, 78.1)
293.9
(249.5, 319.1)
411.0
(386.2, 423.3)
348.8
(325.2, 367.8)
369.1
(336.4, 454.3)
356.2
(314.5, 396.4)
314.3
(289.3, 320.7)
324.4
(278.8, 330.2)
370.0
(298.6, 458.0)
363.7
(334.1, 410.3)
372.8
(312.6, 393.0)
80.9
(69.0, 96.7)
1165.2
(1126.4, 1278.5)

100

Human Incidence SeroD
(25th %-ile, 75th %-ile)
281.5
(244.9, 324.8)
3130.3
(3048.4, 3308.4)
32.0
(16.4, 33.5)
484.1
(421.5, 524.7)
89.4
(69.4, 98.2)
81.5
(68.9, 150.4)
293.0
(262.7, 305.8)
341.8
(300.2, 361.5)
298.7
(278.1, 323.7)
317.2
(280.4, 343.8)
282.0
(228.7, 339.4)
220.7
(178.3, 262.8)
302.6
(277.9, 326.6)
292.2
(280.5, 306.1)
338.7
(320.5, 356.1)
88.9
(69.6, 132.1)
963.5
(845.7, 1102.3)

Table 9. Median Annual Human Incidence per 100,000 persons for the intervention
strategies tested to reduce human incidence of SeroR and SeroD (n=100 iterations of
2-year model runs).

Strategy
Number
1 - Baseline
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Human Incidence SeroR –
Year 1
(25th %-ile, 75th %-ile)
326.3
(162.9, 489.4)
327.6
(162.8, 493.8)
325.2
(163.3, 489.0)
326.3
(162.3, 491.0)
319.7
(161.5, 329.2)
323.9
(162.0, 331.1)
325.5
(162.6, 489.4)
324.4
(161.8, 487.0)
323.6
(162.1, 487.4)
324.7
(162.0, 488.2)
323.6
(161.6, 483.9)
326.8
(162.9, 494.2)
326.8
(164.1, 490.6)
324.9
(162.5, 489.8)
324.4
(162.9, 487.0)
325.7
(162.6, 488.2)
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Human Incidence SeroDYear 1
(25th %-ile, 75th %-ile)
322.6
(160.8, 483.3)
164.3
(119.4, 326.3)
242.4
(161.5, 327.6)
163.7
(161.0, 329.2)
165.0
(162.0, 327.3)
243.7
(161.7, 328.1)
242.5
(0, 404.7)
164.2
(161.7, 478.3)
163.8
(0, 327.9)
163.3
(0, 325.7)
164.3
(161.6, 326.3)
321.5
(161.6, 329.5)
164.3
(161.3, 327.6)
324.1
(162.0, 484.7)
324.1
(161.6, 484.3)
322.1
(162.6, 328.9)

Table 9. continued…

Strategy
Number
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Human Incidence SeroR –
Year 1
(25th %-ile, 75th %-ile)
324.1
(162.9, 489.4)
325.7
(162.5, 490.2)
324.1
(162.1, 486.2)
324.9
(163.1, 485.0)
325.2
(162.1, 490.6)
323.9
(163.1, 482.7)
323.6
(162.3, 484.7)
324.7
(163.4, 488.2)
322.8
(161.8, 488.6)
324.2
(161.9, 487.8)
321.3
(162.3, 486.2)
326.5
(164.1, 491.4)
325.2
(162.8, 489.4)
324.7
(162.9, 489.8)
164.9
(161.8, 486.6)
326.0
(162.9, 490.2)
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Human Incidence SeroDYear 1
(25th %-ile, 75th %-ile)
164.3
(0, 326.3)
323.1
(162.5, 405.8)
163.4
(161.8, 327.6)
320
(161.2, 484.3)
242.9
(162.0, 328.7)
322.8
(162.3, 333.1)
322.6
(161.6, 485.4)
163.9
(161.0, 328.1)
165.3
(161.0, 327.3)
163.8
(160.4, 325.5)
164.9
(160.2, 327.9)
163.7
(160.4, 327.3)
322.3
(162.0, 486.2 )
165.2
(162.3, 327.9)
321.5
(162.0, 482.3)
242.7
(161.8, 327.3)

Table 9. continued…

Strategy
Number
1 - Baseline
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Human Incidence SeroR –
Year 2
(25th %-ile, 75th %-ile)
328.7
(162.8, 491.8)
323.4
(161.8, 487.8)
326.8
(163.4, 490.2)
324.7
(162.9, 488.6)
324.7
(162.7, 490.6)
326.0
(162.6, 493.8)
326.0
(163.7, 488.6)
327.1
(162.9, 492.8)
323.6
(162.1, 488.2)
326.3
(162.7, 491.4)
324.7
(163.1, 489.0)
324.2
(163.5, 487.8)
325.7
(162.6, 488.2)
327.3
(164.4, 495.5)
325.7
(162.6, 493.0)
327.9
(164.4, 489.4)
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Human Incidence SeroDYear 2
(25th %-ile, 75th %-ile)
164.3.4
(160.1, 327.6)
323.4
(161.8, 332.5)
241.8
(160.7, 330.0)
323.4
(161.8, 332.5)
320.3
(161.5, 329.8)
320.8
(161.7, 329.5)
322.1
(162.0, 405.1)
322.3
(162.0, 328.9)
319.7
(162.0, 335.3)
320.8
(161.8, 328.4)
325.2
(162.0, 487.4)
321.8
(162.5, 481.5)
325.5
(162.1, 487.0)
326.8
(163.1, 489.8)
323.1
(162.6, 481.5)
324.7
(163.3, 485.0)

Table 9. continued…
Strategy
Number
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Human Incidence SeroR –
Year 2
(25th %-ile, 75th %-ile)
326.3
(163.5, 488.2)
324.2
(163.1, 488.2)
324.7
(162.5, 487.8)
327.6
(163.6, 486.6)
326.5
(163.7, 487.0)
325.7
(164.2, 488.2)
327.9
(163.9, 489.8)
327.1
(163.6, 491.0)
324.9
(163.1, 485.4)
326.0
(162.9, 489.0)
325.2
(162.5, 485.8)
325.7
(163.1, 487.8)
323.9
(162.5, 488.6)
329.8
(165.4, 491.8)
327.6
(163.7, 490.6)
325.5
(163.3, 484.7)
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Human Incidence SeroDYear 2
(25th %-ile, 75th %-ile)
324.4
(162.2, 481.5)
322.6
(161.2, 489.4)
322.8
(161.9, 485.4)
323.1
(162.3, 485.4)
164.6
(0, 329.2)
164.4
(161.0, 327.3)
323.1
(161.7, 484.3)
164.7
(162.1, 328.7)
317.2
(160.6, 480.4)
165.4
(161.2, 328.7)
320.8
(162.1, 330.3)
324.4
(162.6, 483.9)
164.5
(161.5, 481.5)
324.9
(162.8, 485.0)
321.5
(161.5, 408.1)
322.8
(159.7, 330.0s)

Table 10. Definitions of protective practices asked in household questionnaires and
corresponding household inclusion criteria for analyses.
Exposure
Category

Household Inclusion Criteria (n)

Protective
Practice
Extermination
Food Storage

Rodents

All households (n=422)
Trash Disposal

Occupation

Garden

Household owns at least one
animal classified as livestock, and
at least one household member
reported regular contact with
livestock (e.g. during the birthing
process, milking or butchering
animals, or cleaning animal barns)
(n=127)

Household has at least one
livestock, pet, or other animal and
has a vegetable garden (n=233)

Preventive
Veterinary Care
Wearing Boots
Wearing Gloves
Restricting
Animal Access
Wearing Boots
Wearing Gloves
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Definition
Use of traps or poison to
eliminate rodents
Use of a container with a
sealed lid for food storage
Use of a covered container for
a household trash receptacle
such as a bin or bucket with a
lid
Use of vaccinations or antiparasitic treatment for at least
one of the animals that the
household owns at least once
Wearing rubber boots when
working with livestock
Wearing gloves when working
with livestock
Preventing livestock and
domestic animals from
entering the vegetable garden
and surrounding area.
Wearing rubber boots when
working in the garden
Wearing gloves when working
in the garden

Table 11. Socio-demographic characteristics of participating farm, village, and slum
households from the Los Rios Region, Chile (2010-2012)
All HHs
(n=422)
Income Level*
≤ $350 USD per Month
>$350 USD per Month
Head of HH Education*
< High school
High school or greater
Sex Head of HH*
Male
Female
Age head of HH *
Mean (range)
Any children in the HH*
Yes
No
Number of people in the HH*
Mean (range)
Species Diversity*
Mean (range)
HH owns dogs
Yes
No
HH owns cats
Yes
No
HH owns livestock
Yes
No
HH has a garden
Yes
No
Type of house
Shack/hut
House
Condition of house
Good
Floors, walls, and/or roof
deteriorated
Drinking water source
Community or household tap
Well
Natural water source
Human waste disposal
Septic tank/system
Latrine
None/Outhouse

Small Village
HHs (n=134)

n (%)
263 (62.3)
159 (37.7)

n (%)
78 (58.2)
56 (41.8)

n (%)
74 (50.7)
72 (49.3)

Marginalized
Urban HHs
(n=142)
n (%)
111 (78.2)
31 (21.8)

311 (73.7)
111 (26.3)

95 (70.9)
39 (29.1)

106 (72.6)
40 (27.4)

110 (77.5)
32 (22.5)

0.43

159 (37.7)
263 (62.3)

54 (40.3)
80 (59.7)

76 (52.1)
70 (47.9)

29 (20.4)
113 (79.6)

<0.01

45.6 (17-87)

48.6 (19-85)

51.5 (18-87)

36.7 (17-77)

<0.01

285 (67.5)
137 (32.5)

78 (58.2)
56 (41.8)

95 (65.0)
51 (35.0)

112 (78.9)
30 (21.1)

<0.01

4.2 (1-12)

4.1 (1-12)

4.4 (2-12)

4.1 (1-11)

0.18

2.7 (0-7)

2.7 (0-7)

4.0 (0-7)

1.3 (0-3)

<0.01

345 (81.8)
77 (18.2)

113 (84.3)
21 (15.7)

134 (91.8)
12 (8.2)

98 (69.0)
44 (31.0)

<0.01

235 (55.7)
187 (44.3)

77 (57.5)
57 (42.5)

87 (59.6)
59 (40.4)

71 (50.0)
71 (50.0)

0.23

195 (46.2)
262 (53.8)

61 (45.5)
73 (54.5)

131 (89.7)
15 (10.3)

3 (2.1)
139 (97.9)

<0.01

242 (57.3)
180 (42.7)

91 (67.9)
43 (32.1)

122 (83.6)
24 (16.4)

29 (20.4)
113 (79.6)

<0.01

123 (29.1)
299 (70.9)

3 (2.2)
131 (97.8)

2 (1.4)
144 (98.6)

118 (83.1)
24 (16.9)

<0.01

349 (82.7)
73 (17.3)

116 (86.6)
18 (13.4)

132 (90.4)
14 (9.6)

101 (71.1)
41 (28.9)

<0.01

311 (73.7)
68 (16.1)
43 (10.2)

121 (90.3)
3 (2.2)
10 (7.5)

49 (33.6)
65 (44.5)
32 (21.9)

141 (99.3)
0
1 (0.7)

<0.01

232 (55.0)
110 (26.0)
80 (19.0)

108 (80.6)
21 (15.7)
5 (3.7)

85 (58.2)
50 (34.2)
11 (7.5)

39 (27.5)
39 (27.5)
64 (45.0)

<0.01
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Farm HHs
(n=146)

P-value

<0.01

Table 11. continued…
All HHs
(n=422)
Garbage removed by truck
Yes
No
Number of Rodent Signs*
Mean (range)
Survey season
Summer (January-April)
Spring (September-December)

Small Village
HHs (n=134)

Farm HHs
(n=146)

Marginalized
Urban HHs
(n=142)
n (%)
135 (95.1)
7 (4.9)

n (%)
363 (86.0)
59 (14.0)

n (%)
119 (88.8)
15 (11.2)

n (%)
109 (74.7)
37 (27.2)

1.7 (0-5)

1.6 (0-4)

2.0 (0-5)

1.5 (0-5)

161 (38.2)
261 (61.8)

63 (47.0)
71 (53.0)

65 (44.5)
81 (55.5)

33 (23.2)
109 (76.8)

P-value

<0.01
<0.01

HH = household
*Used as independent variables in regression analyses for participation in protective practices against zoonotic disease
transmission
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Table 12. Participation in protective practices against zoonotic disease transmission
by community, Los Rios Region, Chile (2010-2012)

Community
Reported ProtectivePractices
C-1
Rodent Control
(n=422 HHs)
% RodentExtermination

C-2

C-3

C-4

D-1

D-2

D-3

D-4

U-1

U-2

U-3

U-4

(n=30) (n=31) (n=38) (n=35) (n=41) (n=30) (n=40) (n=35) (n=40) (n=40) (n=30) (n=32)
73.3

67.7

55.3

51.4

73.1

90.1

77.5

85.7

57.5

65.0

63.3

37.5

% Food in Closed Container

96.7

90.3

86.8

94.3

90.2

93.3

95.0

85.7

72.5

92.5

90.0

90.6

%ProperTrash Disposal

26.7

12.9

10.5

22.9

12.2

13.3

10.0

14.3

17.5

12.5

40.0

6.3

Occupation Protection
(n=139 HHs)
%PreventiveVeterinaryCare

(n=38) (n=30) (n=37) (n=34)
21.1

33.3

18.9

0.0

% Boot Wearing

76.3

70.0

45.9

2.9

% Glove Wearing

34.2

43.3

8.1

5.9

Garden Protection
(n=237 HHs)
% Animal AccessProhibited

(n=21) (n=22) (n=31) (n=16) (n=34) (n=28) (n=35) (n=25)

(n=25)

47.6

31.8

45.2

62.5

73.5

71.4

48.6

60.0

20.0

% Boot Wearing

76.2

31.8

19.4

18.8

91.2

67.9

40.0

40.0

24.0

% Glove Wearing

28.6

18.2

25.8

18.8

32.4

28.6

14.3

0.0

20.0
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Table 13. Results of the mixed-effects logistic regression analyses for associations
between socio-demographic characteristics and protective practices
(Only practices associated with at least one statistically significant socio-demographic factor are shown)
Exposure
Category

Protective
Practice

Socio-demographic
Characteristic
Number of rodent signs

Rodents

Occupation

Garden

Extermination
Trash Disposal
Preventive
Veterinary Care
Restricting
Animal Access
Wearing Boots

Community type*
Farm areas
Marginalized urban
Number of people in household
Number of people in household
Household has children
Age of head of household #
Community type*
Farm areas
Marginalized urban
Species diversity

* Village was used as reference category
# Odds ratio for an increase of 10 years
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Odds Ratio (95% CI)

P-value

1.75 (1.41 – 2.16)

<0.01

2.31 (1.32 – 4.20)
0.85 (0.51 – 1.40)
1.17 (1.02 – 1.34)
1.65 (1.20 – 2.27)
0.20 (0.06 – 0.70)
1.24 (1.04 – 1.48)

<0.01
0.52
0.03
<0.01
0.01
0.02

1.97 (1.07 – 3.63)
0.35 (0.11 – 1.11)
1.27 (1.03 – 1.56)

0.03
0.07
0.03

Figure 1. Human immune response to infection with Leptospira
Adapted from: Ko et al. 2009 [50]

a | The kinetics of leptospiral infection and disease. Infection produces leptospiraemia in the first few days after
exposure, which is followed by migration of leptospires to the tissues of multiple organs by the third day of infection.
In humans, a fever develops, with the appearance of agglutinating antibodies 5–14 days after exposure. Leptospires are
cleared from the bloodstream and organs as the titres of serum agglutinating antibodies increase. Although early-phase
illness is mild and resolves in most infected individuals, a subset of patients develop severe late-phase manifestations
4–6 days after the onset of illness, during the period of immune-mediated destruction and clearance of leptospires.
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Figure 2. The cycle of leptospiral infection.
Source: Ko et al. 2009 [50]
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Figure 3. Example of information that can be retained by a patch in an agent-based
model
Source: Bonnell et al. 2010 [154]

Simulation environment: individual red colobus agents are represented by circles, resources are represented
by grid squares.
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Figure 4. Example of unified modeling language diagram of processes run in an
agent-based model and intermediate outputs that can assessed.
Source: Rajabi et al. 2016 [300]
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Figure 5. Proportion of human subjects seropositive for prior Leptospira infection
via Microscopic Agglutination Testing, Los Rios Region, Chile (2010-2012)
Created by: S. Berg
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Figure 6. Profile of MAT titres for dogs, people, sheep, and cows in farm
communities from the Los Rios Region, Chile (2010-2012)
Created by: M. Lelu

The abbreviations across the bottom of the figure are the first three letters of the serovars included in the
MAT panel to test for Leptospira antibodies as described in Lelu et al. 2015 [65]. The colors index along
the right vertical axis represent the log of the titre response for each serovar. Samples were identified as
positive with titres of 1:100 or higher.
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Figure 7. Profile of MAT titres for dogs, people, sheep, and cows in rural village
communities from the Los Rios Region, Chile (2010-2012)
Created by: M. Lelu

The abbreviations across the bottom of the figure are the first three letters of the serovars included in the
MAT panel to test for Leptospira antibodies as described in Lelu et al. 2015 [65]. The colors index along
the right vertical axis represent the log of the titre response for each serovar. Samples were identified as
positive with titres of 1:100 or higher.
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Figure 8. Profile of MAT titres for dogs and people in urban slum communities
from the Los Rios Region, Chile (2010-2012)
Created by: M. Lelu

The abbreviations across the bottom of the figure are the first three letters of the serovars included in the
MAT panel to test for Leptospira antibodies as described in Lelu et al. 2015 [65]. The colors index along
the right vertical axis represent the log of the titre response for each serovar. Samples were identified as
positive with titres of 1:100 or higher.
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Figure 9. Proportion of seropositive animals via MAT and PCR-positive rodents by community with corresponding diversity
of Leptospira in surface waters.
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Figure 10. Neighbor-joining tree of all 104 water samples, 17 rodent samples, 20
reference strains and four clinical samples, from urban, rural village, and farm
communities in the Los Rios Region, Chile (2010-2012)
D-3-28-B-2

Samples labeled with a
pathogenic Leptospira species
name are reference strains.
Samples that are not labeled with
the name of a Leptospira species
are water, rodent samples or
clinical samples. For the water
and rodent samples, the first letter
represents the community type of
the sample (C=rural village,
D=farm area, U=urban slum), the
first number indicates the
community number (1-4 for each
community type), followed by the
household number. The last letter
indicates whether it is a water (B)
or rodent (R) sequence, and the
last number is 1 unless multiple
samples were included from a
particular household in the PCR
and/or phylogenetic analysis, in
which case it represents the
sample number within a
household for water or rodents.
The clinical samples are listed by
their types: Clinical-Human
(blood sample), Human-Urine,
Horse-Urine, Cow-Blood.

D-3-35-B-2
D-3-23-B-2
D-3-34-B-1
D-3-29-B-2
D-3-13-B-1
D-3-31-B-3
D-3-27-B-3
U-3-1-B-2
D-3-23-B-3
D-3-10-B-3
U-3-16-B-2
D-3-31-B-2
U-3-5-B-3
U-4-1-B-1
U-3-7-B-1
D-3-20-B-1
D-3-28-B-3
U-3-5-B-2
D-3-3-B-2
D-4-29-B-2
U-3-29-B-3
C-2-4-B-2
D-3-15-B-1
U-2-23-B-1
D-3-21-B-2
D-2-8-B-1
U-3-24-B-4
D-4-27-B-2
D-4-16-B-1
D-3-19-B-1
U-4-28-B-1
C-2-32-B-2
U-3-30-B-1
C-4-1-B-1
D-4-31-B-1
D-1-23-B-1
D-4-8-B-2
D-4-29-B-1
U-3-1-B-3
D-1-14-B-3
C-3-23-B-1
D-4-32-B-1
D-4-9-B-2
D-4-9-B-3
D-4-18-B-1
D-4-10-B-1
D-4-34-B-1
D-4-34-B-3
C-2-23-B-3
D-4-31-B-2
D-3-5-B-2
U-3-9-B-3
Interrogans4
Interrogans8
D-3-39-B-3
Interrogans6
D-4-5-B-1
D-4-30-B-3
U-3-10-B-1
U-3-21-B-1
U-1-28-B-3
C-1-2-B-1
D-2-4-B-3
U-3-6-B-1
D-1-7-B-2
D-4-32-B-2
U-4-26-B-1
Interrogans7
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Figure 10. continued…
Interrogans3
D-4-8-B-1
Interrogans5
U-3-16-B-1
D-1-28-B-1
D-4-16-B-2
D-1-1-R-2
D-4-21-B-1
U-4-17-B-1
U-3-24-B-3
D-4-4-B-1
Human-Urine
C-4-26-B-1
D-3-22-B-2
D-4-3-B-1
Interrogans
Cow-Blood
Horse-Urine
C-4-15-B-2
C-1-1-B-1
C-1-23-B-1
C-1-34-B-1
C-1-17-R-1
Interrogans2
C-1-19-B-2
D-3-37-B-2
U-2-28-B-2
D-3-29-B-1
D-4-20-R-1
C-1-2-R-1
U-4-16-B-1
C-2-31-R-2
D-2-3-B-2
C-1-2-R-2
Clinical-Human
D-3-25-B-1
C-3-19-R-2
D-1-34-R-2
U-4-18-B-2
C-1-1-R-1
U-4-13-B-1
D-1-34-R-1
C-1-11-R-4
C-4-13-B-1
C-1-16-B-2
C-4-13-B-2
C-1-7-R-1
D-2-5-R-1
D-3-4-R-1
D-3-36-R-1
Kirschneri
U-2-7-B-2
Kirschneri2
U-1-21-B-2
U-4-8-B-1
D-1-14-B-2
D-3-30-B-3
C-2-24-B-1
U-4-30-B-1
D-2-25-B-1
U-4-11-B-1
Inadai
Noguchii
Weilli
D-3-10-B-2
U-1-33-B-1
D-3-23-B-1
Santarosai
Alexanderi
Alstonii
Borgpetersenii
Borgpetersenii2
Borgpetersenii3
Borgpetersenii4
D-2-23-R-4
D-3-36-R-2
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Figure 11. Minimum spanning tree of sequences from surface water samples (n=104), reference strains (n=20), rodent kidney
(n=17), and livestock and human clinical samples (n=4), from the Los Rios Region, Chile (2010-2012), using the secY (202bp)
gene
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Figure 12. Minimum spanning tree of Leptospira-positive secY sequences from surface water samples (n=104), rodent samples
(n=17), and clinical samples (n=4) by community type
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Figure 13. Community-level distribution of Leptospira species from water samples collected from households in Los Rios
Region, Chile (2010-2012)
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Figure 14. Proportion of water samples PCR-positive for Leptospira with corresponding seroprevalence in livestock and dogs
via MAT and proportion of PCR-positive rodents, by community
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Figure 15. Diagram of the theoretical framework for environmental surveillance of Leptospira
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Figure 16. Conceptual framework of Leptospira transmission in urban slum communities
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Propo rtion Infected

Amou nt of leptospi res in environme nt

Figure 17. Human prevalence for SeroR and SeroD in the modeled population for ten years (100 iterations) for the baseline
scenario and relative abundance of SeroR and SeroD in the environment

0

Years

Lines demonstrate averages from 100 iterations of the model run. The corresponding distribution of leptospires in the environment at the points of maximum and
minimum human prevalence for each serovar are illustrated by pie charts. Darker shades representing the proportion of leptospires shed from the host to which
the serovar is adapted.
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Figure 18. Log of annual human incidence per 100,000 persons for SeroR (x-axis) and SeroD (y-axis) for the scenarios tested in
the sensitivity analysis compared to baseline. The points on the plot correspond to the scenario number being tested, and the white
circle depicts the relative location of the baseline model incidence.
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Figure 19. Boxplots of annual human incidence per 100,000 persons of SeroR and SeroD for the first two years following
intervention for Intervention Strategies 9, 10, and 31 with the baseline model
SeroR -Year 2

Inciden ce per 100,000

Inciden ce per 100,000

SeroR -Year 1

Baseline

Int 9

Int 10

Int 31

Baseline

Int 10

Int 31

SeroD - Year 2

Inciden ce per 100,000

SeroD - Year 1

Int 9

Baseline

Int 9

Int 10

Int 31

Baseline

Int 9

Int 10

Int 31
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Figure 20. Image of the modeling space with enlarged image of households and peri-domestic environment with rodents,
humans, and dogs
Human

Household

Dog (Stray or Owned)

Rodent
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Figure 21. Plot of average number of animal hosts from 100 iterations of the baseline model, run for 10 years
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Figure 22. Households participating in rodent control practices
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Figure 23. Households participating in occupational protective practices
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Figure 24. Households participating in protective practices in the garden
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Appendix B. Code for baseline agent-based model (Aim II) in NetLogo version 5.3.1
; Leptospirosis in Marginalized Urban Communities
;r- is for rodents
;ds- is for stray dogs
;do- is for owned dogs
;h- is for humans
;HH- is for household
;e- is for patches (environment)
globals
[
;for Household
HH-xcor
HH-ycor
;time-keeping
time ;weekly measure
year ;resets when a year has passed
;owned dogs
od-init-prev ; prevalence of dog serovar in dogs at setup
;stray dogs
sd-init-prev ; prevalence of dog serovar in dogs at setup
;rodents
r-init-prev ; prevalence of a rodent serovar in rodents at setup
r-death-prob-juv
r-death-prob-adult
r-birth-prob-low
r-birth-prob-high
;humans
h-death-prob
h-birth-prob
h-incident-case-seroD
h-incident-case-seroR
p0-dogs
p1-dogs
p2-dogs
p3-dogs
p4-dogs
p5-dogs
]
breed [rodents rodent]
breed [HHs HH]
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breed [odogs odog]
breed [sdogs sdog]
breed [humans human]
patches-own
[
p-inf-dog ; probability that a host on the patch would be infected with the dog serovar
p-inf-rod ; probability that a host on the patch would be infected with the rodent serovar
e-contaminated-from-dog-d ; was patch contaminated from a dog with dog servoar?
e-contaminated-from-dog-r ; was patch contaminated from a dog with rodent serovar?
e-contaminated-from-rod-d ; was patch contaminated from a rodent with dog serovar?
e-contaminated-from-rod-r; was patch contaminated from a rodent with rodent serovar?
e-amount-seroD-d ; amount of dog serovar from dog on patch
e-amount-seroD-r ; amount of dog serovar from rodent on patch
e-amount-seroR-d ; amount of rodent serovar from dog on patch
e-amount-seroR-r ; amount of rodent serovar from rodent on patch
e-amount-seroD ; total number of dog serovar leptospires on patch
e-amount-seroR ; total number of rodent serovar leptospires on patch
count-odogs-here
]
rodents-own
[
r-start-patch ;the center of the rodents' homerange
r-home-range ;distance for home range
r-HH-id ;rodent's assigned HH
r-age ; rodent age for juvenile or adult
r-SIR-dog-S
r-SIR-dog-I
r-SIR-dog-Shed
r-SIR-dog-R
r-SIR-rod-S
r-SIR-rod-I
r-SIR-rod-Shed
r-SIR-rod-R
r-days-shed-dog
r-days-shed-rod
r-shed-init-dog
r-shed-init-rod
r-days-recovered
r-incub-pd-dog
r-days-incub-dog
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r-rate-decay-dog
r-incub-pd-rod
r-days-incub-rod
r-rate-decay-rod
]
odogs-own
[
od-start-patch ;the center of the dogs' homerange
od-home-range;distance for home range
od-HH-id;dog's assigned HH
od-age
d-SIR-dog-S
d-SIR-dog-I
d-SIR-dog-Shed
d-SIR-dog-R
d-SIR-rod-S
d-SIR-rod-I
d-SIR-rod-Shed
d-SIR-rod-R
d-birth-prob
d-death-prob
d-days-shed-dog
d-days-shed-rod
d-shed-init-dog
d-shed-init-rod
d-days-recovered
d-incub-pd-dog
d-days-incub-dog
d-rate-decay-dog
d-incub-pd-rod
d-days-incub-rod
d-rate-decay-rod
]
sdogs-own
[
sd-start-patch ;the center of the dogs' homerange
sd-home-range;distance for home range
sd-HH-id;dog's assigned HH
sd-age
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d-SIR-dog-S
d-SIR-dog-I
d-SIR-dog-Shed
d-SIR-dog-R
d-SIR-rod-S
d-SIR-rod-I
d-SIR-rod-Shed
d-SIR-rod-R
d-birth-prob
d-death-prob
d-days-shed-dog
d-days-shed-rod
d-shed-init-dog
d-shed-init-rod
d-days-recovered
d-incub-pd-dog
d-days-incub-dog
d-rate-decay-dog
d-incub-pd-rod
d-days-incub-rod
d-rate-decay-rod
]

humans-own
[
h-HH-id
h-SIR-dog-S
h-SIR-dog-I
h-SIR-dog-R
h-SIR-rod-S
h-SIR-rod-I
h-SIR-rod-R
h-days-inf-dog
h-days-inf-rod
h-prob-move
h-start-patch
]
HHs-own
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[
HH-id
]
;--------- SETUP ---------to setup
ca ; clears everything
set time 0 ; sets the initial time to zero
set year 0 ; sets initial year to zero

; ------ SET GLOBALS ----set od-init-prev 0.04
set sd-init-prev 0.04
set r-init-prev 0.17
set p0-dogs 0.47
set p1-dogs 0.47 + 0.27
set p2-dogs 0.47 + 0.27 + 0.11
set p3-dogs 0.47 + 0.27 + 0.11 + 0.08
set p4-dogs 0.47 + 0.27 + 0.11 + 0.08 + 0.05
set p5-dogs 1.0
;set d-birth-prob (0.0769)
;set d-death-prob (0.0228)
;set od-birth-prob (0.131)
;set od-death-prob (0.0228)
;set sd-birth-prob (0.2078)
;set sd-death-prob (0.0651)
;set r-birth-prob-high (0.6027)
;set r-birth-prob-low (0.2063)
;set r-death-prob-juv (0.0830)
;set r-death-prob-adult (0.0957)
;set h-birth-prob (0.000266)
;set h-death-prob (0.000266)
;Households
set HH-xcor [50 54 58 62 66 70 74 78 82 86 90 94 98 102 106]
set HH-ycor [58 62 66 70 74 78 82 86 90 94]
;------ END SET GLOBALS---let i 0
repeat (length HH-xcor)
[
let j 0
repeat (length HH-ycor)
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[
create-HHs 1 ; creates HH with the following variables
[
set HH-id (i + 1 + (length HH-xcor) * j)
setxy (item i HH-xcor) (item j HH-ycor)
set color yellow
set size 1
set shape "square"
let p-dogs-allowed (random-float 1)
if p-dogs-allowed < p0-dogs
[set count-odogs-here 0]
if p-dogs-allowed > p0-dogs and p-dogs-allowed <= p1-dogs
[set count-odogs-here 1]
if p-dogs-allowed > p1-dogs and p-dogs-allowed <= p2-dogs
[set count-odogs-here 2]
if p-dogs-allowed > p2-dogs and p-dogs-allowed <= p3-dogs
[set count-odogs-here 3]
if p-dogs-allowed > p3-dogs and p-dogs-allowed <= p4-dogs
[set count-odogs-here 4]
if p-dogs-allowed > p4-dogs
[set count-odogs-here 5]

set j (j + 1)
]
]
set i (i + 1)
]
if h-init != 0
[
create-humans h-init
[
set shape "person"
set color blue
set size 2
set h-HH-id random ((length HH-xcor) * (length HH-ycor))
setxy ([xcor] of HH h-HH-id) ([ycor] of HH h-HH-id)
set h-start-patch patch-here
set h-birth-prob 0.000266
set h-death-prob 0.000266
set h-SIR-dog-S TRUE
set h-SIR-dog-I FALSE
set h-SIR-dog-R FALSE
set h-SIR-rod-S TRUE
set h-SIR-rod-I FALSE
set h-SIR-rod-R FALSE
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set h-days-inf-dog 0
set h-days-inf-rod 0
set h-prob-move 0.50
]
]

;if od-init != 0
;[
ask patches with [count-odogs-here = 5]
[ sprout-odogs 5
[
set shape "wolf"
set color gray
set size 2
;set od-HH-id random ((length HH-xcor) * (length HH-ycor))
;setxy ([xcor] of HH od-HH-id) ([ycor] of HH od-HH-id)
set od-start-patch patch-here
set od-age abs (random-normal 0 52)
set od-home-range 25
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
set d-birth-prob (0.1480)
set d-death-prob (0.0228)
let od-infected-init (random-float 1)
if (od-infected-init < od-init-prev)
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs ((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
]
]
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]
ask patches with [count-odogs-here = 4]
[ sprout-odogs 4
[
set shape "wolf"
set color gray
set size 2
;set od-HH-id random ((length HH-xcor) * (length HH-ycor))
;setxy ([xcor] of HH od-HH-id) ([ycor] of HH od-HH-id)
set od-start-patch patch-here
set od-age abs (random-normal 0 52)
set od-home-range 25
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
set d-birth-prob (0.1480)
set d-death-prob (0.0228)
let od-infected-init (random-float 1)
if (od-infected-init < od-init-prev)
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs ((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
]
]
]
ask patches with [count-odogs-here = 3]
[ sprout-odogs 3
[
set shape "wolf"
set color gray
set size 2
;set od-HH-id random ((length HH-xcor) * (length HH-ycor))
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;setxy ([xcor] of HH od-HH-id) ([ycor] of HH od-HH-id)
set od-start-patch patch-here
set od-age abs (random-normal 0 52)
set od-home-range 25
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
set d-birth-prob (0.1480)
set d-death-prob (0.0228)
let od-infected-init (random-float 1)
if (od-infected-init < od-init-prev)
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs ((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
]
]
]
ask patches with [count-odogs-here = 2]
[ sprout-odogs 2
[
set shape "wolf"
set color gray
set size 2
;set od-HH-id random ((length HH-xcor) * (length HH-ycor))
;setxy ([xcor] of HH od-HH-id) ([ycor] of HH od-HH-id)
set od-start-patch patch-here
set od-age abs (random-normal 0 52)
set od-home-range 25
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
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set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
set d-birth-prob (0.1480)
set d-death-prob (0.0228)
let od-infected-init (random-float 1)
if (od-infected-init < od-init-prev)
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs ((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
]
]
]
ask patches with [count-odogs-here = 1]
[ sprout-odogs 1
[
set shape "wolf"
set color gray
set size 2
;set od-HH-id random ((length HH-xcor) * (length HH-ycor))
;setxy ([xcor] of HH od-HH-id) ([ycor] of HH od-HH-id)
set od-start-patch patch-here
set od-age abs (random-normal 0 52)
set od-home-range 25
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
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set d-birth-prob (0.1480)
set d-death-prob (0.0228)
let od-infected-init (random-float 1)
if (od-infected-init < od-init-prev)
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs ((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
]
]
]
;]
if sd-init != 0
[
create-sdogs sd-init
[
set shape "wolf"
set color gray
set size 2
;set sd-HH-id random ((length HH-xcor) * (length HH-ycor))
;setxy ([xcor] of HH sd-HH-id) ([ycor] of HH sd-HH-id)
setxy random-xcor random-ycor
set sd-start-patch patch-here
set sd-age abs (random-normal 0 52)
set sd-home-range 50
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
set d-birth-prob (0.1480)
set d-death-prob (0.0228)
let sd-infected-init (random-float 1)
if (sd-infected-init < sd-init-prev)
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[set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs ((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE]
]
]

if r-init != 0
[
create-rodents r-init
[
set shape "default"
set color white
set size 1
set r-HH-id random ((length HH-xcor) * (length HH-ycor))
setxy ([xcor] of HH r-HH-id) ([ycor] of HH r-HH-id)
set r-start-patch patch-here
set r-home-range 5
set r-age abs (random-normal 0 16)
set r-SIR-dog-S TRUE
set r-SIR-dog-I FALSE
set r-SIR-dog-Shed FALSE
set r-SIR-dog-R FALSE
set r-SIR-rod-S TRUE
set r-SIR-rod-I FALSE
set r-SIR-rod-Shed FALSE
set r-SIR-rod-R FALSE
set r-birth-prob-high (0.6027)
set r-birth-prob-low (0.2063)
set r-death-prob-juv (0.0830)
set r-death-prob-adult (0.0957)
let r-infected-init (random-float 1)
if (r-infected-init < r-init-prev)
[set r-SIR-rod-I TRUE
set r-incub-pd-rod random (7) + 7
set r-days-incub-rod 0
set r-shed-init-rod abs ((random-normal 6100000 1500000) * 7.58)
set r-days-shed-rod 0
set r-rate-decay-rod (0.15 + random-float 0.2)
set r-SIR-rod-S FALSE
]
]
]
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reset-ticks
END
;--------- END SETUP --------

;---------- HUMANS ------------to h-die
let Nh (count humans)
let h-death (random-float 1)
if (h-death < h-death-prob * Nh / h-init)
[
die
]
end
to h-birth
let Nh (count humans)
let h-birth-p (random-float 1)
if (h-birth-p < h-birth-prob * h-init / Nh)
[
hatch 1 ; hatch replacement persons
[
set shape "person"
set color blue
set size 2
set h-HH-id random ((length HH-xcor) * (length HH-ycor))
setxy ([xcor] of HH h-HH-id) ([ycor] of HH h-HH-id)
set h-SIR-dog-S TRUE
set h-SIR-dog-I FALSE
set h-SIR-dog-R FALSE
set h-SIR-rod-S TRUE
set h-SIR-rod-I FALSE
set h-SIR-rod-R FALSE
set h-days-inf-dog 0
set h-days-inf-rod 0
set h-birth-prob 0.000266
set h-death-prob 0.000266
set h-prob-move 0.50
set h-start-patch patch-here
]
]
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end
to h-get-infected
if h-SIR-dog-S = TRUE
[ let prob-inf (random-float 1)
if prob-inf < (p-inf-dog / 100)
[
set h-SIR-dog-I TRUE
set h-days-inf-dog random (28) + 2
set h-SIR-dog-S FALSE
set h-death-prob 0.000266 * 1.1
set h-incident-case-seroD h-incident-case-seroD + 1
]
]
if h-SIR-rod-S = TRUE
[let prob-inf (random-float 1)
if prob-inf < (p-inf-rod / 100)
[
set h-SIR-rod-I TRUE
set h-days-inf-rod random (28) + 2
set h-SIR-rod-S FALSE
set h-death-prob 0.000266 * 1.1
set h-incident-case-seroR h-incident-case-seroR + 1
]
]
end
to h-shed
if h-SIR-dog-I = TRUE and h-days-inf-dog < 43
[
set h-days-inf-dog h-days-inf-dog + 1
]
if h-SIR-dog-I = TRUE and h-days-inf-dog = 43
[
set h-SIR-dog-I FALSE
set h-SIR-dog-R TRUE
]
if h-SIR-rod-I = TRUE and h-days-inf-rod < 43
[
set h-days-inf-rod h-days-inf-rod + 1
]
if h-SIR-rod-I = TRUE and h-days-inf-rod = 43
[
set h-SIR-rod-I FALSE
set h-SIR-rod-R TRUE
]
end
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to h-go
repeat 7
[
move-to h-start-patch
let prob-move (random-float 1)
ifelse (prob-move < h-prob-move)
[move-to one-of patches in-radius (10)]
[move-to one-of patches]
h-get-infected
h-shed
]
end

;---------- OWNED DOGS ----------to od-die
let Nod (count odogs)
let d-death (random-float 1)
if (d-death < d-death-prob * Nod / od-init)
[
die
]
end
to od-birth
if year >= 37 and year < 52
[
if od-age > 52
[
let Nod (count odogs)
let od-birth-p (random-float 1)
if (od-birth-p < d-birth-prob * od-init / Nod)
[
hatch 1 ; hatch replacement dogs
[
set shape "wolf"
set color gray
set size 2
set od-start-patch [od-start-patch] of myself
set od-home-range 25
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R FALSE
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set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-days-shed-dog 0
set d-days-shed-rod 0
set d-birth-prob (0.1480)
set d-death-prob (0.0228)
]
]
]
]
end
;-------- STRAY DOGS ----------------to sd-die
let Nsd (count sdogs)
let d-death (random-float 1)
if (d-death < d-death-prob * Nsd / sd-init)
[
die
]
end
to sd-birth
if year >= 37 and year < 52
[
if sd-age > 52
[
let Nsd (count sdogs)
let sd-birth-p (random-float 1)
if (sd-birth-p < d-birth-prob * sd-init / Nsd)
[
hatch 1 ; hatch replacement dogs
[
set shape "wolf"
set color gray
set size 2
setxy random-xcor random-ycor
set sd-start-patch patch-here
set sd-home-range 50
set d-SIR-dog-S TRUE
set d-SIR-dog-I FALSE
set d-SIR-dog-Shed FALSE

174

set d-SIR-dog-R FALSE
set d-SIR-rod-S TRUE
set d-SIR-rod-I FALSE
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R FALSE
set d-birth-prob (0.1480)
set d-death-prob (0.0429)
]
]
]
]
end
;---------RODENTS-----------to r-die
let Nr (count rodents)
if r-age < 8
[
let r-death (random-float 1)
if (r-death < r-death-prob-juv * Nr / r-init)
[
die
]
]
if r-age >= 8
[
let r-death (random-float 1)
if (r-death < r-death-prob-adult * Nr / r-init)
[
die
]
]
end
to r-birth
let Nr (count rodents)
if year > 12 and year <= 38
[
;if r-age >= 8
;[
let r-birth-p (random-float 1) * 4
if (r-birth-p < r-birth-prob-low * r-init / Nr)
[
hatch 1 ; hatch replacement rodents
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[
set shape "default"
set color white
set size 1
set r-HH-id random ((length HH-xcor) * (length HH-ycor))
setxy ([xcor] of HH r-HH-id) ([ycor] of HH r-HH-id)
set r-start-patch patch-here
set r-home-range 5
set r-age 0
set r-SIR-dog-S TRUE
set r-SIR-dog-I FALSE
set r-SIR-dog-Shed FALSE
set r-SIR-dog-R FALSE
set r-SIR-rod-S TRUE
set r-SIR-rod-I FALSE
set r-SIR-rod-Shed FALSE
set r-SIR-rod-R FALSE
set r-birth-prob-high (0.6027)
set r-birth-prob-low (0.2063)
set r-death-prob-juv (0.0830)
set r-death-prob-adult (0.0957)
]
]
;]
]
if year <= 12 or year > 38
[
;if r-age >= 8
;[
let r-birth-p (random-float 1) * 4
if (r-birth-p < r-birth-prob-high * r-init / Nr)
[
hatch 1
[
set shape "default"
set color white
set size 1
set r-HH-id random ((length HH-xcor) * (length HH-ycor))
setxy ([xcor] of HH r-HH-id) ([ycor] of HH r-HH-id)
set r-start-patch patch-here
set r-home-range 5
set r-age 0
set r-SIR-dog-S TRUE
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set r-SIR-dog-I FALSE
set r-SIR-dog-Shed FALSE
set r-SIR-dog-R FALSE
set r-SIR-rod-S TRUE
set r-SIR-rod-I FALSE
set r-SIR-rod-Shed FALSE
set r-SIR-rod-R FALSE
]
]
;]
]
end
to od-go
repeat 7
[
move-to od-start-patch
move-to one-of patches in-radius (random-poisson 5)
d-get-infected
d-shed
]
end

to sd-go
repeat 7
[
move-to sd-start-patch
move-to one-of patches in-radius sd-home-range
d-get-infected
d-shed
]
end
to d-get-infected
if d-SIR-dog-S = TRUE
[
if (any? odogs with [d-SIR-dog-Shed = TRUE]) or (any? sdogs with [d-SIR-dog-Shed = TRUE])
[ let prob-inf (random-float 1)
if prob-inf < 0.01
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
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set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
set d-death-prob (0.0429 * 1.1)
]
]

let prob-inf (random-float 1)
if prob-inf < p-inf-dog
[
set d-SIR-dog-I TRUE
set d-incub-pd-dog random (18) + 3
set d-days-incub-dog 0
set d-shed-init-dog abs((random-normal 59000 10000) * 900)
set d-days-shed-dog 0
set d-rate-decay-dog (0.15 + random-float 0.2)
set d-SIR-dog-S FALSE
set d-death-prob (0.0429 * 1.1)
]
]

if d-SIR-rod-S = TRUE
[
if (any? odogs with [d-SIR-rod-Shed = TRUE]) or (any? sdogs with [d-SIR-rod-Shed = TRUE])
[ let prob-inf (random-float 1)
if prob-inf < 0.01
[
set d-SIR-rod-I TRUE
set d-incub-pd-rod random (11) + 3
set d-days-incub-rod 0
set d-shed-init-rod abs((random-normal 59000 10000) * 900)
set d-days-shed-rod 0
set d-rate-decay-rod (0.3 + random-float 0.4)
set d-SIR-rod-S FALSE
set d-death-prob (0.0429 * 1.1)
]
]
let prob-inf (random-float 1)
if prob-inf < p-inf-rod
[
set d-SIR-rod-I TRUE
set d-incub-pd-rod random (11) + 3
set d-days-incub-rod 0
set d-shed-init-rod abs((random-normal 59000 10000) * 900)
set d-days-shed-rod 0
set d-rate-decay-rod (0.3 + random-float 0.4)
set d-SIR-rod-S FALSE
set d-death-prob (0.0429 * 1.1)
]
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]
end
to e-decay
repeat 7
[
set p-inf-rod (e-amount-seroR * 0.01 / 10 ^ 7 )
set p-inf-dog (e-amount-seroD * 0.01 / 10 ^ 7 )
set e-amount-seroD e-amount-seroD * 0.8
set e-amount-seroR e-amount-seroR * 0.8
set e-amount-seroD-d e-amount-seroD-d * 0.8
set e-amount-seroR-d e-amount-seroR-d * 0.8
set e-amount-seroD-r e-amount-seroD-r * 0.8
set e-amount-seroR-r e-amount-seroR-r * 0.8
]
if e-amount-seroD < 1000
[
set e-amount-seroD 0
set e-amount-seroD-d 0
set e-amount-seroD-r 0
set e-contaminated-from-dog-d FALSE
set e-contaminated-from-rod-d FALSE
]
if e-amount-seroR < 1000
[
set e-amount-seroR 0
set e-amount-seroR-r 0
set e-amount-seroR-d 0
set e-contaminated-from-dog-r FALSE
set e-contaminated-from-rod-r FALSE
]
end
to d-shed
; Dog shedding dog serovar
if d-SIR-dog-I = TRUE and d-days-incub-dog < d-incub-pd-dog
[set d-days-incub-dog d-days-incub-dog + 1]
if d-SIR-dog-I = TRUE and d-days-incub-dog = d-incub-pd-dog
[set d-SIR-dog-Shed TRUE
set d-days-shed-dog 0
set d-SIR-dog-I FALSE ]
if d-SIR-dog-Shed = TRUE and d-days-shed-dog <= 3
[set d-days-shed-dog d-days-shed-dog + 1
let new-amt-shed (d-shed-init-dog * (d-days-shed-dog / 3))
ask patch-here
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[
set e-contaminated-from-dog-d TRUE
set e-amount-seroD-d e-amount-seroD-d + new-amt-shed
set e-amount-seroD e-amount-seroD + new-amt-shed
]
]
if d-SIR-dog-Shed = TRUE and d-days-shed-dog > 3 and d-days-shed-dog <= 10
[
set d-days-shed-dog d-days-shed-dog + 1
let new-amt-shed d-shed-init-dog
ask patch-here
[
set e-contaminated-from-dog-d TRUE
set e-amount-seroD-d e-amount-seroD-d + new-amt-shed
set e-amount-seroD e-amount-seroD + new-amt-shed
]
]
if d-SIR-dog-Shed = TRUE and d-days-shed-dog > 10
[ set d-days-shed-dog d-days-shed-dog + 1
let new-amt-shed (d-shed-init-dog * (exp (- d-rate-decay-dog * (d-days-shed-dog - 10))))
ifelse new-amt-shed < 100
[
set d-SIR-dog-Shed FALSE
set d-SIR-dog-R TRUE
set d-days-recovered 0
]
[ask patch-here
[
set e-contaminated-from-dog-d TRUE
set e-amount-seroD-d e-amount-seroD-d + new-amt-shed
set e-amount-seroD e-amount-seroD + new-amt-shed
]
]
]
if d-SIR-dog-R = TRUE and d-days-recovered < 365
[
set d-days-recovered d-days-recovered + 1 ]
if d-SIR-dog-R = TRUE and d-days-recovered = 365
[
set d-SIR-dog-R FALSE
set d-SIR-dog-S TRUE
]
;Dog Shedding Rodent Serovar
if d-SIR-rod-I = TRUE and d-days-incub-rod < d-incub-pd-rod
[set d-days-incub-rod d-days-incub-rod + 1]
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if d-SIR-rod-I = TRUE and d-days-incub-rod = d-incub-pd-rod
[set d-SIR-rod-Shed TRUE
set d-days-shed-rod 0
set d-SIR-rod-I FALSE ]
if d-SIR-rod-Shed = TRUE and d-days-shed-rod <= 3
[set d-days-shed-rod d-days-shed-rod + 1
let new-amt-shed (d-shed-init-rod * (d-days-shed-rod / 3))
ask patch-here
[
set e-contaminated-from-dog-r TRUE
set e-amount-seroR-d e-amount-seroR-d + new-amt-shed
set e-amount-seroR e-amount-seroR + new-amt-shed
]
]
if d-SIR-rod-Shed = TRUE and d-days-shed-rod > 3 and d-days-shed-rod <= 10
[
set d-days-shed-rod d-days-shed-rod + 1
let new-amt-shed d-shed-init-rod
ask patch-here
[
set e-contaminated-from-dog-r TRUE
set e-amount-seroR-d e-amount-seroR-d + new-amt-shed
set e-amount-seroR e-amount-seroR + new-amt-shed
]
]
if d-SIR-rod-Shed = TRUE and d-days-shed-rod > 10
[ set d-days-shed-rod d-days-shed-rod + 1
let new-amt-shed (d-shed-init-rod * (exp (- d-rate-decay-rod * (d-days-shed-rod - 10))))
ifelse new-amt-shed < 100
[
set d-SIR-rod-Shed FALSE
set d-SIR-rod-R TRUE
]
[ask patch-here
[
set e-contaminated-from-dog-r TRUE
set e-amount-seroR-d e-amount-seroR-d + new-amt-shed
set e-amount-seroR e-amount-seroR + new-amt-shed
]
]
]
end
to r-go
repeat 7
[
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move-to r-start-patch
move-to one-of patches in-radius r-home-range
r-get-infected
r-shed
]
end
to r-get-infected
if r-SIR-dog-S = TRUE
[
if any? rodents with [r-SIR-dog-Shed = TRUE]
[ let prob-inf (random-float 1)
if prob-inf < 0.01
[
set r-SIR-dog-I TRUE
set r-incub-pd-dog random (7) + 7
set r-days-incub-dog 0
set r-shed-init-dog abs ((random-normal 6100000 1500000) * 7.58)
set r-days-shed-dog 0
set r-rate-decay-dog (0.3 + random-float 0.4)
set r-SIR-dog-S FALSE ]
]
let prob-inf (random-float 1)
if prob-inf < p-inf-dog
[set r-SIR-dog-I TRUE
set r-incub-pd-dog random (7) + 7
set r-days-incub-dog 0
set r-shed-init-dog abs ((random-normal 6100000 1500000) * 7.58)
set r-days-shed-dog 0
set r-rate-decay-dog (0.3 + random-float 0.4)
set r-SIR-dog-S FALSE ]
]
if r-SIR-rod-S = TRUE
[
if any? rodents with [r-SIR-rod-Shed = TRUE]
[ let prob-inf (random-float 1)
if prob-inf < 0.01
[set r-SIR-rod-I TRUE
set r-incub-pd-rod random (7) + 7
set r-days-incub-rod 0
set r-shed-init-rod abs ((random-normal 6100000 1500000) * 7.58)
set r-days-shed-rod 0
set r-rate-decay-rod (0.15 + random-float 0.2)
set r-SIR-rod-S FALSE ]
]

let prob-inf (random-float 1)
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if prob-inf < p-inf-rod
[ set r-SIR-rod-I TRUE
set r-incub-pd-rod random (7) + 7
set r-days-incub-rod 0
set r-shed-init-rod abs ((random-normal 6100000 1500000) * 7.58)
set r-days-shed-rod 0
set r-rate-decay-rod (0.15 + random-float 0.2)
set r-SIR-rod-S FALSE ]
]
end
to r-shed
;Rodent shedding dog serovar
if r-SIR-dog-I = TRUE and r-days-incub-dog < r-incub-pd-dog
[set r-days-incub-dog r-days-incub-dog + 1]
if r-SIR-dog-I = TRUE and r-days-incub-dog = r-incub-pd-dog
[set r-SIR-dog-Shed TRUE
set r-days-shed-dog 0
set r-SIR-dog-I FALSE]
if r-SIR-dog-Shed = TRUE and r-days-shed-dog <= 3
[ set r-days-shed-dog r-days-shed-dog + 1
let new-amt-shed (r-shed-init-dog * (r-days-shed-dog / 3 ) )
ask patch-here
[
set e-contaminated-from-rod-d TRUE
set e-amount-seroD-r e-amount-seroD-r + new-amt-shed
set e-amount-seroD e-amount-seroD + new-amt-shed
]
]
if r-SIR-dog-Shed = TRUE and r-days-shed-dog > 3 and r-days-shed-dog <= 10
[
set r-days-shed-dog r-days-shed-dog + 1
let new-amt-shed r-shed-init-dog
ask patch-here
[ set e-contaminated-from-rod-d TRUE
set e-amount-seroD-r e-amount-seroD-r + new-amt-shed
set e-amount-seroD e-amount-seroD + new-amt-shed
]
]
if r-SIR-dog-Shed = TRUE and r-days-shed-dog > 10
[ set r-days-shed-dog r-days-shed-dog + 1
let new-amt-shed (r-shed-init-dog * (exp (- r-rate-decay-dog * (r-days-shed-dog - 10))))
ifelse new-amt-shed < 100
[
set r-SIR-dog-Shed FALSE
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set r-SIR-dog-R TRUE
]
[ ask patch-here
[set e-contaminated-from-rod-d TRUE
set e-amount-seroD-r e-amount-seroD-r + new-amt-shed
set e-amount-seroD e-amount-seroD + new-amt-shed
]
]
]

;Rodent shedding rodent serovar
if r-SIR-rod-I = TRUE and r-days-incub-rod < r-incub-pd-rod
[set r-days-incub-rod r-days-incub-rod + 1]
if r-SIR-rod-I = TRUE and r-days-incub-rod = r-incub-pd-rod
[set r-SIR-rod-Shed TRUE
set r-days-shed-rod 0
set r-SIR-rod-I FALSE]
if r-SIR-rod-Shed = TRUE and r-days-shed-rod <= 3
[ set r-days-shed-rod r-days-shed-rod + 1
let new-amt-shed (r-shed-init-rod * (r-days-shed-rod / 3 ) )
ask patch-here
[
set e-contaminated-from-rod-r TRUE
set e-amount-seroR-r e-amount-seroR-r + new-amt-shed
set e-amount-seroR e-amount-seroR + new-amt-shed
]
]
if r-SIR-rod-Shed = TRUE and r-days-shed-rod > 3 and r-days-shed-rod <= 10
[
set r-days-shed-rod r-days-shed-rod + 1
let new-amt-shed r-shed-init-rod
ask patch-here
[ set e-contaminated-from-rod-r TRUE
set e-amount-seroR-r e-amount-seroR-r + new-amt-shed
set e-amount-seroR e-amount-seroR + new-amt-shed
]
]
if r-SIR-rod-Shed = TRUE and r-days-shed-rod > 10
[ set r-days-shed-rod r-days-shed-rod + 1
let new-amt-shed (r-shed-init-rod * (exp (- r-rate-decay-rod * (r-days-shed-rod - 10))))
ifelse new-amt-shed < 100
[
set r-SIR-rod-Shed FALSE
set r-SIR-rod-S TRUE
]
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[ ask patch-here
[set e-contaminated-from-rod-r TRUE
set e-amount-seroR-r e-amount-seroR-r + new-amt-shed
set e-amount-seroR e-amount-seroR + new-amt-shed]
]
]
end
; ---------- GO (Each Week) ---------to GO
;ticks, time, and age
set time (time + 1)
if year = 52
[
set year 0
]
set year (year + 1)

ask odogs
[
od-die
od-birth
od-go
set od-age (od-age + 1)
]
ask sdogs
[
sd-die
sd-birth
sd-go
set sd-age (sd-age + 1)
]
ask rodents
[
r-die
r-birth
r-go
set r-age (r-age + 1)
]
ask humans
[
h-die
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h-birth
h-go
]
ask patches
[
e-decay
]
tick
;stop-inspecting-dead-agents
end
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