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Abstract: Leptospirosis is a zoonotic infectious disease of global significance. Political, economic, demographic,
ecologic, and other anthropogenically driven environmental changes have fueled the reemergence of this disease
in industrialized and developing countries, and in both urban and rural settings. We argue that conventional
disciplinary, even interdisciplinary, research methods are not sufficient to elucidate the complex mechanisms
and causal relationships among the myriad factors responsible for infectious disease emergence. To address the
significant gaps in the field of leptospirosis, an integrated research agenda is needed to guide successful public
health remediation of the disease. Based on both working group analysis of literature and newly obtained
information, we describe cross-disciplinary collaborative approaches that allow a novel approach to understand
leptospirosis emergence with regard to mountain-to-sea ecosystems in Hawai‘i and other region-specific eco-
systems. Leptospirosis research is a model for how complementary disciplines in the social, cultural, ecological,

and biomedical sciences can optimally interact towards a higher understanding of emerging infectious diseases.
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INTRODUCTION Bharti et al., 2003), is remarkably neglected. Besides being
vastly underreported (WHO, 2001), it is an important

The public health significance of leptospirosis, a globally ~ waterborne disease affecting hundreds of millions of people
important zoonotic infectious disease (Faine et al., 1999; worldwide, most of whom cannot easily escape the condi-
tions of exposure either in urban or rural environments.
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contaminated by urine from a wide variety of both wild and

domesticated animals. For this reason, both from a research
standpoint, and as a case example for exploring interdis-
ciplinary methods, leptospirosis is particularly well-suited
as a model system for the study of the causes of pathogen
emergence—from the microbial to the ecosystem level.
Leptospirosis is characterized in its most extreme form
as a fulminant hemorrhagic fever accompanied by jaundice,
renal failure, and multiple organ failure (Bharti et al,
2003). Leptospirosis affects people living in urban slums
and rural environments in developed and developing
countries alike. Populations at risk exhibit a similarly dis-
parate pattern—from urban residents (Fig. 1) to those
living in rural areas (Fig. 2), to specific industrial occupa-
tions, to traditional wetland farming communities (Fig. 3)
and adventure tourists (Vinetz et al., 1996; Sejvar et al.,
2003). While much of the recent increase in reported cases
of leptospirosis is due to increased vigilance, leptospirosis
appears to be increasing around the world, both in endemic
and epidemic settings (Sehgal, 2000). Although waterborne,
leptospirosis is not transmitted by the fecal-oral route as
are cholera, bacterial dysentery, and other diarrheal diseases
(Bharti et al., 2003). Its transmission cycle (Fig. 4) often
involves “spill-over” from wildlife to domestic species,
coastal watershed contamination resulting in infection of
marine mammals, and even “spill-back,” closing the wild-

Figure 1. The urban slum environment of the Belen
district of Iquitos, Peru in the Amazon region.

A, B: Typical houses in the Belen district, built on stilts to
avoid flood waters when the river rises. C: The typical
sanitation of the Belen Market area that attracts
scavenger animals such as dogs and rats. D: A typical
view of the Belen Market area where commerce goes on
and rats are often seen underneath tables and in gutters.
Rats are so abundant in the market areas that they are
commonly seen during the day despite their being

primarily nocturnal.

domestic—wild species loop (Daszak et al., 2000, 2001). As
humans increase their urbanization and move themselves,
along with domesticated animals and unwanted rodent
companions, into new places, there are more opportunities
for leptospirosis transmission.

Despite nearly a century of research on leptospirosis,
major gaps exist in understanding central mechanisms in
its transmission, pathogenesis, protective immunity, ecol-
ogy (both of the microbes and mammalian reservoirs), and
the taxonomic and genetic relationships among Leptospira
species. Satisfactory diagnostic and environmental tests are
lacking, as are studies that would lead to improved pro-
grams in disease prevention.

The theme of this article is that the spread of lepto-
spirosis is anthropogenically driven and that a variety of
human cultural factors combine with unique biological
aspects of this disease to contribute to its increasing human
impact. We describe leptospirosis as a transdisciplinary
problem to be framed within biomedical, ecological, envi-
ronmental, social, political, and cultural contexts. The
overall goal of this socio-ecological systems approach to
infectious disease emergence is to develop an integrated,
interdisciplinary understanding of large-scale mechanisms
and determinants of infectious disease emergence (Lewis,
2005). Starting with considerations in Hawaii, leptospi-
rosis appeared to be ideal for examining how emerging



infectious disease (EID) research in general might be ad-

vanced through an approach that transcended disciplinary
boundaries: the transdisciplinary approach (Parkes et al.,
2005). Hawai‘l’s mountain-to-sea ecosystems are associated
with the highest rates of leptospirosis incidence in the U.S.
In Hawai‘i, the term “ahupua‘a” is used to describe the
watersheds within these ecosystems, which correspond to
discrete mountain-to-sea watershed zones defined by dis-
tinct ridges extending from upland to the shore and sea-
ward to the barrier reefs.

In this article, two major sub-themes emerge that
demonstrate the need and opportunity for developing a
more systematic, and ecosystem-based approach to lepto-
spirosis transmission research. First, culturally important
activities within the disease transmission model necessitate
the inclusion of taro farmers as both a population at
highest risk and as a community with which researchers
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Figure 2. The rural village of Padrecocha outside of
Iquitos, Peru. A: A quebrada (creek), strongly associated
with leptospirosis transmission. B: A typical well in close
association with activities of daily living.

C: The pond of Padrecocha adjacent to the river.

D: Flooding in the village during the high river season after

heavy rains.

Figure 3. A: Taro fields in Hanalei on the island of

Kaua'i. B: Taro pond in Waipi‘o on the island of Hawai‘i.

could partner for participatory research and prevention
programs. It also includes dissolving the perceived
boundary between the terrestrial and marine environment
compelled by the recent discovery of endangered Hawaiian

monk seals threatened by leptospirosis.

MEeTHODS: WORKING GROUP

A multidisciplinary leptospirosis working group was con-
vened in March 2005. The working group held a lepto-
spirosis mini-symposium with presentations ranging from
clinical to ecological, including the application of complex
systems thinking to understanding parasite (and pathogen)
and host relationships as part of ecosystems. This was part
of a larger meeting “Socio-ecological Systems and Emerg-
ing Infectious Diseases” held in Honolulu, hosted by the
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Figure 4. Transmission cycle of
pathogenic Leptospira. Lepto-
spira are transmitted between
mammals—the natural mainte-
nance hosts—to humans who
are accidental hosts, through
water. The transmission cycle is
amplified when Leptospira spill-
over from shedding wild or feral
maintenance host populations
produces chronic infections or
outbreaks in domestic species
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East-West Center and Asia-Pacific Institute for Tropical
Medicine and Infectious Diseases and funded by the U.S.
National Institutes of Health Roadmap initiative “Research
Teams of the Future.” The aim of this meeting was to
address interdisciplinary integration to solve problems in
EIDs; this project’s purpose was to attempt to break down
disciplinary boundaries by viewing disease emergence from
the standpoint of the interaction of human and natural
systems. An important catalytic factor in breaking down
some of the disciplinary boundaries was the group’s im-
promptu walk to a nearby wetland taro field, as well as the
meeting’s venue, Manoa Campus of the University of Ha-
wai‘i, the site of a recent leptospirosis outbreak associated
with a flood. This experience catalyzed the group’s adop-
tion of a culturally based, ecological systems perspective as
a way to broaden the research “lens” to meaningfully
capture the dimensions of this EID. Despite substantial
differences in training and research perspectives, the group
rapidly found common ground by identifying several crit-
ical themes that took a social-ecological systems or bio-
complexity view (Wilcox and Colwell, 2005). Incorporating
the different perspectives of all the disciplines involved, an
approach to transdisciplinary integration was developed.
This working group focused on identifying biomedi-
cal and socio-political factors that serve as barriers to
understanding mechanisms of leptospirosis emergence,

alternations of watersheds.

persistence and remediation. A systematic literature review
was performed in preparation for the meeting. Medline
searches since 1966 used the terms “Leptospira,” “lepto-
spirosis,” “anthropogenic,” “epidemiology,” “social sci-

» <«

ences,” “ecology,” “mammalian reservoir,” and “risk
assessment.” In addition, the general literature on bio-
complexity, social-ecological systems, and the application
of complexity theory in ecology was reviewed prior to the
meeting.

The working group visited model lo‘i (plots irrigated
by the natural flow of water downhill in which wet taro is
grown) at the Papa Lo‘i Kanewai at Kamakakiiokalani at the
Center for Hawaiian Studies at the University of Hawai‘i.
Lo‘i were examined with regard to botanical contents and
hydrology. The cultural staff at this site were interviewed
with regard to cultural underpinnings of the lo% and
political motivations and contexts of taro farming. These
observations were combined with ethnographic interview
data previously collected by working group members.
Wetland taro farmers on the island of Kaua‘i were inter-
viewed with regard to their understanding of the micro-
biology and epidemiology of leptospirosis, the possible
effects of leptospirosis on health, and possible relationships
between taro cultivation, encroachment of modern agri-
cultural methods on traditional farming, and the trans-
mission of leptospirosis.



RESULTS

Working Group Summary: Biology of Leptospira
and Leptospirosis

Leptospirosis is caused by more than 250 varieties of spi-
rochetes (one clade of bacteria characterized as having
spiral shapes and characteristic winding motility) in the
genus Leptospira. Mammals are the primary hosts for
pathogenic Leptospira; thus the disease is a zoonosis. The
organisms live attached to the brush border of proximal
renal tubules and are chronically shed into the urine.
Chronic shedding is the means of transmission to the
environment where humans contract infection through
mucosal or percutaneous exposure. Many human lepto-
spirosis infections are due to Leptospira interrogans, one of
seven pathogenic species of Leptospira that produce febrile
illness with a wide range of manifestations and seriousness
ranging from mild flu-like symptoms to syndromes
including jaundice, renal failure, and pulmonary hemor-
rhage that are frequently fatal (Trevejo et al., 1998; Ko et al.,
1999; Segura et al., 2005).

The genus Leptospira contains hundreds of serovars
and genetic types that occupy different ecosystems, habi-
tats, and mammalian reservoirs. Within the genus are
highly pathogenic host-specific strains, and harmless free-
living waterborne strains termed saprophytes. Strains of
Leptospira are morphologically indistinguishable. Sapro-
phytic leptospires can be differentiated from pathogenic
leptospires by a variety of biochemical and nucleic acid
tests, most precisely using DNA-based tools which continue
to be developed (Ramadass et al., 1992; Faine et al., 1999).
In contrast to pathogenic Leptospira, the free-living sapro-
phytes inhabit highly diverse habitats, including some ser-
ovars that have managed to cross the saltwater boundary.
Little is known about the genetics, pathology, and parasite/
host adaptations of these nonpathogenic types, or about
tolerance for saltwater of Leptospira that affect marine
mammals.

Rats, mice, cattle, pigs, and dogs are the domestic
species most commonly implicated in the transmission of
leptospirosis. The organisms persist in proximal renal tu-
bules; chronic excretion of organisms in the urine is the
means of transmission to the environment. The incidence
of leptospirosis is significantly higher in tropical compared
to temperate regions, since warm temperatures prolong the
persistence of the microorganism in the environment
(Levett, 2001).
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Table 1.

and Their Recognized Maintenance Hosts"

Serovars of Leptospira Common in the United States

Leptospiral species Maintenance hosts

L. interrogans serovar Rats

Icterohaemorrhagiae
L. interrogans serovar Dogs
Canicola

L. kirschneri serovar Raccoons, opossums, skunks,

Grippotyphosa harbor seals
L. interrogans serovar Pigs
Bratislava

L. interrogans serovar Cattle, pigs, skunks, opossums,
sea lions

Mice

Pomona

L. borgpetersenii serovar
Ballum

L. borgpetersenii serovar Cattle, deer

Hardjo

*Modified from Bolin (2003).

Most mammals can become infected with pathogenic
Leptospira. Different leptospiral serovars are associated with
one or more maintenance hosts, which serve as long-term
reservoirs, although pathogenic Leptospira can clearly cross
animal species both to cause disease and to result in
transmission.

Specific serovars are classically linked to particular
reservoir hosts (Table 1; Bolin, 2003). The relationship
between maintenance host and serovar is characterized by
efficient transmission, high seroprevalence (up to 50%),
and chronic asymptomatic carriage. Recent evidence sug-
gests that specific molecular interactions between leptospire
and host occur to allow for such specific mammal-serovar
pairing (Nally et al., 2005). Leptospires are primarily
transmitted directly or indirectly via infected urine, al-
though semen, placental fluids, and milk have been
suggested as additional modes of transmission. Transpla-
cental transmission has been documented.

International Epidemiological Problem of
Understanding Leptospirosis: Lack of Reporting

Leptospirosis is the most globally widespread zoonosis
(Bharti et al., 2003). The incidence of leptospirosis is sig-
nificantly higher in tropical than temperate regions (Levett,
2001). Conditions such as high humidity, sunshine pro-
tection, and warm temperatures allow the bacteria to sur-
vive outside of hosts for months. Solid supports onto which
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leptospires can adhere (such as diatoms, agar granules, etc.)
greatly facilitate long-term environmental persistence
(Trueba et al., 2004; Matsunaga et al., 2005). Epidemics of
leptospirosis are associated with unusually high rainfall and
flooding in relationship to land use and land coverage
changes associated with urbanization. In regions where the
disease is epidemic, incidence is strongly seasonal. Peak
transmission occurs during rainy seasons in tropical cli-
mates, particularly associated with monsoons or hurri-
canes, and summer in temperate climates; abundant water
and warm temperatures combine to increase leptospire
survival and distribution (Levett, 2001).

From 1974 until the cessation of national surveillance
in 1995, leptospirosis was a “reportable infectious disease”
to state and national epidemiologists. Statutory require-
ments for reporting leptospirosis was stopped because of
the perceived low incidence of disease in the United States
combined with the recognized lack of public health mea-
sures aimed at controlling zoonotic transmission. Given the
epidemic potential of the disease (Rathinam et al., 1997;
Trevejo et al., 1998; Ko et al., 1999), the high case fatality
rate in the presence of severe disease (Ko et al., 1999;
Smythe, 2001; Segura et al., 2005), its manifestations as a
hemorrhagic fever mimicking feared bioterrorism diseases
(Bharti et al., 2003; Segura et al., 2005), and its global
impact, there is a clear need to reinstitute leptospirosis as a
reportable disease both in the U.S. and internationally.
Making leptospirosis a reportable disease will require
public health systems to establish systematic diagnosis and
implement measures to remediate environmental contri-
butions to the spread of leptospirosis. These measures need
to target zoonotic reservoirs and initiate and sustain sani-
tation efforts guided by microbiological environmental risk
assessment and will depend on experts in the field being
able to demonstrate the substantial economic and public
health impact of leptospirosis.

Need for Eco-epidemiological Modeling in
Leptospirosis

Until recently, little consideration has been given to
developing general “eco-epidemiological” or disease ecol-
ogy models for understanding nonbiomedical factors
leading to human disease causation. In the case of lepto-
spirosis, the current level of analysis has been focused
primarily on relating severe weather to leptospirosis out-
breaks (Kupek et al., 2000). With regard to epidemic dis-
ease, rainfall and floods are known to trigger outbreaks,

presumably through the mobilization of leptospires from
soil into flowing waters (Correa, 1975; Murhekar et al,
1998; Trevejo et al., 1998; Ko et al., 1999; Sanders et al.,
1999; Kupek et al., 2000). In the endemic setting, the dis-
ease is transmitted via contaminated ground waters during
activities of daily living (Sehgal et al., 1999; Johnson et al.,
2004). While flooding is often associated with poor envi-
ronmental management, the quality of flood waters, i.e.,
proximity to animal pastures, modified landscape, natural
water filtration processes, rate of water fluxes (so essential
to wet taro farming), has enormous influence on disease
incidence in the case of water-associated diseases.

New models of leptospirosis need to take into account
the complex anthropogenic environmental factors that
influence infectious disease emergence, the socio-political
factors that determine how humans interact with their
environments, and combine these with quantification of le-
ptospires in the environment, i.e., surface waters. The lack of
arapid diagnostic test and accuracy in identifying leptospires
in water samples has limited investigation into the environ-
mental distribution of pathogenic Leptospira, although new
molecular approaches to assess the quantity and species of
pathogenic Leptospira in environmental water surface waters
is currently under active development [Ganoza et al., un-
published data]. Polymerase chain reaction (PCR) methods,
the recent completion of the L. interrogans DNA sequence
and development of primer sets has dramatically improved
the capacity to address these research areas. Yet, as we argue,
improving on existing methods of clinical, epidemiological,
and biomedical research per se, while necessary, will not be
sufficient to understand what factors have specifically led to
new foci of leptospirosis. For example, an outbreak of lep-
tospirosis occurred in a new village (Los Delfines) outside the
city of Iquitos, Peru, where governmental subsidies led to the
creation of housing, pig farming, and new settlements to
support people involved in deforestation activities to reclaim
rainforest for human use. These activities took place without
adequate provision for sanitation, led to environmental
contamination by pig urine (as determined by quantification
of leptospires along a gradient of a creek leading from the pig
farm to the pond site of the leptospirosis outbreak [Cunn-
ingham et al., unpublished data]). Another example is the
presence of Asian leptospires, Leptospira santarosai serovar
Shermani, in cattle, pigs, and water buffalo in the Peruvian
Amazon. We hypothesize that this leptospire was introduced
in this region when water buffalo were given to peasants in
exchange for rainforest land reclamation; the water buffalo
originated from southeast Asia, where this leptospiral serovar



is known to be present [Cunningham et al., unpublished
data]. Understanding the root causes of these phenomena
requires understanding social, cultural, and political

imperatives.

Mechanisms of Environmental and Ecological
Factors in Leptospiral Emergence and Persistence

Anthropogenically driven land use changes can produce
ecological conditions that facilitate geographic expansion of
pathogens via range extension or reemergence of hosts and
vectors, increased host prevalence, host-jumping (spill-over
and spill-back), and pathogen adaptation (Wilcox and
Gubler, 2005). The eco-epidemiology of leptospirosis fits
this model: association with proliferation of domestic and
peridomestic host reservoir species (e.g., Rattus and Mus);
jumping of pathogens from wild to domestic animal pop-
ulations precipitating endemic cycles in the latter; and
outbreaks and epidemics driven by maintenance-accidental
host cycle amplification as seen commonly in vectorborne
diseases (e.g., dengue, Rift Valley fever, West African
schistosomaisis). Thus, the increased contact and ecological
mixing of pest, domestic, feral, and wild animals accom-
panying rapid land use change can explain the apparent
increasing incidence of human disease.

Many individual cases result from direct human con-
tact with animals shedding leptospires. Yet the increased
endemism and epidemic activity appears to involve group
exposure resulting from continuous environmental con-
tamination with the urine of chronically infected mainte-
nance hosts. Contaminated water used for drinking or
bathing, and exposure to contaminated surface water,
particularly during the rainy season or following floods
precipitated by storm events, appear to be the most fre-
quent causes of the disease. Previous research linking in-
creased rainfall and certain soil types with outbreaks of
leptospirosis in domestic animals (Carroll and Campbell,
1987; Miller et al., 1991; Barwick et al., 1997, 1998; Ward,
2002) and the association of flooding with human out-
breaks (Trevejo et al., 1998; Barcellos and Sabroza, 2000),
including observation of a recent outbreak in Hawai‘i, has
prompted the development of an hydro-ecological model
linking catchment or watershed development and disease
risk (Kaneshiro et al., 2005) [Wilcox et al., in preparation].
A next step for research is to test and refine this model
using quantitative real time PCR techniques (Smythe et al.,
2002) combined with sequencing of leptospiral 16S ribo-
somal RNA genes [Ganoza and Vinetz, in preparation].
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Hawai‘i Illustrates the Practical Utility of
Transdisciplinary Approaches to Understand
Leptospirosis Endemicity

The reported annual incidence in the United States ranged
from 0.02-0.04 cases per 100,000 persons from 1985-1994.
Hawai‘i reports the highest annual occurrence rate in the
United States. Between June 1998 and February 1999, this
state reported 405 suspected cases of leptospirosis; 61 of
those cases were confirmed. Case numbers varied markedly
from island to island within the state. Incidence rates
ranged from 2.3-40.2 cases per 100,000 persons, with the
highest numbers of cases on Kaua‘i and Hawai‘i. These
reported cases contrast starkly with the prevalence rates
found under active surveillance. Using active surveillance
measures, Hawai‘i researchers projected the state’s true
local incidence at approximately 128 cases per 100,000
persons. Major risk factors identified in Hawai‘i include the
use of water catchment systems, wild pig hunting, and the
presence of skin wounds (Lewin, 1987; Katz et al., 2002).

Despite nearly a century of research aimed at con-
trolling the disease, leptospirosis remains a significant
public health problem in Hawai‘i, where taro farmers
(usually residents with Hawaiian or part-Hawaiian ancestry
or Asian-Pacific Islanders who have lived in Hawaii for
generations, often adopting Hawaiian lifestyles and lan-
guage, and identifying as “locals”) and people who enjoy
recreational freshwater activities (resident populations,
visitors, and tourists) are the highest risk groups. Although
leptospirosis is not a particularly high priority U.S. public
health concern, it is for segments of the population in
Hawai‘i, particularly given recent sentiments regarding
regaining closer relationships to traditional land use
activities, particularly wet taro farming.

Hawai1’s relatively high incidence of leptospirosis may
be related to several factors, including its tropical climate,
relatively high rainfall, and abundance of nonnative small
mammal reservoir species with a lack of natural predators
or competitors keeping them in check. Details of the
mechanisms and dynamics of transmission, however, have
imprecisely been determined, in particular the specific
animals that result in human infection, and the role of
anthropogenic influences on the environment in promot-
ing transfer of pathogenic leptospires from infected animals
to people. As is a general feature of environment-related
diseases, the complex role of sociological and economic
determinants leading to human infection by pathogenic
Leptospira is poorly understood. One focus here is to
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describe the methodological approach that has developed,
centered on Hawai‘i’s traditional “catchment” (watershed)
basins, ahupua‘a, that conveniently represent distinct
“model” socio-ecological systems (Kaneshiro et al., 2005),
as well as the resulting insights applicable to research and
understanding leptospirosis emergence in general.

Perspective on Leptospirosis Research in Hawai‘i

Leptospirosis has been studied in Hawai‘i for close to a
century, beginning with initial discovery of the disease in
the region (Katz et al., 2002), and, ultimately, studies of
human disease and mammalian reservoirs of transmission
including field sampling and pathogen isolation studies.
The introduction of molecular methods to study environ-
mental water sources and mammalian reservoirs of lepto-
spiral transmission are adding an important dimension to
this work, though as yet has only been used preliminarily in
Hawai‘l. However, even with such laboratory technology
advances, the problem has remained defined by classic
epidemiology primarily relying on serology to identify
human cases (Effler et al., 2002).

Although not described in such terms, two recent his-
torically oriented studies demonstrated how leptospirosis in
Hawail has long been associated with specific social and
ecological circumstances, dating to the first report of the
disease in sugar cane workers in 1907. The combination of
introduced Rattus species serving as effective reservoirs,
irrigation water, and cuts and abrasions resulting from han-
dling sugar cane, appear to have been responsible for the close
association and emergence of leptospirosis in Hawai‘i. With
the decline of plantation agriculture, leptospirosis primarily
has become associated with taro farming and freshwater
recreation (Middleton et al., 2001; Katz et al., 2002). The
working group identified several key issues suggesting a
renewed, and more ecologically and culturally oriented,
research and prevention program was needed in Hawai‘i:

e The perception that Leptospira contamination of
streams and other freshwater environments has
increased to a level making streams and other
freshwater bodies unswimable—something middle-
aged people growing up in Hawai‘i recall never
having imagined decades ago.

e The State Department of Health’s frequent post-
ing of warning signage at specific streamside sites,
after an outbreak possibly (but not known to be)
due to exposure to contaminated water in the

particular stream, may convey accurate risk expo-
sure information—which many locals have come
to ignore but may negatively impact Hawai‘i’s
tourism industry.

e The lack of public health infrastructure, including
diagnostic and environmental detection meth-
ods—either for efficient diagnosis or environmen-
tal detection—to forensically link the two based
on serological or molecular genetic tests.

e The difficulty of confirming sites of leptospiral
transmission or to determine the mammalian
sources of contamination, pathway, and contrib-
uting environmental, hence, ecological, fac-
tors—such information would be essential as a
basis for targeting sources, transmission pathways,
or environmental factors to prevent disease.

e The mammals suspected to be animal sources for
leptospirosis transmission are also a major con-
cern of scientists and wildlife conservationists
attempting to protect Hawai‘i’s endangered plants
and animals.

e Many native Hawaiians have come to believe that
leptospirosis poses a significant risk to their most
sacred and historically economically important

activity other than fishing: taro cultivation.

Framing Leptospirosis in a Social-Ecological
Context

Leptospirosis in Hawaii is far more than a public health
problem. Its emergence, and control, is inextricably tied to
Hawai‘i’s cultural, historic, and contemporary aspects of
environmental and natural resources management. Both in
pre-European contact and contemporary Hawai‘i since the
cultural renaissance of the 1970s, the geographically distinct
mountain-to-sea ecosystem units characteristic of the
Hawaiian Islands, called ahupua‘a, represent a common
cultural context for environmental management activities
(Kaneshiro et al., 2005). Besides an historic cultural sig-
nificance that continues to be recognized by many
Hawaiians, most of Hawai‘’’s towns and communities bear
the names of the ahupua‘a in which they reside. Also, in a
number of rural communities, native Hawaiians and
groups of mixed ethnic (Pacific Islander, Asian, and
European) descent cultivate wetland taro and are involved
in cultural and ecological restoration activities centered on
the ahupua‘a and associated values. Most notably these



focus on restoring and maintaining what might best be
described as a sustainable
(Kaneshiro et al., 2005).

As a first step toward developing the project, ethno-

social-ecological system

graphic interview methods were used to explore com-
munity concerns and perceptions regarding leptospirosis
as a foundation of the participatory research program
(Appendix 1). The information gathered not only was
helpful in confirming the community’s concerns, but also
turned out to be remarkably helpful in framing our re-
search, including generating a general disease ecology
model toward understanding leptospirosis incidence. Taro
farmers are an important part of this project, not only
because they are considered to be at high risk for
acquiring leptospirosis, but also because of their in-depth
experience and close interaction with the biological and
ecological factors thought to be related to the disease’s
ecology.

Local Perceptions and Explanatory Model for
Leptospirosis Transmission

Few people in communities understand the detailed
microbiology regarding the etiology of leptospirosis.
However, our interviews demonstrate that many did
understand, in a loose sense, the association of leptospi-
rosis with stagnant water and waters subject to contami-
nation with the leptospirosis disease agent in proximity to
domestic animals (cattle, pigs, dogs) and rodents, partic-
ularly rats. In general, leptospirosis is considered to be
more of a threat to mainlanders and children (i.e., those
with less previous exposure) than to taro farmers who
have been around it and are more likely to develop
resistance. The clinical symptoms of leptospirosis were
understood to be similar to a flu-like illness. In contrast
to other ailments commonly known to affect native
Hawaiians, no traditional home remedies were generally
considered to be useful for treating leptospirosis, sug-
gesting that the recognition of leptospirosis, or even the
presence of the disease, may be historically recent among
native Hawaiians. In fact, because the mammalians species
believed to be the major leptospiral reservoir hosts were
introduced into Hawai‘i by Westerners, and the disease
was first recognized in Hawai‘i in sugar cane workers,
leptospirosis may not have been present in pre-contact
Hawai'i.

The perception of risk of leptospirosis was commonly
considered to be increased now compared to “when we
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were kids” and people considered this to be connected to
changes in environment—coffee farming, diversion of
water, less rain, more invasive species (e.g., apple snails,
Job’s tears, wild grass). Leptospirosis was considered to be a
new occupational hazard and fact of life for taro farmers, a
plight thought to be the result of external (i.e., nonnative
Hawaiian) influences such as the importation of Western
culture into Hawai‘i. Many felt that medical professionals
(physicians and nurses) were not well informed on how to
recognize leptospirosis, or on health education efforts re-
quired to protect people from contracting infection.
Importantly, the new introduction of the fear of leptospi-
rosis was considered to be a major problem because it keeps
people away from cultural and healthful pursuits, i.e., tra-
ditional Hawaiian activities.

A common view expressed by taro farmers was that
alterations in the environment are linked with ecological
changes affecting conditions for wet taro farming. This
included the perception that a healthy lo has cool flowing
water, is ecologically diverse (includes a variety of helpful
plants and invertebrates besides taro) and helps channel
rainfall, all to the benefit of a reduction of leptospirosis risk.
Ecologists also recognize these characteristics necessary for
a healthy ecosystem.

Issues of water rights as a collective good and com-
munity political power were prominently considered in
relation to leptospirosis as well. It was commonly felt that
water should not be diverted to plantations and that con-
taminated water outflows from farms with cattle should be
monitored as critical measures in the control and preven-
tion of leptospirosis. In contrast, while scientists view feral
pigs as “rototillers of the forest” and disseminators of le-
ptospires, the community members viewed pigs in a dif-
ferent context. As the centerpiece of a Hawaiian lu‘au
(feast), kalua pig (pig cooked in an #mu, underground earth
oven) is viewed by native Hawaiian community members
as valuable. Thus, there is an important disconnect between
pigs as a known major reservoir of leptospirosis transmis-
sion and traditional views of pigs as part of a human—
environment interaction. However, both scientists and lo-
cal community members agree that leptospirosis is an
indicator of poor ecological health. The traditional
Hawaiian land division and natural resource management
unit, the ahupua‘a, has served as a common organizational
theme and reference. Assessing local knowledge and risk
perception among taro farmers is a first step toward
developing community participatory approaches to Lep-
tospirosis control in ahupua‘a.
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Land-Ocean Connections in Leptospirosis
Transmission

Leptospirosis has been reported in three seal species that
live along the Pacific coast of North America. The disease
was first described in California sea lions (Zalophus
californianus) along the California and Oregon coasts in
1970 (Vedros et al., 1971) during a major epizootic. Most
descriptions of leptospirosis in pinnipeds are of Leptospira
interrogans serovar Pomona. The antibody to serovar Po-
mona was associated with abortion, prematurity, and
stillbirth (Smith et al., 1974a,b) on San Miguel Island. In
Northern fur seals, the same agent was suggested to be
responsible for a syndrome characterized by multiple
hemorrhagic lesions in perinatal seals (Smith et al,
1974a,b). More recently, serovar Pomona has been
responsible for three sea lion epizootics along the central
California coast, characterized by a high prevalence (33%)
of renal disease leading to death in over 70% of affected
animals. A 1996 survey of 225 California sea lions found
38% of the animals to be positive, with the highest
seroprevalence rates among subadult males (Colagross-
Schouten et al., 1998). Positive titers to leptospiral serovars
Bratislava, Hardjo, Icterohaemorrhagica, and Pomona were
identified in monk seals at French Frigate Shoals, Kure
Atoll, and Laysan in the Northwestern Hawaiian Islands
(Aguirre et al., in press). Leptospirosis has not been doc-
umented in phocids until recently. High titers have been
found in apparently healthy elephant seals (Gulland, 1999).
The recent accounts of infection with renal disease due to
serovar Grippotyphosa in both wild and captive Pacific
harbor seals undergoing rehabilitation in close proximity
with elephant seals and California sea lions (Stamper et al.,
1998; Stevens et al.,, 1999) adds to the need to screen
broadly across the serovars of this organism. However, as
monk seals expand their numbers within the main
Hawaiian Islands, the risk of getting the infection may in-
crease. Recently, the first case of a monk seal dying of
probable leptospirosis was documented. The potential risk
of humans acquiring the disease from pinnipeds is evident.
During the course of a 5-year study, three researchers be-
came ill after exposure to California sea lions (Zalophus
californianus) that were infected with Leptospira interrogans
serovar Pomona (Vedros et al., 1971; Smith et al., 1974a,b).

The effects of ecological variables on the evolution of
transmissibility and virulence, including the role of inter-
serovar interaction at the “community” level (competition
and genetic exchange) and at the “host level” (within host

pathogen “ecology”) in relation to host immune response
are unknown. The apparently clear-cut difference in
infection response of maintenance hosts, which rarely ex-
hibit the disease, and accidental hosts including naive
wildlife (seals), domestic animals, and humans ranging
from sub-clinical to fatal (Aguirre, 2000; Leighton and
Kuiken, 2001; Meites et al., 2004; Aguirre et al., in press)
suggests that substantial genetic variation in pathogen
virulence exists. Infection or exposure rates have been
found to be relatively high in maintenance and accidental
hosts, including accidental wildlife hosts such as endan-
gered Hawaiian monk seals. Also, multiple Leptospira ser-
ovars have been shown to exist within and among host
species. The correlation between natural and anthropogenic
environmental variables and variation in rates of disease
incidence as well as the mechanisms underlying these
associations need to be investigated further.

DiscussioN: INTEGRATING OuR FINDINGS
INTO A NEw RESEARCH AGENDA FOR
TRANSDISCIPLINARY RESEARCH IN
LEPTOSPIROSIS

Major gaps persist in understanding general principles and
precise mechanisms of infectious disease emergence and
reemergence. We suggest that these gaps persist because of
“silo” effects that separate social sciences, ecological sci-
ences, and mechanistic biomedical sciences into noninter-
acting disciplines. Bridging these gaps allows a higher
understanding of complex processes affecting human
health to begin to emerge. What emerged from our
working group was an assessment of which disciplines were
necessary to encompass the critical areas needed to effec-
tively address mechanisms of leptospirosis emergence and
reemergence (Table 2). We identified research needs and
opportunities presented by leptospirosis and we expect that
the outcome of this approach will be new scientific ideas
and novel approaches and methods for EID research and
their application to control and prevention.
This research agenda will include:

e How do modern changes in Hawaiian watersheds
affect leptospirosis transmission?

e How has human alteration of the environment led
to introduction of new leptospiral strains in
relation to domesticated animals or peridomestic
rodents?



e How can environmental water sources be assessed
for risk of leptospirosis transmission? How can
such information be used for remediation?

e How do introduced domesticated animals lead not
only to environmental alterations but also to the
introduction of new pathogens?

e How do cultural imperatives have an impact on
both disease understanding and approaches to
amelioration of disease transmission?

e How can anthropogenic effects on the environ-
ment lead to cross-species introduction of lepto-
spires, such as the potential for the spread of
leptospires from domesticated or human habita-
tion-associated leptospires to marine mammals, or
vice-versa?

These considerations have practical political, cultural,
economic, and public health importance. For example,
recent political efforts have been made for U.S. federal
recognition of the special status of native Hawaiian’s rights
and identity. Such efforts are exemplified by the increase in
taro farming by native Hawaiians who seek increased
connection with their cultural past. There is a clear rela-
tionship between wet taro farming and leptospirosis, yet we
found strong feelings in local communities where taro
farming is common that leptospirosis primarily affects
nonnative Hawaiians. Modern watersheds have altered
water flow patterns through lo% in which wet taro is grown,
with the potential for increased leptospirosis transmission
(Kaneshiro et al., 2005). Further, nonnative animals are
present, bringing new infectious agents to contaminate the
watershed. Similarly, leptospirosis is a major concern for
tourists in Hawai‘i who are strongly warned by posted signs
along rural streams and watersheds about the risk for lep-
tospirosis. This situation certainly has a negative economic
impact, suggesting that forces between scientists, public
health officials, and businesses could be joined to address
ways to assess the potential for leptospirosis transmission in
rural water sources and ameliorate the conditions that lead
to transmission.

Effective assessment of environmental surface waters,
the most common source of leptospirosis transmission to
humans, has not previously been done but new develop-
ments make such an approach feasible [Ganoza and Vinetz,
unpublished data]. Such assessment would have substantial
public health and sanitation importance and could be
practically applied, for example, to remediation of Lepto-
spira-contaminated streams in Hawai‘i, preventing lepto-
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spirosis after severe flooding, or interrupting outbreaks.
One major impediment to such investigations is the diffi-
culty of isolating fastidious pathogenic Leptospira from
surface water sources in the presence of more rapidly
growing saprophytic leptospires. Traditional methods of
identifying Leptospira in environmental water and soil
sources including culture and direct animal inoculation are
time-consuming and laborious, and also run the risk of
missing the bacteria altogether.

The need for transdisciplinary approaches to the study
of leptospirosis is certainly not unique to Hawai‘i. In Peru,
farmers are given domesticated livestock as an incentive for
clearing tropical rain forest, including pigs, cattle, and
imported Asian water buffalo. These animals not only are
vectors for transmitting leptospires to the environment, but
activities that lead to land clearance inevitably will lead to
other unanticipated consequences, such as facilitating
tropical viral emergence and reemergence, as has occurred
with sylvatic yellow fever, alphaviruses, arenaviruses, etc.
(Weaver et al., 2000; Moncayo et al., 2001; Travassos da
Rosa et al., 2001; Bryant et al., 2003). Transdisciplinary
approaches, incorporating the diverse disciplines and ap-
proaches outlined here specifically in reference to lepto-
spirosis, should have broad applicability to understanding
the mechanisms by which infectious diseases emerge and
reemerge. At the same time, such approaches will point to
strategies of control and remediation that will only become
more important with increased globalization, urbanization,

and anthropogenically driven environmental stress.
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APPENDIX 1: HAWAIIAN TARO FARMERS’
PERCEPTIONS RELATED TO LEPTOSPIROSIS
TRANSMISSION

Taro farmers responded to questions about the environ-
mental and exposure risk factors associated with leptospi-
rosis [L. Gollin, unpublished data]. Responses are part of a
larger questionnaire and preliminary study and participa-
tory research project on leptospirosis with wetland taro
farmer communities on the island of Kaua‘i. Twenty-nine
people either completed surveys (14), were interviewed at
home or in their taro patches (15), or both (1). Length of
interviews ranged from Y2 to 2 hours.

I. Major Environmental Causes of Leptospirosis

Questions Asked

What are the main reasons for leptospirosis? Explain any-
thing you know about what causes it and where it comes
from, i.e., tell us what you know about the land, water, soil,
animals, insects/bugs, plants, or anything else you can think
of related to leptospirosis.

Response

Most farmers said that stagnant (low or no flow) water and
runoff after a heavy rain, water contamination from ani-
mals, from cattle, rats, and pigs urinating in the water are
the main causes of leptospirosis. Specific factors responsible
for pathogen transmission mentioned (frequency factor
was mentioned): stagnant/dirty water (28%); cattle (20%);
rats and mice (19%); pigs (18%); cats and dogs (9%); other
(4%); plants (2%).

Quotes

3

“When the river is dry and low, stay away.” “Stagnant water
leads to lepto. Doctors say you get it from rats.” “Baloney.

Nobody got it growing up! It’s from the cattle upriver.”

I1. Relationship to Ecological Health of Wetland
Taro Patches

Questions Asked

Describe a “healthy” lo‘i/taro pond (i.e., the water, ditches,
soil, plants/weeds, animals, birds, insects, or anything else
that you can think of) and, is a healthy lo‘/taro pond more
or less likely to have leptospirosis? Why or why not?

Response

Most said that cool, flowing water is most important for a
healthy taro pond and that a healthy lo% is less likely to
have leptospirosis. Only two people said a healthy lo is not
necessarily going to have less lepto; five were not sure.

Quotes

“Weeds keep the taro water cool.” “Fish, frogs, toads, ducks
...if you have a lot living in it, it’s not toxic. Smell the soil. Bad
soil smells like methane gas and sulfur.” “If you keep your
banks clean, free of weeds (there’s no place for the rats to live).
I¥’s good for the lo‘i and there is less lepto.”

III. Preventive Measures

Question Asked

Do you do anything to keep from getting lepto or to help
your family avoid leptospirosis? How do you help children
to keep them from getting sick with lepto?

Response

The main preventive measures from most to least favored
were to not go in the taro pond or swimming with an open
cut, wear protective gear such as boots, gloves, or eye
protection; avoid drinking the water from the taro pond,
especially from the irrigation ditches; staying out of the
water after a hard rain or flood; and washing immediately
with soap after exposure to water in the taro patch. Five
farmers said they do nothing to avoid getting leptospirosis.
A few farmers noted that cuts from apple snails on the taro
and handling certain weeds such a rice grass (Paspalum
orbiculare) lead to leptospirosis. Children, in particular,
should not drink from, or wade in, the irrigation ditch.
However, a few farmers said that children should swim
often to build up resistance to lepto.



Quotes

“We were born and raised in this valley. We built up a
resistance drinking water from the stream. When we go
hunting we don’t bring water...just drink from the fresh
flowing streams.” “I now know not to wash my face in the
ditch. I don’t thinks it’s in the lo‘, it’s in the ditch from the

PIINS

cattle.” “When we were kids, if we had a cut we’d go to the
ocean to dry the cut. Ocean water has iodine. Maybe that also
protects people from lepto...we used to swim every day after
work [and we didn’t get it]...Also, you’re less likely to get it if

your immune system is strong.”
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