EcoHealth 9, 328-341, 2012
DOI: 10.1007/s10393-012-0789-z

ECOHEALTH

Review

© 2012 International Association for Ecology and Health

Examining Landscape Determinants of Opisthorchis viverrini

Transmission

Yi-Chen Wang

Department of Geography, National University of Singapore, Block AS2, 1 Arts Link, Singapore 117570, Singapore

Abstract: Liver fluke (Opisthorchis viverrini, O.v.) infection, along with its associated cholangiocarcinoma, is a
major public health problem in Southeast Asia. Despite the vast amount of epidemiological research, human
O.v. prevalence remains high and varies greatly across the region. This paper examines the landscape deter-
minants that influence O.v. transmission in relation to the three hosts of its life cycle and identifies areas that
require further research so as to advance the understanding of the spatial variation in disease risk. A critical
agent functionally connects all sequential life cycle stages of O.v. is water. Seasonality and water quality appear
to affect the habitats and population dynamics of the two intermediate hosts, Bithynia snails and cyprinid fish.
Land use practice through the construction of irrigation ditches increases the connections between the hosts,
thereby functionally facilitating the disease transmission. Multi-season sampling data of host infections and
habitat characteristics are needed for integration with analyses of landscape connectivity and human behavior
to allow better understanding of the interactions among the landscape determinants on the spatial-temporal

dynamics of disease transmission.
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INTRODUCTION

Environmental changes and ecological disturbances, both
natural and human-induced, have exerted a marked
influence on the emergence and proliferation of infectious
diseases (Patz et al. 2000; Wilson 2009). Insights into the
factors that affect the distributions of pathogens, hosts and
vectors, and their likelihood of encountering, are essential
for understanding disease dynamics (Ostfeld et al. 2005). A
great deal of effort has evaluated the effects of biotic and
abiotic conditions on disease dynamics, ranging from
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malaria (Obsomer et al. 2007), Lyme disease (Ostfeld and
Keesing 2000), to schistosomiasis (Liang et al. 2007). Rec-
ognizing the role of the environment in disease ecology, an
integrated landscape scale analysis has been highlighted for
a better understanding of the interactions between land,
people, disease vectors, and animal hosts (Lambin et al.
2010).

Little attention, however, has been given to the inter-
actions between landscape determinants and spatial varia-
tions in disease risk of zoonotic parasitic diseases associated
with food and water. Foodborne trematodiasis is an
emerging public health problem worldwide (Keiser and
Utzinger 2009). More than 680 million people are esti-
mated to be at risk of infection caused by liver flukes of
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Figure 1. The life cycle of O.v. in a connected landscape. Snails of
the genus Bithynia are the first intermediate host, fish of the family
Cyprinidae as the second intermediate host, and humans as the
definitive host. Fish-eating carnivores, such as cats and dogs, act as
reservoir hosts. In its complex life cycle, eggs of O.v. are mainly shed
by human hosts washing into freshwater habitats. The eggs of O.v. do
not hatch directly in water; they have to be first ingested by the first

Clonorchis sinensis and Opisthorchis spp. through the con-
sumption of raw freshwater fish (Keiser and Utzinger
2005). Among the liver fluke species, Opisthorchis viverrini
(O.v.) is endemic in Southeast Asia and has been classified
as a Groupl1 carcinogen for cholangiocarcinoma (Shin et al.
2010). The bulk of research on O.v. has congregated in
public health and medical fields (Sornmani et al. 1984;
Haswell-Elkins et al. 1994; Sripa and Kaewkes 2000;
Kiatsopit et al. 2011). Knowledge of the factors accounting
for the distribution and transmission of the disease remains
in its infancy. Human infection still varies greatly across
geographic areas. To comprehend the spatial variations in
disease risk, it would thus be desirable to scrutinize the
landscape determinants of O.v. transmission.

The life cycle of O.v. echoes the need for an integrated
landscape analysis for two reasons. First, O.v. transmission
involves three hosts of different ecologies spanning terres-
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intermediate host, Bithynia snails. These freshwater snails eat the eggs
and become infected. Following multiplication in the snails, free-
swimming cercariae emerge and are released into water. When a
cercaria encounters cyprinid fish, it penetrates the scale of the fish,
loses its tail, and becomes an oval cyst called metacercaria. Human
become infected by consuming raw, semi-cooked, or fermented fish

containing metacercariae. Graphics in the figure are not to scale.

trial and freshwater environments (Fig. 1). The diversity of
the hosts and their varying mobilities and habitat condi-
tions emphasize the suitability of incorporating landscape
determinants related to the characteristics and connectivity
of the host habitats in scrutiny. Second, existing liver fluke
mitigation measures have attempted to cut off the fish—
human transmission by promoting safe eating habits and
dispensing praziquantel, but only attained temporary suc-
cess (Jongsuksuntigul and Imsomboon 1997; Sripa et al.
2011). Additional insights into the influences of landscape
determinants can shed light on how to manage the human-—
snail and snail-fish transmissions. Hence, the paper aims at
investigating how landscape determinants and their inter-
actions contribute to O.v. transmission. By calling attention
to landscape determinants, the paper contributes to
advancing our understanding of the disease ecology of liver
fluke.
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LANDSCAPE DETERMINANTS ASSOCIATED
WIiTH THE INFECTIVITY OF THE O.v. HOsTS

A set of principles for comprehending the influence of
landscape determinants on disease risk has been formulated
in Lambin et al. (2010), based on which the landscape
determinants that largely affect the host habitats and
transmission of O.v. are summarized in Fig. 2. Prior studies
relevant to the association between the landscape deter-
minants and the infectivity of the three O.v. hosts are first
reviewed with future research avenues identified. The
influence of habitat connectivity on disease transmission is
then emphasized.

The First Intermediate Host—Snail

Landscape Attributes of Host Habitat

Landscape attributes affect the distribution, behavior, and
population dynamics of non-human hosts, thereby influ-
encing the level of disease transmission (Lambin et al.
2010). In the case of O.v., the first intermediate host,
Bithynia snail, prefers slow-running water habitats. Types
of water bodies and water quality are therefore important
landscape attributes that can influence snail distribution
and infection.

The types of water bodies in which snails dwell are slow
flowing, muddy rivers, ponds, lakes, reservoirs, wetlands,
irrigation canals, and rice fields (Petney et al. 2012).
Bithynia snails prefer shallow lentic environments along the
edge of water bodies at depths of less than 30 cm (Brock-
elman et al. 1986). They can be found in deep water down
to 3 m, albeit a much lower density (Suwannatrai et al.
2011). In Thailand, Bithynia snails are present in a variety
of water bodies, but different taxa have their almost
exclusive geographic distributions: Bithynia (Digoniostoma)
funiculata occurs in the north region, Bithynia siamensis
siamensis in the central, and Bithynia siamensis goniom-
phalos in the northeast (Sithithaworn et al. 2007). In
Vientiane Province, Lao People’s Democratic Republic
(PDR), B. s. siamensis was found to predominate in rice
fields, while B. s. goniomphalos occurred in reservoirs
(Giboda et al. 1991). No regional separation of Bithynia
snails has been reported in other parts of Southeast Asia,
probably due to insufficient samplings.

For water quality, studies on the habitat attributes of
Bithynia snails have examined temperature, pH, dissolved
oxygen, turbidity, and conductivity (Table 1). B. funiculata

was found in areas with higher turbidity and lower pH
(Ngern-klun et al. 2006). Alternatively, salinity was the
determinant for broad-scale distribution of B. s. goniom-
phalos (Suwannatrai et al. 2011). Information pertaining
to water quality and other landscape attributes affecting
Bithynia snail habitats is limited. Two research directions
require special attention. First, at a broad scale, the physical
environment is characterized by a range of geologic factors.
It would be desirable to examine the influence of the
geologic factors (e.g., bedrocks) on water quality (e.g.,
salinity), and their relationships with snail distribution and
infection. Care, however, must be taken when examining
the broad-scale relationship because recent analyses detect
distinct genetic groups of B. s. goniomphalos snails and O.v.
parasites in different major wetland systems in Thailand
and Lao PDR, suggesting species complex within both the
snail host and the parasite (Saijuntha et al. 2007). Second,
the effect of temporal variation needs to be considered
because water quality is dynamic, varying with meteoro-
logical conditions (Fig. 2). Multi-season sampling is nee-
ded to examine if certain water quality parameters exhibit
seasonal differences, which may account for the variation in
snail population and infection.

Seasonal Variability Influencing Water Availability

Seasonality has two other controls over snails and the
transmission. First, the distribution and the population of
snails are highly dependent on rainfall. During the rainy
season, B. s. goniomphalos snails are abundant and dis-
tributed extensively in shallow water, but they disappear
rapidly in the dry season (Brockelman et al. 1986). Sim-
ilarly, B. s. siamensis prefers to attach to floating plants at
the water surface during the rainy season (Upatham and
Sukhapanth 1980). Second, snails have the ability to
survive drought by burrowing in the mud for seasonal
estivation (Brockelman et al. 1986). Over 90% of snails
could die during the process of drying, but successfully
dormant snails survive at a high rate for over a year. After
the next flood, snails disperse to every available edge
habitat and repopulate themselves. Because of the high
dependence of snail survival on water availability, land use
practices can impact snail population. Under natural cir-
cumstances, snails usually perish or enter estivation at
dried-up localities during the dry season. However, in
regions with double-cropping rice agriculture, irrigation
takes place during the dry season, thereby altering the
natural mortality cycle of snails and artificially boosting
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their population in rice fields. Alternatively, land use
practices can affect snail population through introduction
of snail predators, such as ducks, to some water bodies. In
areas where mixed duck and rice production system or
free-range duck farming is practiced (e.g., Central Thai-
land and Vietnam), the presence of ducks is likely to alter
snail population.

The lack of long-term multi-season sampling data has
impaired the understanding of the influence of seasonality
on O.v. infection in Bithynia snails. Although it is possible
to have artificial control of Bithynia snails through mol-
lusciding or habitat manipulation when the snails are
confined to restricted habitats, the low prevalence of snail
infection, typically less than 1% (Brockelman et al. 1986),
makes such approaches unpromising. In addition, high
water level during the rainy season facilitates the dispersal
of snails, presenting a challenge to link the infected snails
with the environments where they are found. Long-term
studies across a range of snail habitats and their connec-
tivity will be desirable.

The Second Intermediate Host—Fish

In contrast to the low infection rate in snails, the prevalence
of infection in fish is much higher. Up to 90% of several
cyprinid fish species have been reported to harbor O.v.
metacercariae (Sithithaworn and Haswell-Elkins 2003). The
intensity of fish infections differs greatly, and can be owing
to variations in species, seasons, and water bodies.

- Defecating outdoor

context of O.v. disease ecology

are incorporated.

Variation in Species

More than 80 cyprinid fish species are potential hosts for O.v.
(WHO 1995). In Thailand, at least 15 species of native fish
serve as sources of human infection (Sithithaworn et al.
2007). The most common cyprinids are in the genera of
Cyclocheilichthys, Puntius, and Hampala, while other cypri-
nids have been reported to harbor O.v. metacercariae
(Table 2). Studies investigating O.v. metacercariae have
geographically Thailand
(Table 2), probably due to the long history of public health
research. Analyses have been conducted in Lao PDR (Ditrich
et al. 1990; Manivong et al. 2009); recent effort has been
devoted to Cambodia (Touch et al. 2009).

Infection in fish has been quantified using three mea-

concentrated in northeast

sures: prevalence, computed as the proportion of fish found
with O.v. metacercariae; intensity, calculated as the average
number of metacercariae per infected fish; and density,
derived as the average number of metacercariae per kilo-
gram or gram of fish. Comparison of prior studies on O.v.
infection in fish shows great variations across species and
geographic areas (Table 3). The intensity of infection was
generally higher in Cyclocheilichthys spp. than Puntius spp.
in northeast Thailand (Vichasri et al. 1982; Komalamisra
and Setasuban 1989); similar results were observed in
southern Lao PDR (Rim et al. 2008) (Table 3). Research
also compared its finding with other studies in the same
province to suggest that implementing chemotherapy and
proper latrine utilization had successfully decreased O.v.
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nual rainfall data instead of monthly rainfall data that

PHP

correspond to the timing of fish collection, the significance
of the correlation could be in question. Previous experi-
ment showed that water temperature, salinity, and pH
affected the infectivity of O.v. metacercariae in hamsters

Cambodia

KAT
J
J

(Kruatrachue et al. 1982). Although the environmental
conditions for the infectivity in fish are likely to be different
from those for hamsters, it underscores the importance to
consider water quality parameters (Fig. 2). The prevalence

NNR

of fish infection predicted for Thailand in Wiwanikit
(2005) can therefore be improved by incorporating multi-
ple environmental variables into modeling, rather than
simply based on the relationship with rainfall.

The uneven seasonal distribution of O.v. metacercarial

KHA

infection in fish affects the risk of human exposure to
infection, such that exposure depends on the season and
the fish species consumed (Haswell-Elkins et al. 1992). In
northeast Thailand, high human infection has been

VTM

reported at the end of the rainy season and at the beginning
of the dry season when fish were easily caught and the
intensity of infection was high (Sithithaworn et al. 1997).
Since fish exhibited a high prevalence of infection in the dry
season in Lao PDR (Manivong et al. 2009), it would be
desirable to know if high human infection also follows the

Lao PDR
SVH

time period of high infection in fish in that area. Such
information is useful for international health policy-makers

uT
J
J
J

to enforce the control programs at different time periods of
a year. Large-scale community-based control programs can
be undertaken when the intensity of metacercariae in fish is
at its lowest level during which fish are less likely to

MH
J

transmit the disease, and the probability of human infec-
tion would therefore be the lowest.

Variation in Water Bodies

KK
\/aAd
\/b
\/a b

Studies on O.v. infection in fish have mainly focused on
confined water bodies, such as reservoirs and large ponds
(e.g., Ditrich et al. 1990; Sithithaworn et al. 1997). Compar-
ison of metacercarial infection across various types of water

Thailand

CM

bodies is scant. Research in southern Cambodian revealed that
the prevalence of fish in the flood plain was fairly constant,
while that in the lake varied. The number of samples was,
however, considered insufficient to draw solid conclusions
(Touch et al. 2009). In Vientiane Province, Lao PDR, fish
caught in the irrigation ditches between the paddy fields and

continued

from the reservoir were found to carry O.v. metacercariae,
while those caught directly from the flooded paddies were free

KHA: Khammouane Province (Manivong et al. 2009); NNR: Nam Ngum Reservoir, Vientiane Province (Ditrich et al. 1990); KAT: on the border of Kandal and Takeo Provinces (Touch et al. 2009); PHP:

1997); MH: Mahasarakham Province (Sithithaworn et al. 1997); UT: Udorn Thani Province (Wykoff et al. 1965), SVH: Savannakhet Province (Rim et al. 2008); VTM: Vientiane Municipality (Rim et al. 2008);
Phnom Penh, Cambodia (Ngoen-klan et al. 2010).

CM: Chiang Mai Province (Sukontason et al. 1999); KK: Khon Kaen Province, including * (Vichasri et al. 1982), b (Komalamisra and Setasuban 1989), © (Sithithaworn et al. 1997), and d (Srisawangwong et al.

Puntius leiacanthus
Puntius orphoides
Puntius partipentazona
Puntius proctozysron
Puntius rhombeus
Puntius viehoever
Systomus orphoides
Thynnichthys thynnoides
Trichogaster microlepis

Table 2.
Species

of infection; the difference was attributed to various snail
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infections in different water bodies (Giboda et al. 1991). The
probability of transmission increases when fish has direct
contact with infected snails through overlapping habitats.
Research outside Southeast Asia shows that rice fields and
irrigation ditches provide important habitats for cyprinid fish
(Katano et al. 2003), and prolonged floods facilitate the survival
of fish in the following season (Janac et al. 2010). In Southeast
Asia, water resource development activities, especially the
construction of large reservoirs in northeast Thailand, have
been related to the increase of cyprinids (Sornmani et al. 1981),
thereby increasing the risk of O.v. infection in local population.
To advance the understanding of the variation in fish infection
across various water bodies, much effort is needed to investigate
if various water bodies possess different environmental condi-
tions that can cause differences in metacercarial infection
(Fig. 2). Prior work has examined habitat characteristics of
cyprinids in small rivers in central Thailand (Beamish et al.
2006); future endeavor is necessary to integrate the ecological
studies of habitat characteristics with the parasitic analyses of
fish infection. In addition, it is valuable to study whether the
metacercariae intensity in fish exhibits distinct temporal vari-
ations across various types of water bodies. The finding, in
conjunction with insights into the seasonal variation in fish
infection, will provide beneficial information for setting up
control strategies based on reduced environmental exposure to
infection, which has currently received little attention.

Definitive Hosts

Fish-eating mammals, including humans, cats, and dogs,
are the definitive hosts of O.v. Factors that contribute to
human infection include human behavior of at-risk activ-
ities, global human movement and behavior change, and
location and surrounding land use of human settlement.

Human Behavior of At-Risk Activities

At-risk activity of consuming raw and insufficiently cooked
fish dishes in the Lower Mekong region is the main factor
responsible for high human O.v. prevalence (Sayasone et al.
2007; Fig. 2). Although the consumption of raw fish dishes
has now been confined to special social occasions in
Thailand, other moderately preserved fish are still being
consumed several times a week (Rangsin et al. 2009). In Lao
PDR, the habit of eating undercooked fish remained high
in rural areas, as reported in 75.1% of the villagers in
Sayasone et al. (2007). Undercooked fish is also frequently
consumed in Vietnam, ranging between 46 and 74% of the

villagers across different provinces (Sithithaworn et al.
2012). In Cambodia, raw fish food consumption is com-
mon, particularly during the rainy season (Touch et al.
2009).

Prevalence of infection is reported in all age groups.
The initial infection occurs between 5 and 9 years old. The
intensity of infection in terms of fecal egg output (i.e., the
number of eggs per mg feces examined) generally increases
with age, with the highest intensity being reported for the
middle and elderly age groups (Upatham et al. 1984;
Maleewong et al. 1992). Some studies observed no notable
gender differences (Sayasone et al. 2007); others, however,
reported higher intensity of infection in males than in
females (Changbumrung et al. 1989). The differences in the
intensity of infection in age groups and gender are likely
due to different eating behaviors. Male villagers, for
example, commonly consume raw fish with alcohol, as such
food practice is perceived as “a way of life since their
ancestors” (Laithavewat et al. 2011). Indeed, food prepa-
ration habit and eating behavior are embedded cultural and
dietary traditions in the region. How to better cope with
human behavior presents one challenge in reducing the
disease risk.

In some rural areas in Southeast Asia, sanitary facilities
for defecation remain underdeveloped (WHO 2011). For
example, in Lao PDR, sanitary facilities were present in
only one of the 13 villages surveyed, and most of the study
participants reported defecating outdoors (Sayasone et al.
2007). Better preventive measures in sanitary facilities and
sewage treatment systems are critical to disrupt the life
cycle of O.v.

Global Human Movement and Behavior Change

The unprecedented movements of migrant workers and the
changing demographics and human behaviors globally have
potentially expanded the distribution of parasitic infection.
O.v. prevalence among the Thai workers in Taiwan was at 7%
(Peng et al. 1993) and in Israel at 51.6% (Greenberg et al.
1994). It is unknown if high prevalence now occurs in other
countries where the working force mainly consists of foreign
workers from Southeast Asia. In addition, eating raw fish,
such as sashimi, has become increasingly fashionable in many
countries, leading to a rise in the incidence of fish-borne
trematodiasis in previously uninfected ethnic groups. Since
the life cycle of O.v. cannot be established in places where no
intermediate hosts are available, the influence of these factors
will have limited epidemiology relevance (Sithithaworn et al.



2007). However, a geographic focus on Southeast Asia is
necessary because the similar wetland environments, liveli-
hoods, and eating habits make the region a parasite paradise.
One area for research attention is geographic circuits of
movement, focusing on long established cross-border and
international migration linkages within and between the hot
spots of infection in Southeast Asia.

Location and Surrounding Land Use of Human Settlement

Location of human settlement can potentially contribute to
the variation in disease risk. Residents of rural Thailand
with agricultural occupations were reported to have higher
O.v. prevalence than those of urban areas (Kurathong et al.
1987). High prevalence of over 90% was reported in low-
land districts in Lao PDR, whereas low prevalence of 5.7%
was recorded in a highland district (Sayasone et al. 2011).
Conversely, in northeast Thailand, prevalence was almost
twice higher in villages residing far from the rivers than
those residing on the banks, despite the higher recording of
raw fish consumption in the villages on the bank (Tesana
et al. 1991). The differences in these findings suggest that
proximity of villages to rivers alone does not fully explain
the spatial variations in human infection. Quantitative
approaches incorporating Geographic Information Systems
and remote sensing to evaluate the surrounding land use
compositions and landscape structure should be employed.
Instead of visually determining the proximity of villages to
rivers as was done previously, patchiness of water bodies
and densities of streams and irrigation networks sur-
rounding the villages should be quantified. Geospatial data
of location and surrounding land use composition of
human settlement also need to be integrated with data of
human risk behavior and human mobility to better
understand the geographic patterns of disease prevalence.

Potential Contribution of Canine and Feline Hosts

Canines and felines are recognized as the O.v. reservoir
hosts. In Lao PDR, the prevalence of infection in felines
ranged from 20 to 36% (Ditrich et al. 1990; Giboda et al.
1991; Scholtz et al. 2003). Recent surveys in northeast
Thailand indicated a higher prevalence of infection in cats
at approximately 36% than in dogs, for which the preva-
lence was 3.8% in Enes et al. (2010) and 0.37% in Aun-
promma et al. (2012). The role of canines and felines as a
reservoir in maintaining the presence of O.v. eggs in the

environment has not been fully investigated because of the
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difficulty in monitoring their diet and movement and
the relatively challenging process of sampling dogs and cats
for fecal examination compared to the human stool tests.
However, if similar prevalence patterns in reservoir hosts
occur at a broader scale, the zoonotic role of dogs and cats
in O.v. epidemiology should be considered in the devel-
opment of improved control programs (Enes et al. 2010).

CONNECTIVITY BETWEEN THE HOSTS-
FuncTioNAL ROLES OF IRRIGATION DiTCcH

Liver fluke persistence is only possible when there are func-
tional connections between the host habitats. In particular, the
role of water in functionally connecting the two intermediate
hosts needs scrutiny because it may shed light on the geo-
graphic variation in O.v. prevalence (Wang et al. 2011). A vital
infrastructure which transports water in the lowland South-
east Asia is irrigation ditch (Fernando 1993; Fig. 2), and it has
at least three functional significances in O.v. transmission.

First, irrigation ditches spatially act as corridors to provide
structural connectivity between the habitat patches to facilitate
the movement of snails, cercariae, and fish, thereby functionally
facilitating the disease transmission. Bithynia snails have been
found to clump together in canals as a result of water draining
from rice fields into canals (Suwannatrai et al. 2011). Although
little attention has probed the abundance of O.v. cercariae in
irrigation ditches, these infrastructures have been found to
carry infective cercariae of other parasites (Spear et al. 2004). As
for fish, cyprinids have been found to use irrigation ditches to
access rice fields for spawning and food in other lowland areas
(Katano et al. 2003). The design of irrigation ditches can hence
influence the degree of functional connectivity. Adding con-
crete lining in the construction of irrigation ditches increases
the difference in water level between the ditches and the rice
fields, potentially restricting the freedom of fish movement.
Installing water pumps which allow water to pass from the
ditch into the rice fields only through pumps can also restrict
the passage of fish.

The second functional role of irrigation ditches is that the
structure of irrigation ditches may influence water quality of
the host habitats. It would thus be useful to investigate whe-
ther the physical shape and the network structure of ditches
are associated with water quality and flow regime. Irrigation
ditches with structural attributes that afford more conducive
water quality for either one of the hosts may possess higher
level of functional connectivity for disease transmission.
Moreover, these anthropogenic water systems are potentially



338 Yi-Chen Wang

the dominant proponents of O.v. persistence during the dry
season when natural hydrological input is minimal.

The third functional role of irrigation ditches is that
they can change the extent of inundation during the rainy
season. Increased flooding magnitude and duration can
increase the contact between snails and fish through irriga-
tion ditches. Furthermore, irrigation ditches functionally
connect human and snail hosts through the transporting of
feces from villages. In areas where sanitary facilities for
defecation are underdeveloped, human feces with O.v. eggs
can be flushed into water bodies directly or through irriga-
tion ditches in heavy monsoon rain. Fecal bacteria densities
are high in areas with high runoff (Gannon and Busse 1989),
and the contamination is the greatest during the early part of
the rainy season, which coincides with the rapid increase in
snail population (Sithithaworn et al. 1997). Infected snails
are also frequently found in water bodies nearby villages
where high fecal contamination occurs (Kaewkes et al. 2012).

Two levels of assessments are needed for comprehending
the functional connectivity of the landscape for O.v. trans-
mission. At a fine scale, attention should be given to whether
the corridor-patch (e.g., irrigation ditch and rice field) or
patch—patch (e.g., between rice fields) interface allows
movement of organisms such that contact between hosts is
possible. An example for corridor—patch connectivity is how
an outlet of irrigation ditches allows water and cercariae from
rice fields to enter an irrigation ditch. At a broad scale, the
influence of landscape configuration should be analyzed to
address how efficiently the broad overall configuration of
patches and corridors can facilitate the liver fluke to pass
through the entire life cycle. For example, high resolution
remote sensing imagery can be analyzed to delineate habitat
patches and irrigation ditch corridors, and digital elevation
models can be constructed to simulate water movement
through different configurations of landscape units. In
addition, concepts such as species—area relationships can be
incorporated to consider freshwater habitats as islands of
water surrounded by land, and to explore if the biophysical
conditions, the spatial distribution and distance between
these islands, and their structural connectivity affect the
diversity and distribution of the intermediate hosts. An
understanding of this can be useful for land planning and
management to minimize liver fluke persistence.

CONCLUSIONS

This paper reviews the current understanding of the landscape
determinants that influence the hosts and the transmission of

O.v., and identify areas that require future research. Season-
ality and water quality appear to affect the habitats and
population dynamics of the two intermediate hosts, Bithynia
snails and cyprinid fish. Land use practices through the con-
struction of irrigation ditches not only provide structural
connections between the host habitats but also enable the
movement of snails, cercariae, and fish, thereby functionally
facilitating the disease transmission. Future endeavor is
desired to integrate ecological studies of habitat characteris-
tics, landscape studies of connectivity, and parasitic analyses
of snail and fish infections so as to understand how envi-
ronmental conditions affect differences in infection. Human
behavior of eating raw or insufficiently cooked fish dishes is
one of the key determinants responsible for high O.v. preva-
lence. Geospatial data of location and surrounding land use
composition of human settlement thus need to be integrated
with human behavior data and patterns of human mobility to
comprehend the geographic variations in O.v. prevalence. In a
research backdrop dominated by cross-sectional analysis,
longitudinal surveys of infections in snails, fish, and human at
the landscape scale are required for a better understanding of
the interactions between the ecology of the intermediate hosts,
seasonal variation in the environment, human behavior, and
land use. Such insights are useful for planning of control
strategies based on reduced environmental exposure to
infection, which has been received little attention.
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