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Abstract

Background

While the dispersal of hosts and vectors—through active or passive movement—is known
to facilitate the spread and re-emergence of certain infectious diseases, little is known about
the movement ecology of Oncomelania spp., intermediate snail host of the parasite Schisto-
soma japonicum, and its consequences for the spread of schistosomiasis in East and South-
east Asia. In China, despite intense control programs aimed at preventing schistosomiasis
transmission, there is evidence in recent years of re-emergence and persistence of infection
in some areas, as well as an increase in the spatial extent of the snail host. A quantitative
understanding of the dispersal characteristics of the intermediate host can provide new
insights into the spatial dynamics of transmission, and can assist public health officials in
limiting the geographic spread of infection.

Methodology/Principal findings

Oncomelania hupensis robertsoni snails (n = 833) were sampled from 29 sites in Sichuan,
China, genotyped, and analyzed using Bayesian assignment to estimate the rate of recent
snail migration across sites. Landscape connectivity between each site pair was estimated
using the geographic distance distributions derived from nine environmental models: Euclid-
ean, topography, incline, wetness, land use, watershed, stream use, streams and channels,
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and stream velocity. Among sites, 14.4% to 32.8% of sampled snails were identified as
recent migrants, with 20 sites comprising >20% migrants. Migration rates were generally
low between sites, but at 8 sites, over 10% of the overall host population originated from one
proximal site. Greater landscape connectivity was significantly associated with increased
odds of migration, with the minimum path distance (as opposed to median or first quartile)
emerging as the strongest predictor across all environmental models. Models accounting for
land use explained the largest proportion of the variance in migration rates between sites. A
greater number of irrigation channels leading into a site was associated with an increase in
the site’s propensity to both attract and retain snails.

Conclusions/Significance

Our findings have important implications for controlling the geographic spread of schistoso-
miasis in China, through improved understanding of the dispersal capacity of the parasite’s
intermediate host.

Author Summary

In China, human schistosomiasis is caused by infection with the parasitic blood fluke
Schistosoma japonicum, which requires snail hosts as a lifecycle intermediary. Snail control
efforts have been a key component of China’s schistosomiasis control program, which has
reduced human infections from 11 million in the 1950s to approximately 115,000 today.
However, schistosomiasis has re-emerged in some areas, and the range of areas infested
by or suitable for snail hosts is expanding. Understanding how the physical structure of
the environment influences snail migration could aid in understanding how intermediate
host mobility contributes to persistence and/or re-emergence of schistosomiasis. Within
the 29 sites sampled for snail hosts, we estimated that between 14-33% of snails were
recent migrants from another site, and above average inter-site migration rates occurred
between sites separated by up to 44 km. Greater landscape connectivity was associated
with increased recent migration rates. Connectivity models considering land use patterns
explained the largest proportion of the variance in migration rates between sites. An
increase in the number of irrigation channels leading into the site was associated with an
increase in a site’s propensity to both attract migrant snails and retain snails. Our findings
have important implications for understanding and responding to the geographic spread
of schistosomiasis.

Introduction

The current distribution, and potential future spatial spread, of disease carrying hosts and vec-
tors are influenced by their dispersal capacities and the characteristics of the landscape they
inhabit. Quantitative characterizations of host and vector dispersal have proven useful in the
development of effective control strategies for a range of pathogens [1-3]. Traditional
approaches to estimating host and vector migration rates have relied on studies that release
and recapture individuals with physical or chemical marks, but these techniques are impracti-
cal for large populations that exchange small numbers of migrants because the number of
recaptures is often too low to infer migration patterns [4, 5]. As an alternative, multilocus
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genotype data have been used to estimate genetic diversity, gene flow, and migration rates of
populations in a wide variety of systems [6-9]. Recently, Hauswald et al. suggested that, given
the high degree of genetic diversity within the species, microsatellite data could be used to
characterize migration of Oncomelania hupensis, the intermediate host of Schistosoma japoni-
cum, the parasite that causes human schistosomiasis in East and Southeast Asia [10].

Host and vector migration are influenced by the physical structure of the environment, which
can be summarized through measures of landscape connectivity [11-13] that describe the degree
to which landscape units facilitate or limit the dispersal of a target organism, accounting for both
geographic distance and environmental features that aid or impede movement [14]. Landscape
connectivity models have been used to characterize the determinants of dispersal for a range of
species, particularly where Euclidean distance alone captures insufficient detail with respect to
landscape structure [14-18]. In addition to considering the role of landscape heterogeneity
between sites, some models consider specific properties of sites themselves that can enhance or
diminish origin-to-destination flows, leading to superior estimates of the determinants of inter-
site dispersal [19, 20]. The effect of such site-specific properties can be examined through ran-
dom effect models that directly estimate the relative in-migrant pull (termed attractivity) or out-
migrant push (the converse of which is termed retentivity) of a site [21].

Quantitative characterization in this manner of the migration of Oncomelania spp. in
China would be especially valuable in the context of ongoing efforts to control and ultimately
eliminate schistosomiasis in the country [10]. Control of Oncomelania spp. has been a key
component of the national schistosomiasis control program [11, 22-26], which has reduced
human infections with Schistosoma japonicum from roughly 11 million in the 1950s to approx-
imately 115,000 in 2014 [27, 28] and the area of snail habitat in China’s 12 current or formerly
endemic provinces by more than 70% over the same period [29, 30]. However, there is evi-
dence in recent years of re-emergence and persistence of infection in some areas [30, 31],
despite intense control programs including human treatment, improvements to sanitation
infrastructure, and snail control [28]. In Sichuan Province, schistosomiasis was found to have
re-emerged in 8 of 46 counties that had previously met the criteria for designation as having
achieved transmission control [32]. Meanwhile, the detection of Oncomelania spp. populations
in new areas suggests the range of the intermediate snail host is expanding within China [31],
and rising temperatures due to global climate change may further this expansion [33-35].
Understanding the dispersal characteristics of this intermediate host can provide new insights
into the spatial dynamics of transmission, and can assist public health officials in limiting the
geographic spread of infection.

Relatively little is known regarding the movement ecology of Oncomelania spp. The objec-
tives of this study are to characterize the range of distances traversed by recently migrating O.
hupensis robertsoni snails (i.e., within the current and previous two generations) and determine
the landscape and other geographic features that influence their dispersal. We use microsatel-
lite markers of O. hupensis robertsoni “populations” to estimate inter-village, bi-directional
migration between 29 study sites in Sichuan Province. Using random effects models and char-
acteristics of the intervening landscape, we determine the environmental drivers of migration
as well as features of the sites that influence their attractivity and retentivity with respect to
snail migrants.

Materials and Methods
Study areas

Within the eastern mountainous zone of Sichuan Province, 29 sites across 3 counties were
selected for study on the basis of their recent history of re-emergence of Schistosoma japonicum
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Fig 1. Map of study sites showing proportion of recent migrant individuals (denoted by symbol size) estimated by BayesAss at each site,
propensity of the site to attract or retain migrants (denoted by symbol color; note two sites with split color symbology indicate simultaneous
high attractivity and low/high retentivity), and inter-village migration rates (denoted by arrows). To improve clarity, inter-village migration rates

less than 0.02 are not shown.
doi:10.1371/journal.pntd.0005151.9001

in either snails or humans following previous transmission control [32]. Site boundaries were
defined by the smallest community unit—the natural village or production group—referred to
here as villages [36]. Shown in Fig 1, villages within this region lie along a network of rivers
and streams that flow predominantly north to south, and the largest straight-line distance
between sites is approximately 67 km. The average village in the region had approximately 80
people over 6 years of age (range 30-170 people), based on a census conducted in 2007 [36].
The region is characterized by mountainous terrain and intense agricultural cultivation, partic-
ularly rice and vegetable crops [15]. Agricultural practices rely on irrigation networks that may
facilitate the dispersal of the intermediate host. Additionally, the common practice of applying
human waste—in which parasitic eggs of infected hosts are shed—as crop fertilizer aides the
transmission of schistosomiasis through the dispersal of eggs and associated larval stages.
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Landscape connectivity

Landscape connectivity between all study sites was determined by calculating the cumulative
cost of passing through a rasterized (30m x 30m) depiction of the landscape lying between
every pair of study sites, where the cost of passing through a grid cell reflects the habitat prefer-
ences of the intermediate host. Nine landscape connectivity models were developed using Arc-
GIS Model Builder and the cost distance toolset [37], automated in Python [38] and then used
to estimate measures of connectivity between study sites by modifying the cost of specific land-
scape properties that facilitate or limit snail dispersal (Table 1). The landscape connectivity
models included: Euclidean, topography, incline, wetness, land use, distance from watershed,
stream use, streams and channels, and stream velocity. Euclidean distance measures the
straight-line distance between two sites, ignoring landscape and topographic factors. Topogra-
phy and incline models account for isotropic and anisotropic changes in elevation between
sites, respectively. Other models considered the role of stream movement (stream only, stream
velocity, streams and channels), soil wetness and water, and land use features in determining
intermediate host dispersal (Table 1). Landsat and IKONOS imagery was mosaicked using
ENVI (ITT Visual Information Solutions, Boulder, Colorado, USA) and land cover was classi-
fied using a maximum likelihood supervised classification approach with five classes—surface
water, agriculture, forest, barren, and built, in order of least to greatest resistance to host move-
ment—following previous methods [39, 40].

The cost of every possible path between each pair of sites across the study region was calcu-

lated, yielding a distribution of costs as described elsewhere [15]. The minimum value of this
distribution is generally taken as a summary measure of effective distance between sites, yet
some have argued that such minima are insufficient to characterize landscape connectivity
across complex landscapes [41-43]. In the current work, three summary measures of the dis-
tribution of path costs were examined: the minimum, the first quartile, and the median.

Determination of village characteristics

Village characteristics were defined using community surveys described in detail elsewhere
[36]. Briefly, each village leader was interviewed in 2007 to determine the number of water-
ways and channels flowing into and out of each village, as well as the number and location of
each reservoir. The head of each household was surveyed in 2007 and 2010 about agricultural
practices, and this information was used to estimate the total area of agricultural cultivation in

Table 1. Ecological properties considered in the development of connectivity models.

Model
Euclidean
Topography
Incline
Wetness
Land use

Watershed

Stream use

Streams and
channels

Stream velocity

Description

Dispersal is limited by straight-line distance

Dispersal is limited by overland distance, accounting for elevation change
Dispersal uphill is limited, downhill is facilitated

Dispersal is facilitated by increased soil wetness

Dispersal is facilitated or limited by certain land cover classifications

Dispersal is facilitated as distance from nearest stream cell decreases and is
limited as distance from nearest stream cell increases

Dispersal is facilitated along streams, and limited in the upstream direction
Dispersal is facilitated along streams and within the agricultural channel network,
and limited in the upstream direction

Dispersal is facilitated along streams, and limited in the upstream direction,
proportional to flow velocity in the water channel

doi:10.1371/journal.pntd.0005151.t001

High Cost Features
High elevations
Uphill movement
Dry soil

Still water, barren and
built land

Areas far from stream
cells

Land
Land

Land

Low Cost Features
Low elevations
Downhill movement
Wet soil

Agricultural land and
streams

Areas close to stream
cells

Streams

Streams and agricultural
channels

Streams
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each village, and rice cultivation specifically. The research protocol was approved by the Sich-
uan Institutional Review Board and the University of California, Berkley, Committee for the
Protection of Human subjects.

Percentage of land cover devoted to agriculture was determined using Landsat and IKO-
NOS imagery according to classification schemes described previously [15]. A one kilometer
buffer was rendered surrounding each village center in ArcGIS [37], and each cell within the
buffer was characterized as either agricultural or non-agricultural (flowing water, barren, for-
est, built, other). The proportion of cells classified as agricultural was extracted for statistical
analysis.

Intermediate host sampling and genotyping

Between April 2008 and 2010, 833 Oncomelania hupensis robertsoni snails were hand-collected
across the 29 sites from vegetation along small irrigation channels; snails were immediately
preserved in 80% ethanol. Genomic DNA was extracted from the foot muscle or whole animals
following our previous work [10]. We genotyped 11 polymorphic microsatellite loci, including
10 loci taken from Zhang et al. [44] and 1 loci (OHO8) isolated for the current study from a
microsatellite DNA library, produced by GENterprise (Mainz, Germany). Polymerase chain
reactions (PCRs) were conducted in 10 pl reaction volume containing 10x ThermoPol reaction
buffer, ANTPs (each 2.5 mM), 0.9 pl of each primer (each 10 uM), TMAC (tetramethylammo-
nium chloride; 0.5 M), ddH,O, BSA (bovine serum albumin; 10 mg ml™"), 1 U Taq polymerase
(New England Biolabs, Ipswich, Massachusetts, USA), and 1-50 ng DNA template. A fluores-
cent dye (Life Technologies Corporation, Carlsbad, California, USA and Metabion, Martins-
ried, Germany) was attached to the 5’ end of the forward primers. PCR cycling conditions
were as follows: an initial denaturation step at 95°C for 5 min, followed by 35 amplification
cycles (denaturation at 94°C for 40 s, annealing at the respective temperature for 40 s, and
elongation at 72°C for 40 s), finalized by a terminal extension step at 72°C for 5 min. Prior to
allele size determination, PCR products were pooled (3-4 loci per lot) depending on the
expected size and the fluorescent dye used. The allele size determination was carried out on an
ABI 3130x] Genetic Analyzer using the internal size standard GeneScan-500ROX (Life Tech-
nologies Corporation, Carlsbad, USA). Finally, the software GeneMarker version 1.90 (SoftGe-
netics LLC, State College, Pennsylvania, USA) was used for genotyping.

Bayesian estimation of recent migration rates

Recent migrant rates (m;;, the expected proportion of migrants in site j that originated from
site i within the most recent three generations) between populations were estimated using the
Bayesian multilocus genotyping procedure implemented with BayesAss 3.03 [45]. Because this
assignment technique identifies immigration occurring within the current and the previous
two generations, assumptions regarding Hardy-Weinberg equilibrium, mutation, and effective
population size are relaxed. However, the procedure works best with low levels of migration
(i.e., <33%; [45, 46]) and well-structured populations (i.e., Fst > 0.05; [47]). To account for
the latter aspect, we conducted preliminary Fgr analyses with our snail dataset using the soft-
ware Microsatellite Analyser version 4.05 [48]. We found relatively high fixation index (Fgr =
0.15; p < 0.001), justifying the subsequent use of BayesAss for estimating posterior probability
distributions of individual migrant ancestries, population allele frequencies, and population
inbreeding coefficients.

For the Oncomelania dataset, we conducted 10 Markov chain Monte Carlo (MCMC) runs,
each with different seeds, 1x10” iterations, discarding the first 1.5x10° iterations as burn-in.
Mixing parameters were adjusted for allele frequencies, inbreeding coefficients, and migration
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rates to reach an acceptance rate of 20-40% each [47]. To ensure that convergence was
achieved, we also checked that non-migration rates and inbreeding coefficients for each site
for each run were nearly identical, and determined the proportion of non-migration rates that
were being drawn towards the upper and lower bounds [46]. In total, 28.3% of the non-migra-
tion rates estimated were within 10% of the lower bound (<0.73), and none of the non-migra-
tion rates fell within 10% of the upper bound (>0.90). We also examined log-probability plots
created from each trace file for signs of stability and calculated Bayesian deviance for each run
using Meirmans’ R script [46]. We considered the run exhibiting lowest deviance to be the
optimal [47], and reran the analyses using the same seed and mixing parameters, increasing
the number of iterations to 1x10° and the burn-in to 2x10”. Resulting inter-village migration
rates from these runs were used in subsequent analyses.

Statistical analysis

Recent migration rates (logit transformed) of the Oncomelania snails were regressed against
the three summary measures of all nine connectivity predictors in R using fixed effects models,
which assume that each site has a constant baseline probability of attracting and retaining snail
migrants, and random effects models, which allow for site-specific baselines [49, 50]. To-vil-
lage immigration and from-village emigration were treated as two separate random effects
relating to propensity of a village to attract migrant snails and retain native snails, respectively,
controlling for the site’s geographical distance from other sites. The random intercepts gener-
ated for each village represent the respective attractivity and retentivity of each site [21]. In the
random effects models, site attractivity and retentivity random effects were assumed to be
independent and Gaussian.

Linear regression models were fitted to examine the ability of site-specific characteristics to
predict the propensity (as measured by the random intercepts) of sites to attract migrant hosts
and retain native hosts. Village-specific characteristics included: village elevation, number of
streams into/out of the village, number of irrigation channels into/out of the village, village
population, cultivated crop area, cultivated rice area, number of reservoirs per village, and land
cover classification [36].

Results
Recent migration rates

Of snails sampled, 23.1% (n = 193) were identified as likely migrants within the most recent
three generations by BayesAss assignment, having originated from a site other than the one
from which the individual was sampled. The proportion of migrant individuals found at each
study site ranged from 14.4% to 32.8%, with 20 of the 29 sites containing over 20% migrants.
Fig 1 shows the proportion of the total snail population in each village that comprises recent
migrant individuals. Site pairs (n = 87) between which inter-village migration rates (i.e., the
proportion of migrants found in site j that originated from site i within the most recent three
generations) above the average migration rate occurred were separated by Euclidean distances
ranging from 0.3 to 44 km (mean: 11.8 km; median: 8.3 km).

Inter-village migration rates were low (mean: 0.87%, median: 0.62%, standard deviation:
1.50%); however, at eight sites, recent migrants from a single source comprised over 10% of
the overall snail population. Three of these site pairs were within 1 km of each other, four pairs
were within 2 km of each other, and one pair was separated by over 4 km. In the latter case, the
destination site was ranked second of the 29 sites in its propensity to attract migrants as deter-
mined through ranking of random effect model intercepts.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005151 December 15, 2016 7/16
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Influence of geographic distance and landscape connectivity on snalil
dispersal

Connectivity was significantly correlated (p<0.05) with migration rate for all nine connectivity
models, with greater geographic distance (i.e., lower connectivity) between sites corresponding
to a decrease in the odds of snail migration between the sites. Table 2 presents the relative odds
of migration between villages given an increase of one interquartile range (IQR) in separation.
Of the measures that summarize the distribution of geographic distances between a pair of
sites, the minimum geographic distance explained the highest proportion of variance in migra-
tion rate across all models compared to the 25™ quartile and the median of the distribution.
Based on the coefficient of determination, random effects models performed superior to fixed
effects models in explaining migration rates.

Because the majority of snail migration occurred within a few kilometers from the snail’s
origin, connectivity models were compared on their ability to explain migration rate at a range
of scales (Table 3). The large scale analysis, which included all site pairs, found that land use,
topography, and incline models were the strongest predictors of inter-village migration rate on
the basis of R? values, with land use model performing the best of the three (Table 3). Land use
models explained 14.8% of the variation in migration rate, while incline and Euclidean models
explained 14.4% and 14.1% of the variation, respectively. Land use and watershed models per-
formed the best even when considering migration between sites separated by a distance of less
than 3 km.

Influence of site characteristics on snail dispersal

The conditional and marginal coefficients of the random intercept models suggest that over
35% of the variance in migration rate can be attributed to village-level effects, while about 10%
of the variance in migration rate can be attributed to landscape connectivity between villages.
Intercepts from the random effects model for each site provide information on the site’s pro-
pensity to attract and to retain migrant snails. Sites with high attractivity, high retentivity, and
low retentivity are shown in Fig 1.

Villages with larger area of land devoted to agricultural production were significantly more
efficient at retaining migrants (p<0.05), though there was no indication that rice was more or
less strongly associated with retentivity than other crop types (Table 4). However, controlling
for irrigation decreased the association between agricultural fields and retentivity, due to high

Table 2. Odds ratios of migration for a one unit increase in IQR of the minimum geographic distance value for each of the connectivity models.

Environmental Weighting

Euclidean

Incline

Topography

Wetness

Land use

Watershed

Stream only

Streams and channels
Stream velocity

OR = odds ratio; Cl = confidence interval

doi:10.1371/journal.pntd.0005151.t002

Fixed Effects Model Random Effects Model

OR (95% CI) OR (95% Cl)
0.820 (0.790, 0.849) 0.802 (0.721, 0.883)
0.797 (0.716, 0.879) 0.800 (0.719, 0.881)
0.766 (0.576, 0.955) 0.803 (0.722, 0.884)
0.854 (0.787,0.939) 0.811 (0.730, 0.892)
0.802 (0.721,0.883) 0.812 (0.724, 0.899)
0.812 (0.725, 0.899) 0.827 (0.746, 0.908)
0.892 (0.807, 0.977) 0.891 (0.806, 0.976)
0.827 (0.746, 0.908) 0.766 (0.576, 0.956)
0.829 (0.762, 0.896) 0.890 (0.805, 0.975)
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Table 3. Relative coefficient of determinations from random-effects models for migration rate and geographic distance restricting sites to within
specified distance, in meters. Highlighted boxes indicate superiority of fit, based on relative R, where Euclidean model is used as the reference model.

Higher numbers of R? indicate superiority of fit.

Environmental Weighting

R2 Model/R? Euclidean Model

1,000 2,000 3,000 5,000 8,000 10,000 All
Euclidean 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Incline 0.63 2.13 1.22 1.12 1.07 1.05 1.02
Topography 0.70 1.22 1.07 1.03 1.01 1.01 1.01
Wetness 0.68 4.32 1.38 1.16 1.10 1.08 0.99
Land use 0.15 12.98 1.36 1.50 1.20 1.14 1.05
Watershed 1.18 4.62 1.52 1.31 1.18 0.08 1.00
Streams only 0.04 5.97 1.31 1.07 0.99 1.03 0.96
Stream velocity 0.08 5.70 1.30 1.03 0.96 1.01 0.95

doi:10.1371/journal.pntd.0005151.t003

multicollinearity between irrigation channels and agricultural area. The number of irrigation
channels leading into a village was significantly associated (p<0.05) with both high retention
of snails and high attractivity of migrant snails.

Discussion
Migration distances

This study involved sampling and genotyping of intermediate snail hosts in an area where re-
emergence of schistosomiasis has occurred, and to our knowledge, is the first attempt at char-
acterizing O. hupensis robertsoni migration through genetic assignment. Above average inter-
village migration rates were observed between sites as far as 44 km apart, a distance that

Table 4. Associations between village characteristics and measures of site attractivity and retentivity
of snails

Village Characteristic Mean Difference’ (95% Cl)

Retentivity Attractivity
Population > 6 years old 17.25 (-4.47, -3.98 (-22.54,
38.97) 14.58)

No. rivers entering village

No. irrigation channels entering village

No. rivers leaving village

No. irrigation channels leaving village

0.36 (-0.07, 0.78)
0.91 (0.14, 1.45)*
0.28 (-0.13, 0.69)
0.49 (-0.34, 1.32)

0.10 (-0.27, 0.46)
0.53 (0.03, 1.02)*
0.03 (-0.31, 0.38)
0.57 (-0.084, 1.23)

Proportion of irrigation channels lined with concrete -2.13(-19.19, -0.65 (-14.63,
14.94) 13.32)
No. reservoirs 1.44 (-0.14,3.03) | 0.63(-0.72, 1.99)

Area devoted to rice production (acres)

Total agricultural area (acres)

Proportion of farmland devoted to rice cultivation

Proportion of land cover cells within a 1 km buffer classified as

agricultural®

Cl = confidence interval

*indicates p<0.05

1.79 (-0.50, 4.08)
9.86 (0.70, 19.01)*
3.01 (-5.40, 11.42)

0.47 (-10.88,
11.82)

(_

-0.13 (-2.50, 2.24)
0.90 (-4.77, 6.57)
-0.61 (-8.93,7.71)

3.07 (-6.12, 12.25)

' Reflects the mean difference in village characteristic units between sites ranking in the 75" percentile for
attractivity/retentivity and sites ranking in the 25" percentile for attractivity/retentivity.
2 Obtained from remote satellite imagery. All other characteristics determined from village surveys
conducted by Carlton and colleagues [36]

doi:10.1371/journal.pntd.0005151.t1004
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undoubtedly represents passive rather than active movement. Oncomelania snails can live over
two years in some settings [51], and human or bird-mediated transport over this period is pos-
sible, as is rafting on vegetation in waterways. Van Leeuwen, et al. found that, in rare instances,
snails ingested by birds may be transported long distances and excreted alive [52].

At the scale of migration distances observed, both active and passive snail transport may
have important consequences for the transmission of schistosomiasis in areas that had previ-
ously attained disease control. The average lifespan of S. japonicum-infected snails has been
estimated at 171 days, over which the examined snails shed an average of 673 cercariae [53];
thus a migrating infected snail has the capacity to contribute substantially to the parasite load
in its destination site. The latency period following exposure to S. japonicum miracidia may
provide ample time for snail hosts to migrate to an area previously free of schistosomiasis [54].
Moreover, migrating uninfected individuals may be more susceptible to parasite infection hav-
ing not been exposed to Schistosoma spp. in their pre-migration environment [55].

We found that distances traveled by snails over a few generations in this study are compara-
ble to the dispersal of other vectors, such as the malaria vector Anopheles gambiae [3], and the
dengue vector Aedes aegypti [56]. Given that both active and passive mosquito movement pat-
terns are considered important to the spread of vector-borne disease [57-61] and can occur at
scales similar to snail movement patterns, thorough investigation into the transmission impact
of the snail dispersal reported in the present study is warranted. Eight of 536 village pairs com-
prised populations with recent migrant populations exceeding 10%, and each of these village
pairs were within 5 km of each other, suggesting that unidirectional routes that are highly con-
ducive to snail migration may exist between some communities.

Landscape connectivity and site characteristics

Of the nine tested landscape connectivity models, land use best explained the observed vari-
ance in migration rates. Land use models consider agricultural lands and streams as conducive
to movement, and barren land, built land, or standing water as prohibitive to movement. Pre-
vious studies have found that local snail dispersal occurs primarily along waterways [10] and
that the hydrological connectivity of ponds and water pools after rainfall mediates the dispersal
of snails within a suitable habitat [62]. Models presented here that included streams only and
stream velocity were not consistently superior to Euclidean models at the full range of dis-
tances considered. However, the land use model, which accounts for stream features as part of
the matrix determining connectivity, was consistently superior to Euclidean models, substanti-
ating the importance of hydrological connections in determining snail distribution. Stream
networks alone do not explain dispersal patterns; agricultural land use and the presence of bar-
riers, such as barren or built land or standing water, are critical determinants.

Similarly, watershed models, which performed superior for sites separated by <3 km, con-
sider the distance of each landscape cell to a stream cell, highlighting that snails require habitat
at the interface of terrestrial and aquatic zones. The finding that minimum geographic dis-
tances between sites, as opposed to the 25" percentile or median geographic distance, suggests
that a single path of least resistance—one that lacks barriers and lies along suitable agricultural
land and streams—between two sites can serve as an important corridor that facilitates migra-
tion between sites. The superiority of watershed models is also consistent with Liang et al.,
who found that, among all landscape fragmentation variables studied, wetlands showed the
greatest correlation with genetic divergence of Oncomelania spp. [63]. This finding substanti-
ates concerns over projects such as the Three Gorges Dam and the South-to-North water
transfer project, which are expected to alter wetland patterns and could contribute to the
expansion of suitable Oncomelania habitat [33, 63, 64].
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Irrigation channels leading into a village were associated with increased likelihood that a
snail would migrate to that village from a neighboring village and that a snail would be
retained by that village. Area devoted to agricultural cultivation (as reported by the village
leader) was also associated with an increase in the likelihood that a village would retain its
native snail population, though the importance of area devoted to agricultural cultivation rela-
tive to irrigation channels decreased in multivariate analyses due to multi-collinearity. Since
Oncomelania snails are amphibious organisms that require access to both water and littoral
vegetation, villages with substantial irrigation for agriculture possess ideal habitats, and move-
ments may be favored towards—and may terminate within—such areas that are conducive to
snail survival. The number of irrigation channels leading away from a village had no associa-
tion with the propensity of a village to attract or retain migrant snails.

Limitations and future directions

While Bayesian assignment of genotypes in this study provides information on the putative
origin and destination of migrating snails, the actual routes and means of dispersal between
sites remain unknown. The estimation of migration rates was subject to the limitations of the
Bayesian assignment methodology used [45], including that “unobserved” populations—those
not captured in the survey and for which no reference allele frequencies are available—are not
included as exchanging migrants, even if they are important sinks or sources. Additionally,
more accurate estimates of migration have been shown to result from the analysis of as many
as 20 loci, though estimates are believed to be accurate with as few as five loci genotyped in a
population of at least 20 individuals if recent migration rates are low (i.e., <33%) [45]. The
analysis presented here, following previous work, assumed migration rate was low (<33%); yet
for eight sites, the proportion of recent migrants was estimated to be over 32%, suggesting that
true migration rates may have been higher than estimated. Such results may also indicate chal-
lenges in model convergence, just as where non-migration rates are observed near the lower
bound [46]. However, the strength of population structure as measured by Fgr, as well as our
inspection of the stability of the likelihood profile plots and prior values, increases confidence
that model convergence was achieved in the present analysis.

Accounting for the effect of key landscape features on connectivity requires understanding
snail preferences for, and movement behavior within, diverse landscape types, which have not
been fully characterized for Oncomelania spp. [15]. Moreover, classifications of landscape
types were themselves limited by the accuracy of classification procedures. Our model also
excluded the effects of key time-variant determinants of intermediate host dispersal, including
temperature and other seasonal effects, even as we acknowledge snail dispersal is known to be
limited by cold microclimates [65]. However, recent work found that measures of geographic
distance like those investigated here explained a larger proportion of the genetic divergence of
Oncomelania spp. than did climatic and other variables [63]. At the same time, passive snail
dispersal may also be mediated by human and animal movement, and these were not captured
in our study. Construction of roads and railways such as the Greater Mekon Subregion (GMS)
Chengdu-Kunming corridor and the GMS North-South Corridor through mountainous ter-
rain will breach geographical barriers in the study region, potentially opening up new ranges
into which snails may expand [55, 66].

Future work may consider the dispersal of infected snails as compared to uninfected snails,
as studies have shown that parasitized snails move less than non-parasitized snails [67, 68].
Analyses that consider snail dispersal from upstream to downstream locations within irriga-
tion channels would also be of interest considering the significant association found in this
study between irrigation channels and snail retentivity and attractivity. Akullian et al.
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suggested that O. hupensis robertsoni snails are capable of moving both upstream and down-
stream, but found that snails dispersed further, on average, in the downstream direction [69].
Even slow moving flows in irrigation channels were observed to facilitate snail dispersal down-
stream, implying that hydrological models that explicitly consider the direction and magnitude
of flows within waterways could be used in future analyses to improve upon the landscape
models presented here, possibly leading to more targeted snail control interventions that
account for connectivity.

The progress China has made towards elimination of schistosomiasis is threatened by an
expansion of territory suitable for intermediate hosts under future climate and land use scenar-
ios [33, 34, 64]. This study has important implications for snail control. Zhou et al. found that
snail densities were lower in habitats that were highly fragmented, suggesting that habitat frag-
mentation may be a viable method for snail control centered around limiting snail dispersal
[11]. New methods of snail control utilize Landsat satellite imagery to identify habitats suitable
for snails [70], and then target interventions to snail-dense areas [71]. A combination of the
analyses reported here with control programs based on landscape suitability could yield new
control strategies that target where snails currently are, as well as where they may migrate, pro-
viding barriers to the establishment (or re-establishment) of host populations in new areas.

In conclusion, to the best of our knowledge, this is the first study aimed at quantifying
migration of O. hupensis robertsoni using Bayesian analysis of multilocus genotype data. The
analysis classified up to 20% of snails as recent migrants, suggesting there is potential for schis-
tosomiasis to spread through the migration of intermediate hosts. Geographic distance was
strongly correlated with snail migration, with models that include both water and land use fea-
tures performing well for sites separated by as many as 67 km. Our results provide insight into
the movement ecology of the intermediate host for S. japonicum, and may be useful for design-
ing control measures that limit the expansion of the species range.

Supporting Information

S1 Table. Results of AMOV As in Oncomelania hupensis robersoni. Scaling orders are popu-
lations (PP) and watersheds (SO); all values are given in % (p-values for all listed results of
variation < 0.001).
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$2 Table. Raw genetic information of sampled Oncomelania huensis robertsoni snails
(XLSX)

S1 Fig. Consensus tree based on Nei’s chord distances derived from allele frequencies at 11
microsatellite loci (NJ method of tree construction) of Oncomelania hupensis robertsoni.
Bootstrap values (> 50) are indicated at each node. Colors refer to watersheds (for SO =7, 6
groups).

(TIF)
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(TIF)

Acknowledgments

A K. Hauswald is gratefully acknowledged for her preparation of the microsatellite dataset. We
thank Emily Maier, Marie Russell, Margaret Bale, and Jessica Belle for contributing to early
drafts of the manuscript.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005151 December 15, 2016 12/16


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005151.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005151.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005151.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005151.s004

@ PLOS | RSHEAE Biseases

Contemporary Dispersal of Snail Host for Schistosoma japonicum

Author Contributions

Conceived and designed the experiments: JVR SL.

Performed the experiments: JRH DL BZ TW JVR CC.

Analyzed the data: JRH QL.

Contributed reagents/materials/analysis tools: JRH HC CMH TW CC EJC JVR.

Wrote the paper: JRH QL JVR.

Contributed to editing and preparation of the manuscript: JRH HC QL CMH TW CC EJC SL

DL BZ JVR. Approved the final version of the manuscript: JRH HC QL CMH TW CC EJC
SL DL BZ JVR.

References

1.

10.

1.

12

13.

14.

15.

Tabachnick WJ, Black Iv WC. Making a case for molecular population genetic studies of arthropod vec-
tors. Parasitol Today. 1995; 11(1):27-30.

Cecere MC, Vazquez-Prokopec GM, Gurtler RE, Kitron U. Reinfestation sources for Chagas disease
vector, Triatoma infestans, Argentina. Emerging infectious diseases. 2006; 12(7):1096. doi: 10.3201/
eid1207.051445 PMID: 16836826

Thomson MC, Connor SJ, Quinones ML, Jawara M, Todd J, Greenwood BM. Movement of Anopheles
gambiae s.|. malaria vectors between villages in The Gambia. Medical and veterinary entomology.
1995; 9(4):413-9. Epub 1995/10/01. PMID: 8541594

Cameron RAD, Williamson P. Estimating Migration and the Effects of Disturbance in Mark-Recapture
Studies on the Snail Cepaea nemoralis L. Journal of Animal Ecology. 1977; 46(1):173-9.

Wang J. Estimation of migration rates from marker-based parentage analysis. Mol Ecol. 2014; 23
(13):3191-213. doi: 10.1111/mec.12806 PMID: 24863365

Remais JV, Xiao N, Akullian A, Qiu D, Blair D. Genetic assignment methods for gaining insight into the
management of infectious disease by understanding pathogen, vector, and host movement. PLoS path-
ogens. 2011; 7(4):e1002013. Epub 2011/05/10. PubMed Central PMCID: PMCPmc3084202. doi: 10.
1371/journal.ppat.1002013 PMID: 21552326

Stevens L, Monroy MC, Rodas AG, Hicks RM, Lucero DE, Lyons LA, et al. Migration and Gene Flow
Among Domestic Populations of the Chagas Insect Vector Triatoma dimidiata (Hemiptera: Reduviidae)
Detected by Microsatellite Loci. J Med Entomol. 2015; 52(3):419-28. Epub 2015/09/04. PubMed Cen-
tral PMCID: PMCPmc4581485. doi: 10.1093/jme/tjv002 PMID: 26334816

Xue H, Zhong M, Xu J, Xu L. Geographic distance affects dispersal of the patchy distributed greater
long-tailed hamster (Tscherskia triton). PloS one. 2014; 9(6):99540. doi: 10.1371/journal.pone.
0099540 PMID: 24911266

Bertrand J, Bourgeois Y, Delahaie B, Duval T, Garcia-Jiménez R, Cornuault J, et al. Extremely reduced
dispersal and gene flow in an island bird. Heredity. 2014; 112(2):190-6. doi: 10.1038/hdy.2013.91
PMID: 24084644

Hauswald A-K, Remais JV, Xiao N, Davis GM, Lu D, Bale MJ, et al. Stirred, not shaken: genetic struc-
ture of the intermediate snail host Oncomelania hupensis robertsoni in an historically endemic schisto-
somiasis area. Parasites & vectors. 2011; 4:206.

Zhou Y-B, Yang M-X, Yihuo W-|, Liu G-m, Wang H-y, Wei J-G, et al. Effect of habitat fragmentation on
the schistosome-transmitting snail Oncomelania hupensis in a mountainous area of China. Trans R
Soc Trop Med Hyg. 2011; 105(4):189-96. doi: 10.1016/j.trstmh.2010.12.006 PMID: 21367442

Taylor PD, Fahrig L, Henein K, Merriam G. Connectivity is a vital element of landscape structure. Oikos.
1993; 68(3):571-3.

Baldwin RF, Perkl RM, Trombulak SC. Modeling Ecoregional Connectivity. Landscape-scale Conserva-
tion Planning: Spring Science+Business Media B.V.; 2010.

Nogués S, Cabarga-Varona A. Modelling land use changes for landscape connectivity: The role of plan-
tation forestry and highways. J Nat Conserv. 2014; 22(6):504—15.

Remais J, Akullian A, Ding L, Seto E. Analytical methods for quantifying environmental connectivity for
the control and surveillance of infectious disease spread. J R Soc Interface. 2010; 7(49):1181-93. doi:
10.1098/rsif.2009.0523 PMID: 20164085

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005151 December 15, 2016 13/16


http://dx.doi.org/10.3201/eid1207.051445
http://dx.doi.org/10.3201/eid1207.051445
http://www.ncbi.nlm.nih.gov/pubmed/16836826
http://www.ncbi.nlm.nih.gov/pubmed/8541594
http://dx.doi.org/10.1111/mec.12806
http://www.ncbi.nlm.nih.gov/pubmed/24863365
http://dx.doi.org/10.1371/journal.ppat.1002013
http://dx.doi.org/10.1371/journal.ppat.1002013
http://www.ncbi.nlm.nih.gov/pubmed/21552326
http://dx.doi.org/10.1093/jme/tjv002
http://www.ncbi.nlm.nih.gov/pubmed/26334816
http://dx.doi.org/10.1371/journal.pone.0099540
http://dx.doi.org/10.1371/journal.pone.0099540
http://www.ncbi.nlm.nih.gov/pubmed/24911266
http://dx.doi.org/10.1038/hdy.2013.91
http://www.ncbi.nlm.nih.gov/pubmed/24084644
http://dx.doi.org/10.1016/j.trstmh.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21367442
http://dx.doi.org/10.1098/rsif.2009.0523
http://www.ncbi.nlm.nih.gov/pubmed/20164085

@ PLOS | RSHEAE Biseases

Contemporary Dispersal of Snail Host for Schistosoma japonicum

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.

Braaker S, Moretti M, Boesch R, Ghazoul J, Obrist MK, Bontadina F. Assessing habitat connectivity for
ground-dwelling animals in an urban environment. Ecological Applications. 2014; 24(7):1583-95.

Koen EL, Garroway CJ, Wilson PJ, Bowman J. The effect of map boundary on estimates of landscape
resistance to animal movement. PloS one. 2010; 5(7):e11785. doi: 10.1371/journal.pone.0011785
PMID: 20668690

Urban D, Keitt T. Landscape connectivity: a graph-theoretic perspective. Ecology. 2001; 82(5):1205—
18.

LeSage JP, Pace RK. Spatial econometric modeling of origin-destination flows. J Regional Sci. 2008;
48(5):941-67.

Haneuse S, Wakefield J. 12 Ecological Inference Incorporating Spatial Dependence. Ecological infer-
ence: new methodological strategies. 2004: 266.

Congdon P. Random-effects models for migration attractivity and retentivity: a Bayesian methodology.
Journal of the Royal Statistical Society: Series A (Statistics in Society). 2010; 173(4):755-74.

HuY, Gao J, Chi M, Luo C, Lynn H, Sun L, et al. Spatio-Temporal patterns of Schistosomiasis japonica
in lake and marshland areas in China: The effect of snail habitats. The American journal of tropical med-
icine and hygiene. 2014; 91(3):547-54. doi: 10.4269/ajtmh.14-0251 PMID: 24980498

LiS-Z, Wang Y-X, Yang K, Liu Q, Wang Q, Zhang Y, et al. Landscape genetics: the correlation of spatial
and genetic distances of Oncomelania hupensis, the intermediate host snail of Schistosoma japonicum
in mainland China. Geospat Health. 2009; 3(2):221-31. doi: 10.4081/gh.2009.222 PMID: 19440964

Remais J, Hubbard A, Zisong W, Spear RC. Weather-driven dynamics of an intermediate host: mecha-
nistic and statistical population modelling of Oncomelania hupensis. Journal of Applied Ecology. 2007;
44(4):781-91.

Wang W, Li H, Liang Y, Dai J. Effects of niclosamide on Oncomelania hupensis, the intermediate snail
host of Schistosoma japonicum: an enzyme-histochemical study. Acta Parasitol. 2009; 54(2):172-9.

Schrader M, Hauffe T, Zhang Z, Davis GM, Jopp F, Remais JV, et al. Spatially Explicit Modeling of
Schistosomiasis Risk in Eastern China Based on a Synthesis of Epidemiological, Environmental and
Intermediate Host Genetic Data. PLoS Negl Trop Dis. 2013; 7(7).

Lei ZL, Zhang LJ, Xu ZM, Dang H, Xu J, Lv S, et al. Endemic status of schistosomiasis in People’s
Republic of China in 2014. Chin J Schisto Control. 2015; 27(6):563—-9. Epub 2016/04/22.

Utzinger J, Zhou X-N, Chen M-G, Bergquist R. Conquering schistosomiasis in China: the long march.
Acta Trop. 2005; 96(2-3):69-96. PMID: 16312039

Yuan'Y, Xu XJ, Dong HF, Jiang MS, Zhu HG. Transmission control of schistosomiasis japonica: imple-
mentation and evaluation of different snail control interventions. Acta Trop. 2005; 96(2—-3):191-7. Epub
2005/09/13. doi: 10.1016/j.actatropica.2005.07.014 PMID: 16154105

Zhou X-N, Wang L-Y, Chen M-G, Wu X-H, Jiang Q-W, Chen X-Y, et al. The public health significance
and control of schistosomiasis in China—then and now. Acta Tropica. 2005; 96(2—3):97-105. doi: 10.
1016/j.actatropica.2005.07.005 PMID: 16125655

Zheng H, Zhang LJ, Zhu R, Xu J, Li SZ, Guo JG, et al. Schistosomiasis situation in People’s Republic of
Chinain 2011. Chin J Schisto Control. 2012; 24(6):621—6. Epub 2013/04/19.

Liang S, Yang C, Zhong B, Qiu D. Re-emerging schistosomiasis in hilly and mountainous areas of Sich-
uan, China. Bulletin of the World Health Organization. 2006; 84(2):139—44. doi: /S0042-
96862006000200015 PMID: 16501732

Yang GJ, Vounatsou P, Zhou XN, Tanner M, Utzinger J. A potential impact of climate change and water
resource development on the transmission of Schistosoma japonicum in China. Parassitologia. 2005;
47(1):127-34. Epub 2005/07/28. PMID: 16044681

Zhou X-N, Yang G-J, Yang K, Wang X-H, Hong Q-B, Sun L-P, et al. Potential impact of climate change
on schistosomiasis transmission in China. The American journal of tropical medicine and hygiene.
2008; 78(2):188-94. PMID: 18256410

Moore JL, Liang S, Akullian A, Remais JV. Cautioning the use of degree-day models for climate change
projections in the presence of parametric uncertainty. Ecol Appl. 2012; 22(8):2237—47. PMID:
23387122

Carlton EJ, Bates MN, Zhong B, Seto EYW, Spear RC. Evaluation of Mammalian and Intermediate
Host Surveillance Methods for Detecting Schistosomiasis Reemergence in Southwest China. PLoS
Neglected Tropical Diseases. 2011; 5(3):€987. doi: 10.1371/journal.pntd.0000987 PMID: 21408127

ESRI. ArcGIS Model Builder. Redlands, CA: 2008.
van Rossum G. Python computer language. 2008.

Xu B, Gong P, Biging G, Liang S, Seto E, Spear R. Snail density prediction for schistosomiasis control
using IKONOS and ASTER images. Photogramm Eng Remote Sens. 2004; 70(11):1285-94.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005151 December 15, 2016 14/16


http://dx.doi.org/10.1371/journal.pone.0011785
http://www.ncbi.nlm.nih.gov/pubmed/20668690
http://dx.doi.org/10.4269/ajtmh.14-0251
http://www.ncbi.nlm.nih.gov/pubmed/24980498
http://dx.doi.org/10.4081/gh.2009.222
http://www.ncbi.nlm.nih.gov/pubmed/19440964
http://www.ncbi.nlm.nih.gov/pubmed/16312039
http://dx.doi.org/10.1016/j.actatropica.2005.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16154105
http://dx.doi.org/10.1016/j.actatropica.2005.07.005
http://dx.doi.org/10.1016/j.actatropica.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16125655
http://dx.doi.org//S0042-96862006000200015
http://dx.doi.org//S0042-96862006000200015
http://www.ncbi.nlm.nih.gov/pubmed/16501732
http://www.ncbi.nlm.nih.gov/pubmed/16044681
http://www.ncbi.nlm.nih.gov/pubmed/18256410
http://www.ncbi.nlm.nih.gov/pubmed/23387122
http://dx.doi.org/10.1371/journal.pntd.0000987
http://www.ncbi.nlm.nih.gov/pubmed/21408127

@ PLOS | RSHEAE Biseases

Contemporary Dispersal of Snail Host for Schistosoma japonicum

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Qiu J, LiR, Xu X, Yu C, Xia X, Hong X, et al. Identifying determinants of Oncomelania hupensis habitats
and assessing the effects of environmental control strategies in the plain regions with the waterway net-
work of China at the microscale. International journal of environmental research and public health.
2014; 11(6):6571-85. doi: 10.3390/ijerph110606571 PMID: 25003174

Schippers P, Verboom J, Knaapen J, Apeldoorn Rv. Dispersal and habitat connectivity in complex het-
erogeneous landscapes: an analysis with a GIS-based random walk model. Ecography. 1996; 19
(2):97-106.

Boone RB, Hunter ML Jr. Using diffusion models to simulate the effects of land use on grizzly bear dis-
persal in the Rocky Mountains. Landscape Ecology. 1996; 11(1):51-64.

Crooks K, Sanjayan M, Theobald D. Exploring the functional connectivity of landscapes using land-
scape networks. In: Press CU, editor. Connectivity Conservation. Cambridge, UK: Cambridge Univer-
sity Press; 2006.

Zhang SH, Zhao QP, Jiao R, Gao Q, Nie P. Identification of Polymorphic Microsatellites for the Interme-
diate Host Oncomelania hupensis of Schistosoma japonicum in China. Malacologia. 2010; 53(1):147—
53.

Wilson GA, Rannala B. Bayesian inference of recent migration rates using multilocus genotypes.
Genetics. 2003; 163(3):1177-91. PMID: 12663554

Meirmans PG. Nonconvergence in Bayesian estimation of migration rates. Mol Ecol Resour. 2014; 14
(4):726-33. doi: 10.1111/1755-0998.12216 PMID: 24373147

Faubet P, Waples RS, Gaggiotti OE. Evaluating the performance of a multilocus Bayesian method for
the estimation of migration rates. Molecular Ecology. 2007; 16(6):1149-66. doi: 10.1111/j.1365-294X.
2007.03218.x PMID: 17391403

Dieringer D, Schiétterer C. microsatellite analyser (MSA): a platform independent analysis tool for large
microsatellite data sets. Molecular Ecology Notes. 2003; 3(1):167-9.

R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2015.

Bates D, Maechler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models using Ime4. Journal of
Statistical Software. 2015; 67(1):1-49.

Ross AGP, Sleigh AC, Li Y, Davis GM, Williams GM, Jiang Z, et al. Schistosomiasis in the People’s
Republic of China: Prospects and challenges for the 21st century. Clin Microbiol Rev. 2001; 14(2):270—
95. doi: 10.1128/CMR.14.2.270-295.2001 PMID: 11292639

Van Leeuwen CH, van der Velde G, van Lith B, Klaassen M. Experimental quantification of long dis-
tance dispersal potential of aquatic snails in the gut of migratory birds. PloS one. 2012; 7(3):€32292.
doi: 10.1371/journal.pone.0032292 PMID: 22403642

Xie F, Yin G, Wu J, Duan Y, Zhang X, Yang J, et al. Life span and cercaria shedding of schistosome-
infected snails in mountain region of Yunnan. Chinese journal of parasitology & parasitic diseases.
1990; 8(1):4—7. Epub 1990/01/01.

Tucker MS, Karunaratne LB, Lewis FA, Freitas TC, Liang YS. Schistosomiasis. Curr Protoc Immunol.
2013;103:Unit 19 1.

Attwood SW, Ibaraki M, Saitoh Y, Nihei N, Janies DA. Comparative Phylogenetic Studies on Schisto-
soma japonicum and Its Snail Intermediate Host Oncomelania hupensis: Origins, Dispersal and Coevo-
lution. PLoS Negl Trop Dis. 2015; 9(7):e0003935. doi: 10.1371/journal.pntd.0003935 PMID: 26230619

Harrington LC, Scott TW, Lerdthusnee K, Coleman RC, Costero A, Clark GG, et al. Dispersal of the
dengue vector Aedes aegypti within and between rural communities. The American journal of tropical
medicine and hygiene. 2005; 72(2):209-20. PMID: 15741559

Tatem AJ, Hay SI, Rogers DJ. Global traffic and disease vector dispersal. Proc Natl Acad Sci. 2006;
103(16):6242—7. doi: 10.1073/pnas.0508391103 PMID: 16606847

Venkatesan M, Rasgon JL. Population genetic data suggest a role for mosquito-mediated dispersal of
West Nile virus across the western United States. Mol Ecol. 2010; 19(8):1573-84. doi: 10.1111/j.1365-
294X.2010.04577.x PMID: 20298466

Killeen GF, Knols BGJ, Gu W. Taking malaria transmission out of the bottle: implications of mosquito
dispersal for vector-control interventions. The Lancet Infectious diseases. 2003; 3(5):297-303. PMID:
12726980

Chao DL, Longini IM Jr, Halloran ME. The effects of vector movement and distribution in a mathematical
model of dengue transmission. PloS one. 2013; 8(10):e76044. doi: 10.1371/journal.pone.0076044
PMID: 24204590

Guagliardo SA, Barboza JL, Morrison AC, Astete H, Vazquez-Prokopec G, Kitron U. Patterns of geo-
graphic expansion of Aedes aegypti in the Peruvian Amazon. PLoS Negl Trop Dis. 2014; 8(8):e3033.
doi: 10.1371/journal.pntd.0003033 PMID: 25101786

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005151 December 15, 2016 15/16


http://dx.doi.org/10.3390/ijerph110606571
http://www.ncbi.nlm.nih.gov/pubmed/25003174
http://www.ncbi.nlm.nih.gov/pubmed/12663554
http://dx.doi.org/10.1111/1755-0998.12216
http://www.ncbi.nlm.nih.gov/pubmed/24373147
http://dx.doi.org/10.1111/j.1365-294X.2007.03218.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03218.x
http://www.ncbi.nlm.nih.gov/pubmed/17391403
http://dx.doi.org/10.1128/CMR.14.2.270-295.2001
http://www.ncbi.nlm.nih.gov/pubmed/11292639
http://dx.doi.org/10.1371/journal.pone.0032292
http://www.ncbi.nlm.nih.gov/pubmed/22403642
http://dx.doi.org/10.1371/journal.pntd.0003935
http://www.ncbi.nlm.nih.gov/pubmed/26230619
http://www.ncbi.nlm.nih.gov/pubmed/15741559
http://dx.doi.org/10.1073/pnas.0508391103
http://www.ncbi.nlm.nih.gov/pubmed/16606847
http://dx.doi.org/10.1111/j.1365-294X.2010.04577.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04577.x
http://www.ncbi.nlm.nih.gov/pubmed/20298466
http://www.ncbi.nlm.nih.gov/pubmed/12726980
http://dx.doi.org/10.1371/journal.pone.0076044
http://www.ncbi.nlm.nih.gov/pubmed/24204590
http://dx.doi.org/10.1371/journal.pntd.0003033
http://www.ncbi.nlm.nih.gov/pubmed/25101786

@ PLOS | RSHEAE Biseases

Contemporary Dispersal of Snail Host for Schistosoma japonicum

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Clennon J, King C, Muchiri E, Kitron U. Hydrological modelling of snail dispersal patterns in Msamb-
weni, Kenya and potential resurgence of Schistosoma haematobium transmission. Parasitology. 2007;
134(05):683-93.

Liang L, Liu Y, Liao J, Gong P. Wetlands explain most in the genetic divergence pattern of Oncomelania
hupensis. Infection, genetics and evolution: journal of molecular epidemiology and evolutionary genet-
ics in infectious diseases. 2014; 27:436—44. Epub 2014/09/04. doi: 10.1016/j.meegid.2014.08.012
PMID: 25183028

Xu XJ, Wei FH, Yang XX, Dai YH, Yu GY, Chen LY, et al. Possible effects of the Three Gorges dam on
the transmission of Schistosoma japonicum on the Jiang Han plain, China. Annals of tropical medicine
and parasitology. 2000; 94(4):333—41. Epub 2000/08/17. PMID: 10945043

Yang G-J, Utzinger J, Sun L-P, Hong Q-B, Vounatsou P, Tanner M, et al. Effect of temperature on the
development of Schistosoma japonicum within Oncomelania hupensis, and hibernation of O. hupensis.
Parasitol Res. 2007; 100(4):695-700. doi: 10.1007/s00436-006-0315-8 PMID: 17031698

Ishida M. Effectiveness and challenges of three economic corridors of the Greater Mekong sub-region.
Institute of Developing Economies. 2005.

Miller AA, Poulin R. Parasitism, movement, and distribution of the snail Diloma subrostrata (Trochidae)
in a soft-sediment intertidal zone. Can J Zool. 2001; 79(11):2029-35.

Swartz SJ, De Leo GA, Wood CL, Sokolow SH. Infection with schistosome parasites in snails leads to
increased predation by prawns: implications for human schistosomiasis control. J Exp Biol. 2015; 218
(24):3962—7.

Akullian AN, Lu D, McDowell JZ, Davis GM, Spear RC, Remais JV. Modeling the combined influence of
host dispersal and waterborne fate and transport on pathogen spread in complex landscapes. Water
Quality, Exposure and Health. 2012; 4(3):159-68.

Zhou X, Dandan L, Huiming Y, Honggen C, Leping S, Guojing Y, et al. Use of landsat TM satellite sur-
veillance data to measure the impact of the 1998 flood on snail intermediate host dispersal in the lower
Yangtze River Basin. Acta Tropica. 2002; 82(2):199-205. PMID: 12020893

Wang L-D, Chen H-G, Guo J-G, Zeng X-J, Hong X-L, Xiong J-J, et al. A strategy to control transmission
of Schistosoma japonicum in China. N Engl J Med. 2009; 360(2):121-8. doi: 10.1056/NEJM0a0800135
PMID: 19129526

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005151 December 15, 2016 16/16


http://dx.doi.org/10.1016/j.meegid.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25183028
http://www.ncbi.nlm.nih.gov/pubmed/10945043
http://dx.doi.org/10.1007/s00436-006-0315-8
http://www.ncbi.nlm.nih.gov/pubmed/17031698
http://www.ncbi.nlm.nih.gov/pubmed/12020893
http://dx.doi.org/10.1056/NEJMoa0800135
http://www.ncbi.nlm.nih.gov/pubmed/19129526

