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agent of Bithynia siamensis goniomphalos, the first intermediate
host of Opisthorchis viverrini

Yi-Chen Wang1
& Timothy Zherui Liew1

& Jutamas Namsanor1,2,3 & Paiboon Sithithaworn2,3

Received: 23 April 2020 /Accepted: 28 July 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
The freshwater snail Bithynia siamensis goniomphalos serves as the first intermediate host of liver flukeOpisthorchis viverrini, a
foodborne parasite, of which human infection has persisted in Southeast Asia for decades. The snail Filopaludina martensi
martensi has been proposed as a biological control agent against B.s. goniomphalos, but knowledge on the snail ecology and
population dynamics between the two species remains rudimentary. This study investigated selected abiotic and biotic factors
influencing the distribution and abundance of B.s. goniomphalos and F.m. martensi. Water quality, soils, and snails were
collected from 34 localities in Northeast Thailand. Soil properties and snail soft tissue elemental concentrations were analyzed.
Experiments were performed to examine interspecific competition. Statistical analysis was conducted to explore the associations
between water and soil properties and soft tissue elemental concentrations. The results showed that B.s. goniomphalos had the
highest mean dominance in streams and red-yellow podzolic soils, while F.m. martensi snails preferred ponds and latosol soils.
Negative correlation in species abundances was found between the two species. Interspecific competition was detected, with B.s.
goniomphalos growth rates hampered by the presence of F.m. martensi. Despite the possibility of using F.m. martensi to control
B.s. goniomphalos, B.s. goniomphalos exhibited a greater adaptability to different water and soil properties, suggesting that the
species could colonize a wide range of environmental conditions. This study provides further insights into the ecology of the two
snail species, underscoring the importance of considering abiotic factors when assessing the possible biological control agent to
control O. viverrini transmission.
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Introduction

The liver fluke, Opisthorchis viverrini, is a fish-borne trema-
tode which causes a major public health problem in continen-

tal Southeast Asia, affecting countries of Thailand, Lao
People’s Democratic Republic (PDR), Cambodia, Vietnam,
and Myanmar (Sithithaworn et al. 2012; Aung et al. 2017).
The life cycle of O. viverrini requires freshwater snails of the
genus Bithynia as the first intermediate host, cyprinid fish as
the second intermediate host, and humans and other fish-
eating mammals such as cats and dogs as the definitive host
(Kaewkes 2003). Humans are infected by eating raw or
undercooked fish contaminated with metacercariae, the infec-
tive stage of the parasite. An estimated 10 million people in
Thailand and Lao PDR alone are infected with O. viverrini
(Sripa et al. 2011) because of the fishing-dependent livelihood
and the long-standing tradition of raw fish consumption
(Wang 2012). Moreover, O. viverrini has been classified as
a group-1 carcinogen for cholangiocarcinoma (CCA), a bile
duct cancer (IARC 2012), and the highest CCA incidence has
been reported in Northeast Thailand (Sripa and Pairojkul
2008; Alsaleh et al. 2019).
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Considerable efforts have been devoted to investigating
O. viverrini prevalence in the two intermediate hosts. The
infection in fish varies greatly, ranging from 2.1 to 100%
(Wang 2012), but is generally high as some places have re-
ported about 90% of infection in several cyprinid fish species
(Sithithaworn and Haswell-Elkins 2003; Rim et al. 2008). On
the contrary, the prevalence ofO. viverrini inBithynia snails is
low, varying from 0.03 to 1.73% (Brockelman et al. 1986;
Namsanor et al. 2015; Kiatsopit et al. 2016). However, the
number of cercariae released from infected snails have been
found high, for example in Northeast Thailand, 284–789 cer-
cariae/snail/day (Laoprom et al. 2016). Bithynia snails thus
play a key amplification role in the O. viverrini life cycle,
which undergo asexual reproduction through the stages of
cercariae. Three Bithynia subspecies from the Mekong region
with mostly allopatric distributions act as the first intermediate
host of O. viverrini: Bithynia siamensis goniomphalos in
Northeast Thailand, Lao PDR and Southern Vietnam, B.s.
siamensis in Central Thailand and the southern Myanmar,
and B. funiculata in North Thailand (Brandt 1974; Petney
et al. 2012; Piratae 2015).

Snail control strategies have been considered a priority for
reducing parasitic disease transmission (WHO 2017).
Niclosamide has been widely used for its molluscicidal activity
in the schistosomiasis control in endemic areas (Perrett and
Whitfield 1996; Coelho and Caldeira 2016). Field trials of
niclosamide on B.s. goniomphalos revealed low mortality rates
in the snails, but adversely increased mortality rates in other
aquatic animals, such as silver barb (Puntius gonionotus), shrimp
(Macrobrachium lanchesteri) and ricefish (Oryzias
mekongensis) (Tesana et al. 2012). Due to the toxic effects on
no-target animals and environmental pollution, biological control
agents have been considered as an alternative approach to chem-
ical molluscicides (Pointier et al. 1989; Slootweg et al. 1994).

Biological controls, however, should be approached with
caution as they could adversely alter ecological equilibrium.
Introduction of putative biological control agents without ex-
plicit regard for the native species can cause irreversible eco-
system alterations (Pointier and David 2004). For example,
the introduction of the common carp as a biological control
agent for the invasive apple snails has an unexpected
diminishing of snail diversity in ponds (Wong et al. 2009).
The possibility of utilizing biological control agents to impede
the completion of the O. viverrini life cycle has been sug-
gested, with Filopaludina martensi martensi (F.m. martensi),
one of the three subspecies of F. martensi commonly found in
the Mekong region, being identified as a potential agent
(Haruay et al. 2008). Different from most instances where
the introduction of a biological control agent constitutes as a
foreign invasive species, F.m. martensi is native to Northeast
Thailand (Brandt 1974). Additionally, F.m. martensi coexists
in similar habitats alongside B.s. goniomphalos (Haruay and
Piratae 2019), although F.m. martensi has been observed as

the most abundant species in river habitats (Nahok et al.
2017), while B.s. goniomphalos dominates rice paddies
(Wang et al. 2015), probably because of the shallow, slow
water flowing environments of the rice paddies (Brockelman
et al. 1986; Petney et al. 2012). It is thus imperative to under-
stand the snail ecology of F.m. martensi and B.s.
goniomphalos, particularly the abiotic and biotic factors
influencing the two snail species’ distribution and abundance.

Freshwater gastropods are inherently sensitive to alter-
ations in the environment and often exist under specific envi-
ronmental conditions (Moran and Emlet 2001). Abiotic fac-
tors, especially water quality and soil properties, function as
the primary determinants in delineating their suitable habitat
ranges. Water quality variables of temperature, dissolved ox-
ygen, salinity, and acidity have been studied in relation to B.s.
goniomphalos snail abundance (Wang et al. 2015; Kim et al.
2016), while soil properties of the snail habitats and chemical
compositions of snail soft tissues have not been investigated.
Exchanges between soils and snails occur via both soil inges-
tion and absorption through the foot (Gomot et al. 1989).
Consequently, different soil properties, such as soil types,
pH, moisture levels, and chemical elements, can affect snail
ecology (Mourier et al. 2011). For example, Calcium (Ca)
supports the shell growth of snails and the development of
their eggs and embryos (Tunholi et al. 2011). This element
is hence fundamental to snail survival and colonization in the
environment. Regarding biotic factors, interactions among
different species for resources influence species abundance.
Field samplings by Haruay et al. (2008) and Wang et al.
(2015) have shown negative correlations between B.s.
goniomphalos and F.m. martensi snail abundances, but it re-
mains unclear how these two species engage in interspecific
competition while coexisting within similar habitats.
Experimental work is desirable to examine the interactions
between the two species, thereby assessing the possible utili-
zation of F.m. martensi as a biological control agent for B.s.
goniomphalos, the first intermediate host of O. viverrini.

The objective of this study is to scrutinize the effects of
selected abiotic and biotic factors on the abundance and dis-
tribution of B.s. goniomphalos and F.m. martensi snails in
Northeast Thailand where infections of O. viverrini still per-
sist. Specifically, this study aims to (1) investigate snail spe-
cies diversity across different water habitats and soil types, (2)
examine abiotic factors of water quality and soil properties
and their association with snail dominances, (3) analyze the
associations between water and soil properties and snails’
physical sizes and soft tissue elemental concentrations, and
(4) assess the biotic effects of interspecific competition on
the growth of B.s. goniomphalos and F.m. martensi snails in
laboratory experiments. The study will provide insights into
the factors influencing the abundance and distribution of B.s.
goniomphalos and F.m. martensi. It will contribute to a better
understanding of snail ecology and population dynamics
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between B.s. goniomphalos and F.m. martensi snails, which is
currently lacking in the public health–focused literature on
O. viverrini. Such understanding will bridge the literature
gap to inform disease and ecosystem health management strat-
egies of considering F.m. martensi as a possible biological
control agent for limiting O. viverrini transmission.

Materials and methods

Study area and sampling sites

The study area covers the provinces of Khon Kaen, Nong Bua
Lamphun, and Kalasin in Northeast Thailand, where high hu-
man O. viverrini prevalence, high intensity of fish infection,
and O. viverrini infected B.s. goniomphalos snails have been
reported (Aunpromma et al. 2012; Sithithaworn et al. 2012; b;
Ong et al. 2016; Wang et al. 2017). Northeast Thailand expe-
riences pronounced wet and dry seasons. The wet season is
from May to October, and the dry season occurs between
November and March. Sampling was conducted in three main
water bodies of snail habitats, including rice paddies, ponds,
and streams. In addition to these water habitats, sampling sites
were chosen based on soil types andO. viverrini prevalence to
present a matrix of areas of intersecting environmental condi-
tions with areas of known parasitic transmissions. A total of
34 sites feasible for sampling were identified, covering three
different soil types (Table 1; Fig. 1). Snails, water quality
measurements, and soil properties were collected from all 34
sites during the wet season, from June to September in 2016.

Snail sampling and species dominance and diversity

To compare snail abundance, species diversity and dominant
species across different sites, sampling methods of Lohachit
(2004–2005) and Wang et al. (2015) were adopted. Snails
were collected along the shallow edges of water bodies using
quadrat sampling. A 0.25-m2 square quadrat was positioned
four times along a transect line with a meter interval between
each quadrat to create a 1-m2 sampling area for each site. Each
quadrat was sampled for 10 min. Snails of all species were

collected by scoop net or handpicking. The collected snails
were brought back to the laboratory for species identification
based on shell morphology in Brandt (1974). Snail numbers
were counted by species and sites.

To compare species diversity and dominance across
different habitats and soil types, the following indices from
Magurran (2004) and Wang et al. (2015) were used. First,
dominance of individual snail species was computed as the
relative proportion of the number of an individual snail spe-
cies among the total number of all snail species sampled at
each site, and it was expressed as a percentage from 0 to
100%. The association between the dominances of B.s.
goniomphalos andF.m. martensi in different sites were further
examined using an x–y plot and Pearson’s correlation coeffi-
cient (SPSS, version 17.0), so as to understand the potential
interspecies competition between the two snail species.

Second, species richness (S) was calculated as the total
number of species present at each habitat or soil type. Third,
Shannon diversity index (H) was derived using the following
formula:

H ¼ − ∑
s

k¼0
pi lnpi;

where pi was the proportion of species i relative to the total
number of species. A higher H indicated higher diversity.

Fourth, species evenness (E) was derived as follows:

E ¼ H=ln S

The index E ranged between 0 and 1, with values closer to
1 denoting even populations that consisted of several species
with similar abundances.

Water quality and soil property analysis

Water quality, including temperature (°C), salinity (ppt), con-
ductivity (mS/cm), total dissolved solids (TDS) (g/L), dis-
solved oxygen (mg/L), percentage dissolved oxygen (%),
and pH, was measured at each sampling site using the YSI
556 HandheldMulti-Probe System. These variables were sug-
gested as possible factors affecting the distribution of snails
(Chitramvong et al. 1981; Wang et al. 2015).

Table 1 Soil types of the study
area, obtained from Moormann
and Rojanasoonthon (1967), and
the number of sites sampled

Soil type
abbreviation

Soil type description Provinces sampled Number
of sites

LHG Low humic gley soils and gray podzolic soils or
red-yellow podzolic soils on old alluvium

Khon Kaen, Nong
Bua Lamphu

14

RYP Red-yellow podzolic soils, mostly hilly, on materials
from acid to intermediate rocks

Khon Kaen, Nong
Bua Lamphu

10

Lato Latosols, mainly on old alluvium but includes materials
from basalt

Kalasin 10

Soil type abbreviations are defined in this study for easy reference

3417Parasitol Res (2020) 119:3415–3431



Soil samples were collected from the shallow edges of
water bodies where the greatest density of snails was found.
Using a shovel, approximately 250 g of soil were dug out up
to a maximum depth of 15 cm. Soil samples were brought
back to the laboratory, heated, and dried overnight in the oven
at 40 °C, and then left to cool at room temperature. Organic
constituents such as grass, leaves, and roots were sieved out
before the subsequent analyses on soil pH, organic matter, soil
base cations, and texture.

Soil pH determines the chemical processes that occur and
the subsequent nutrient availability (Bloom and Skyllberg
2012). To measure soil pH, samples were prepared according
to Brady and Weil (2002) using a soil:water ratio of 1:1 (w/v,
weight per volume). Dry soil (20 g) and 20 ml of deionized
water were shaken together at 240 rpm for 2 h to ensure a well
mix, and then left to equilibrate for an hour to reach ambient
temperature. A pH meter (Orion 3 Star pH Benchtop) was
used to take the measurements.

Soil organic matter offers information on nutrient availabil-
ity for organisms. The loss-on-ignition (LOI) method based on
percent weight (Santisteban et al. 2004) was employed.
Samples were placed in the oven for 2 h at 105 °C to remove
all moisture. Subsamples of 5 g (± 0.01 g) were obtained and

placed in a ceramic crucible where it was combusted at 550 °C
for 8 h in a muffle furnace (Carbolite OAF 1000, Fisons, UK).
The samples were then cooled to room temperature in a
dessicator to prevent moisture from accumulating before be-
ing weighed again to obtain the final weight. The organic
matter content (%) was then calculated as follows:

LOI ¼ A−Bð Þ=A� 100%;

where A represented weight (5 ± 0.01 g) of soil and crucible
before combustion and B was weight of soil and crucible after
combustion.

Soil base cations represent the available exchangeable ions
and are used as indicators of soil fertility and nutrient avail-
ability (Zarabi and Jalali 2012). The ammonium acetate ex-
traction method by Lavkulich (1981) was employed to deter-
mine the exchangeable contents of sodium (hereafter Exch.
Na for brevity), magnesium (Exch. Mg), potassium (Exch.
K), and calcium (Exch. Ca) cations in each soil sample. The
soil-extractant mixture was subsequently placed on the orbiter
shaker at 180 rpm for 2 h (Stuart orbiter shaker, mini, SSM1)
before being centrifuged (Centurion Scientific K3 Series) for
10 min at 6000 min−1. A 0.45-μl syringe filter was utilized to
extract the supernatant from the mixture to form a resultant

Fig. 1 The study area, Nong Bua Lamphu (NL) Province, Khon Kaen (KK) Province, and Kalasin (KA) Province in Northeast Thailand. The map also
shows 34 sampling sites across three different soil types
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10-ml solution, which was analyzed using the Inductive
Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
machine (Perkin Elmer Optima 8300). A 6-point calibration
regression method was prepared at concentrations of 0.1, 0.2,
0.5, 1, 5, and 10 ppm using 100 ppm standards and ammoni-
um acetate. A reagent blank sample was also prepared and
analyzed with its value being subtracted to give the final con-
centration. All sample, standard, and blank solutions were
analyzed using 15-s integrations. The exchangeable bases
(cmolc/kg) were calculated with the following equations
(Robertson et al. 1999):

Gravimetric basic–elemental mass

Exchangeable base μgelement=gsoilð Þ ¼ C � V
W

;

where C was the concentration of ions (Ca, K, Mg, Na) in
extract (mg/L) with blank subtracted, V denoted the volume
of extract used, and W represented the mass of dry weight.

Gravimetric basic–element moles of charge

Exchangeable bases cmol; =; kgð Þ ¼ Cg � N
10� A

;

where Cg represented the element mass (in μg element/g soil);
N denoted valence of ion; Awas the atomic mass of ion (Ca =
20.04, K = 39.10, Mg = 12.15, Na = 23.00).

Soil texture was determined by the international pipette
method (Beretta et al. 2014). Dried soil (2.5 g ± 0.005 g)
was weighed and removed of any organic materials. Next,
6.25 ml of deionized water along with the respective propor-
tions of dispersing agents—6.25 ml of 2(N) HCL, 1.25 ml of
hydrogen peroxide, 2.5 ml of sodium hexametaphosphate and
0.6 ml of sodium carbonate—were added to the dry soil. The
mixture was wet sieved using a 0.5-mm sieve where soil par-
ticles greater than 0.5 mm in size were dried and weighed.
Particles that were lesser than 0.5 mm were analyzed using
the Malvern Mastersizer 2000 particle size analyzer with laser
obscuration values of between 12 and 13%. The proportion of
clay, silt, and sand were determined according to the UDSA
particle size classification (Blott and Pye 2012).

All data obtained from the analyses of 15 water quality and
soil properties were summarized using descriptive statistics to
show their means and ranges of values across the habitats and
soil types. Canonical Correspondence Analysis (CCA) with
Type 1 scaling was then performed using the Palaeontological
Statistics (PAST) Software Version 4.0 (Hammer et al. 2001)
to relate B.s. goniomphalos and F.m. martensi snail species
dominances to water and soil properties.

Snail soft tissue elemental analysis

B.s. goniomphalos and F.m. martensi snails were retained and
their shell heights and widths were measured using a digital
vernier caliper. Next, their soft tissues were extracted and

separated from their shells for elemental analysis according
to Mostafa (2007). Snail soft tissues were placed in the oven
at 40 °C for 2 h to remove moisture before being grinded into
fine powder using a mortar and pestle. The soft tissue was
weighed to attain a weight of 0.05 g. Using 10 ml of 69%
nitric acid (HNO3), the soft tissue was digested on a hot plate
by boiling to dryness. The sample volume was made up to
20 ml with 2% HNO3. The sample tubes are analyzed using
the ICP-OES (Perkin Elmer Optima 8300) for the elemental
concentrations of ninemetallic elements namely calcium (Ca),
copper (Cu), iron (Fe), potassium (K), lead (Pb), manganese
(Mn), nickel (Ni), sodium (Na), and zinc (Zn) because prior
studies have reported the accumulation of these elements in
snail tissues (Evans et al. 2001; Kaufer et al. 2002; Mostafa
2008). The final elemental concentration (mg/g) was calculat-
ed as follows:

Concentration of element ¼ C � 20 ml

Sample mass in gð Þ � 1000
;

where C denoted the concentration value in ppm with blank
subtracted.

Elemental concentrations of B.s. goniomphalos and F.m.
martensi snail tissues were first tabulated by habitat and soil
types for comparison. Principal component analysis (PCA)
was conducted using PAST software, to explore the associa-
tions between soft tissue elemental concentrations and respec-
tive habitat and soil types. Finally, Pearson’s correlation coef-
ficients were employed to assess the associations between
individual water and soil properties and each of the snail char-
acteristics (i.e., snail heights, widths, and elemental concen-
trations in soft tissues).

Laboratory experiment

Interspecific competition can bemanifested in the reduction in
growth, survivorship, or fecundity of a species, as a result of
resource exploitation or interference by another species
(Begon et al. 1996; Eccard and Ylönen 2003). To assess the
interspecific competition between B.s. goniomphalos and
F.m. martensi snails, their shell growth rate, an indicator of
snail’s health and performance, was measured over a 30-day
period. Only snails without shell damage were used in the
experiments to observe the competitions between the two spe-
cies. B.s. goniomphalos snails over 8 mm in height were clas-
sified as adults (Tesana et al. 2012), but quite a few of them
had shell damage in their shell apex and aperture. It has also
been suggested that small-sized B.s. goniomphalos snails are
more susceptible to parasitic infection (Chanawong and
Waikagul 1991; Kiatsopit et al. 2014; Prasopdee et al.
2015). Consequently, the B.s. goniomphalos snails used in
the experiments were all juveniles, and their shell heights
ranged from 5 to 6.5 mm. F.m. martensi snails within
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18 mm in height were classified as juveniles while those over
18 mm were classified as adults (Palasun and Intanai 2015).

Four types of treatments were conducted (Table 2), each of
which was replicated five times. Treatments #1 and #2 were
single-species treatments, with 1 B.s. goniomphalos juvenile
and 1 F.m. martensi juvenile, respectively. Treatments #3 and
#4 were mixed-species treatments, with 1 B.s. goniomphalos
juvenile and 1 F.m. martensi adult in #4, and 1 B.s.
goniomphalos and 5 F.m. martensi adults in #4. Snails for
individual treatments were kept in the same plastic cups with
200 ml of deionized water, and 5 g of fresh ivy gourd leaves
were supplied every 2 days. The heights and widths of the
snail shells were measured using a digital vernier caliper at
the onset of the experiment, every 10 days. At the end of the
experiment, two measures were employed to assess the per-
formance of B.s. goniomphalos and F.m. martensi snails dur-
ing the competition. First, percentage of growth (%) was cal-
culated using the percentage of length increase. Second, spe-
cific growth rate (G) of the snails was computed with the
following equation (Kaufmann 1981; Seppälä et al. 2013):

G ¼ lnS2−lnS1
Δt

;

where S1 and S2 represented the sizes at the beginning and at
the end of the time period Δt, respectively, and S was their
geometric mean. Mann–Whitney U test was used to determine
if the percentage of growth and the specific growth rate were
statistically significantly different between the treatments.

Results

Snail diversity and dominance across habitats and soil
types

A total of 11,294 snails were collected, consisting of eight
taxa: B.s. goniomphalos (84.41%), Pomacea canaliculata
(7.40%), F.m. martensi (5.59%), Melanoides tuberculata
(1.33%), Tarebia granifera (0.50%), Brotia sp. (0.33%),
Indoplanorbis exustus (0.32%), and Lymnaea auricularia
rubiginosa (0.12%). B.s. goniomphalos snails were found in
all 34 sites, while F.m. martensi snails were found in 24 sites

(about 70% of the study sites). The average number of snails
collected per site was the highest at the stream habitats,
followed by the paddy and the pond habitats (Table 3). The
ponds had a higher species richness (7 species) and the highest
species diversity (H= 0.469). Conversely, the streams had a
lower species richness (5 species), the lowest diversity
(H = 0.396), and the lowest species evenness (E = 0.297)
among the three types of habitats. Mean B.s. goniomphalos
dominance was the highest in streams at 88.3%, while mean
F.m. martensi dominance was the highest in ponds at 24.1%.
Pearson’s correlation coefficient showed a significant nega-
tive relationship between the dominance of B.s. goniomphalos
snails and that of F.m. martensi snails in the sampling sites
(r = − 0.8, p < 0.05) (Fig. 2), underscoring the possible inter-
species competition between the two snail species.

Quantification of snail diversity and dominance across three
soil types showed that the average number of snails was the
highest in soil type Lato followed by soil types LHG and RYP
(Table 4). Soil type Lato also exhibited the greatest values in
both species richness (8 species) and diversity (H= 0.500). The
species evenness was the highest in soil type LHG (0.46) and
the lowest in soil type RYP. B.s. goniomphalos dominated all
three soil types, with the highest mean dominance at 88.6% in
soil type RYP. Alternatively, F.m. martensi had the lowest
mean dominance at 3.8% in soil type RYP and its highest mean
dominance at 21.0% in soil type Lato.

Water quality and soil properties across different
habitat types and soil types

Water quality and soil properties varied differently across dif-
ferent habitat and soil types (Table 5). Among the three habitat
types, the stream was characterized by the lowest soil organic
contents and the highest water pH, soil pH, and Exch. Ca,
while paddy was marked by the highest water temperature,
conductivity, TDS, and salinity. Both habitat types observed
higher mean B.s. goniomphalos snail dominances. The pond
habitat recorded low DO and Exch. Ca and was preferred by
F.m. martensi snails. Among the soil types, RYP was charac-
terized by the lowest conductivity, TDS, salinity, and silt com-
position, as well as the highest sand composition. The RYP
soil type also recorded the highest mean B.s. goniomphalos

Table 2 Four types of treatments,
species used, and their
representations of levels of
competition

Treatment
type

Number of B.s.
goniomphalos juvenile

Number of F.m.
martensi juvenile

Number of F.m.
martensi adult

Level of
competition

#1 1 0 0 None

#2 0 1 0 None

#3 1 0 1 Low

#4 1 0 5 High

Each treatment was repeated five times
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snail dominance and the lowest mean F.m. martensi snail dom-
inance. Alternatively, F.m. martensi snails had the highest
mean snail dominance in the soil type Lato where conductivity,
TDS, and salinity were the highest, but clay composition was
the lowest. The Lato soil type, similar to the pond habitat, also
reported the lowest Exch. Ca. CCA ordination separated F.m.
martensi and B.s. goniomphalos snail dominances based on
water and soil properties (Fig. 3). The first axis was positively
correlated with F.m. martensi, soil pH, sand, DO, and water pH
environment. B.s. goniomphalos was likely to be associated
with Exch. K, although the concentrations detected from soils
in the study sites were low.

Elemental concentrations in snail soft tissues in
different habitat types and soil types

The ninemetallic elements extracted from the snail soft tissues
showed that overall, Ca had the highest mean concentrations
in both B.s. goniomphalos and F.m. martensi snails, followed
by K and Na. Nevertheless, the elemental concentrations var-
ied between B.s. goniomphalos and F.m. martensi snail spe-
cies, and across different habitat and soil types (Table 6). In
terms of habitats, the highest mean Ca concentration in B.s.
goniomphalos soft tissues was found in the paddies, whereas
that in F.m. martensi soft tissues was high in both streams and
ponds. The highest mean K concentrations for both snail spe-
cies soft tissues were detected in the paddies. The highest
mean Ca concentration in B.s. goniomphalos soft tissues
was found in soil type Lato, while that in F.m. martensi soft
tissues was detected in soil type RYP. The highest mean K
concentrations for both species were detected in soil type
LHG.

PCA of snail soft tissue elemental concentrations and soil
properties showed that nine elements were clustered into three
groups (Fig. 4). First, Ca from B.s. goniomphalos soft tissues
was positively correlated with ponds and paddies as well as
soil types Lato and RYP. Second, Mn, Fe, and Pb from F.m.
martensi soft tissues were correlated with ponds and soil type
RYP. Third, Ni, Cu, Na, Zn, and K from B.s. goniomphalos
soft tissues were correlated with streams and soil type LHG.
While there were no distinct separations across snails from
different habitat and soil types, variabilities of elemental

concentrations inF.m. martensi snails were generally less than
the concentrations in B.s. goniomphalos snails, when individ-
ual habitat and soil types were compared.

Pearson’s correlation coefficients showed that water pH
was the most important environmental variable affecting both
the physical (e.g., snail size) and chemical characteristics (i.e.,
most of the elemental concentrations) of the two snail species
(Tables 7 and 8). The strongest positive correlation for B.s.
goniomphalos snails was between water pH and soft tissue K
concentration (r = 0.653, p < 0.01), while the strongest nega-
tive correlation was between water pH and soft tissue Ca con-
centration (r = − 0.856, p < 0.01) (Table 7). For F.m. martensi
snails, the strongest positive correlation was between soil
Exch. Na and soft tissue Na concentration (r = 0.499,
p < 0.01), while the strongest negative correlation was be-
tween water pH and soft tissue Mg concentration (r = −
0.473, p < 0.05) (Table 8). Overall, there were more signifi-
cant correlations between snail characteristics and water and
soil properties for B.s. goniomphalos compared with F.m.

Fig. 2 Relationship between the dominance of B.s. goniomphalos snails
and of F.m. martensi snails of the study area. Each dot represents one of
the sampling sites

Table 3 Diversity and dominance
indices for freshwater snails
across habitat types

Habitat types Paddy (n = 15) Pond (n = 15) Stream (n = 4)

Number of collected snails 4869 3489 2936

Average number of snails per site 324.6 232.6 734

Species richness 7 7 5

Shannon diversity index 0.421 0.469 0.396

Species evenness 0.477 0.423 0.297

Mean B.s. goniomphalos dominance (%) 83.4 67.7 88.3

Mean F.m. martensi dominance (%) 5.7 24.1 2.1
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martensi snails. In addition to water pH, water temperature,
conductivity (including its relevant indices TDS and salinity),
soil sand composition and silt composition, soil Exch. Na, and
soil pH exhibited statistically significant correlations with six

ormore characteristics forB.s. goniomphalos. Likewise, water
pH, conductivity, TDS, and salinity affected six or more char-
acteristics of F.m. martensi, while water pH was the only
variable significantly associated with F.m. martensi snail size.

Table 5 Mean and range values (min–max) of water and soil properties from 34 sites

Variable Habitat Soil types

Stream Paddy Pond LHG RYP Lato

Bsg (%) 88.3
(72.42–98.03)

83.4
(52.91–100)

67.7
(4.34–100)

74.3
(12.58–100)

88.6
(24.32–100)

72.1
(4.34–98.03)

Fmm (%) 2.1
(0.62–4.63)

5.7
(0.00–17.14)

24.1
(0.00–95.65)

18.4
(0.00–74.83)

3.8
(0.00–55.55)

21.0
(0.38–95.65)

T (°C) 31.83
(29.42–33.79)

35.27
(29.70–40.27)

33.82
(30.98–37.36)

34.54
(29.42–40.27)

34.10
(30.98–38.78)

33.89
(29.70–39.51)

Conductivity (mS/cm) 0.21
(0.11–0.30)

0.50
(0.09–2.97)

0.26
(0.03–0.65)

0.40
(0.11–1.14)

0.19
(0.03–0.34)

0.51
(0.11–2.97)

TDS (g/l) 0.13
(0.07–0.19)

0.32
(0.06–1.93)

0.17
(0.02–0.42)

0.26
(0.07–0.74)

0.12
(0.02–0.22)

0.33
(0.07–1.93)

Salinity (ppt) 0.10
(0.05–0.14)

0.24
(0.04–1.51)

0.12
(0.01–0.31)

0.19
(0.05–0.55)

0.09
(0.01–0.16)

0.25
(0.05–1.51)

DO (mg/l) 3.86
(2.30–5.35)

3.85
(1.50–7.78)

3.49
(0.06–5.64)

3.49
(1.50–5.35)

3.48
(0.06–5.06)

4.28
(1.89–7.78)

Water pH 7.36
(6.78–8.23)

7.22
(6.19–7.76)

7.29
(5.86–8.29)

7.39
(6.78–8.23)

7.24
(5.86–8.29)

7.11
(6.33–7.70)

Soil pH 6.95
(6.45–7.99)

6.07
(5.06–7.73)

6.25
(5.10–7.73)

6.22
(5.17–7.99)

6.10
(5.06–7.73)

6.50
(5.21–7.73)

Organic content 0.36
(0.07–0.77)

0.55
(0.23–1.15)

0.48
(0.05–0.94)

0.65
(0.24–1.15)

0.42
(0.05–0.94)

0.37
(0.07–0.55)

Sand composition 72.27
(51.57–95.65)

59.32
(37.44–92.07)

69.50
(37.23–100)

53.54
(37.23–84.13)

74.62
(44.88–100)

72.32
(42.94–95.65)

Silt composition 25.11
(4.35–44.40)

38.87
(7.93–61.94)

28.19
(0.00–60.76)

43.87
(14.84–61.94)

22.88
(0.00–45.54)

26.72
(4.35–54.19)

Clay composition 2.62
(0.00–9.25)

1.82
(0.00–10.51)

2.31
(0.00–13.18)

2.59
(0.36–10.51)

2.50
(0.00–13.18)

0.96
(0.00–2.87)

Exch. Ca 13.63
(1.34–42.86)

10.00
(2.61–25.64)

8.17
(1.69–23.04)

15.27
(7.08–42.86)

7.13
(1.69–19.48)

3.88
(1.34–10.08)

Exch. K 0.16
(0.07–0.50)

0.17
(0.04–0.35)

0.17
(0.01–0.39)

0.24
(0.07–0.50)

0.16
(0.01–0.39)

0.07
(0.03–0.10)

Exch. Mg 2.41
(0.35–6.77)

2.08
(0.36–6.39)

2.11
(0.31–6.22)

3.37
(0.94–6.77)

1.73
(0.31–6.22)

0.70
(0.31–1.92)

Exch. Na 0.05
(0.01–0.15)

0.25
(0.01–1.48)

0.14
(0.01–0.41)

0.27
(0.01–1.48)

0.08
(0.01–0.35)

0.16
(0.02–0.56)

Table 4 Diversity and dominance
indices for freshwater snails
across soil types

Soil types LHG (n = 14) RYP (n = 10) Lato (n = 10)

Number of collected snails 3852 2404 5038

Average number of snails per site 275.1 240.4 503.8

Species richness 7 6 8

Shannon diversity index 0.442 0.367 0.500

Species evenness 0.464 0.371 0.416

Mean B.s. goniomphalos dominance (%) 74.3 88.6 72.1

Mean F.m. martensi dominance (%) 18.4 3.8 21.0
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Interspecific competition between B.s. goniomphalos
and F.m. martensi snails

A total of 50 snails were used in the four treatments. At the end of
the experiment, 43 snails survived so they were used in growth
measurements. Of the seven dead snails, five occurred in
Treatment #4, while Treatments #1 and #2 had one casualty each.

Comparison of Treatments #1 and #2 showed that when
there was no species competition, the percentage of growth of
B.s. goniomphalos juveniles increased much more at 10.6%
than that of F.m. martensi juveniles at 3.5% (Table 9); their
respective specific growth rates were also significantly different

(p = 0.009) (Fig. 5). Analysis of the strength of interspecific
competition indicated that B.s. goniomphalos snails grew at a
much slower rate in the high level of competition in Treatment
#4 than in the low level of competition in Treatment #3
(Table 9; Fig.5, p = 0.016). The findings suggested that the
growth rates of B.s. goniomphalos were influenced by the den-
sities of F.m. martensi. In addition, the growth inhibition of B.s.
goniomphalos snails might be attributed to the acts of aggres-
sion from F.m. martensi snails. It was observed during the
experiment that F.m. martensi snails attacked and gnawed on
the shells of juvenile B.s. goniomphalos snails, causing shell
erosion and discoloration (Fig. 6).

Table 6 Mean elemental concentrations (mg/g) in soft tissues of B.s. goniomphalos (Bsg) and F.m. martensi (Fmm) snails from different habitat and
soil types (cf. Table 1 for soil descriptions)

Snail Types N Ca Cu Fe K Mn Ni Na Pb Zn

Habitat

Bsg Stream 30 132.050 0.116 0.786 6.174 0.143 0.001 1.853 0.004 0.236

Pond 73 144.602 0.129 2.384 5.858 0.348 0.002 2.346 0.007 0.426

Paddy 84 153.443 0.191 2.287 6.501 0.337 0.001 2.457 0.006 0.360

Fmm Stream 13 77.162 0.248 0.551 5.419 0.109 0.000 3.091 0.005 0.635

Pond 77 77.045 0.092 2.270 5.045 0.344 0.001 3.252 0.005 0.501

Paddy 24 69.412 0.127 1.264 7.020 0.182 0.000 3.327 0.004 0.461

Soil

Bsg LHG 64 133.738 0.221 2.264 6.908 0.342 0.002 2.509 0.006 0.295

RYP 70 151.764 0.127 2.255 5.975 0.299 0.002 2.381 0.007 0.495

Lato 53 155.167 0.112 1.641 5.635 0.286 0.000 1.999 0.004 0.284

Fmm LHG 27 73.233 0.193 1.391 6.112 0.211 0.000 3.462 0.004 0.442

RYP 46 85.268 0.090 3.007 4.914 0.386 0.001 3.274 0.006 0.491

Lato 41 65.898 0.097 0.887 5.764 0.215 0.000 3.083 0.005 0.571

N denotes the number of snails analyzed

Fig. 3 CCA ordination of water
and soil properties of 34 sites and
B.s. goniomphalos and F.m.
martensi snail dominances.
Variables of water and soil
properties are represented by
black lines, sampling sites by
open circles, and two snail species
by black dots
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Discussion

B.s. goniomphalos and F.m. martensi snail
dominances across habitat and soil types

B.s. goniomphalos was the most abundant snail species in the
study area, accounting for more than 80% of the snails col-
lected, while F.m. martensi ranked third in abundance at
5.59%. The findings of snail habitat and soil preferences of
this study corroborated prior work in two aspects. First, sim-
ilar to Papasarathorn et al. (1990), the abundance of B.s.
goniomphalos was the highest in soil type RYP. Second,

echoing Haruay and Piratae (2019), F.m. martensi snails pre-
ferred the pond habitat.

Conversely, the stream habitat of this study recorded the
highest B.s. goniomphalos snail dominance at 88.3%. This
was different from previous work that observed the highest
dominance of B.s. goniomphalos snails in the paddies among
the three water habitat types (Wang et al. 2015). The differ-
ence could be due to the lower number of stream habitats
sampled in this study. Nevertheless, the abundance of B.s.
goniomphalos in the paddy habitat was still high, at 83.4%,
emphasizing the favorable habitat conditions provided by rice
paddies. As Tesana et al. (2012) noted, the availability of plant

Fig. 4 PCA based on soil
properties and elemental
concentrations of B.s.
goniomphalos (Bsg) and F.m.
martensi (Fmm) snail soft tissues
by (a) habitat types and (b) soil
types (cf. Table 1 for soil
descriptions)
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and shallow water in the rice paddy environment might have
accounted for the common presence of B.s. goniomphalos.

B.s. goniomphalos snails were reported in most, if not all,
of the sampling sites in studies of different spatial extents in
Northeast Thailand. Within a province, Haruay et al. (2008)
found B.s. goniomphalos in all 20 localities sampled,
whereas F.m. martensi was found in 9 out of 20 localities.
Across three provinces, this study reported the presence of
B.s. goniomphalos snails in all 34 sampling sites. At a
larger spatial extent of the whole Northeast Thailand,
Suwannatrai et al. (2011) observed B.s. goniomphalos in
50 of 56 localities. Studies also reported that B.s.
goniomphalos survived at high temperature of 41.14 °C
(Wang et al. 2015) and extreme water salinity of
22.11 ppt (Suwannatrai et al. 2011). All in all, B.s.

goniomphalos seemed to be more tolerant in a wider range
of environmental conditions than F.m. martensi.

Water quality, soil properties, and snail elemental
concentrations

Water quality and soil properties varied across the habitat and
soil types. Similar to prior work (e.g., Wang et al. 2015), the
rice paddy generally had higher water temperature and lower
water pH than the other two habitat types. Conversely, lower
conductivity was detected in this study, marked by conductiv-
ity of 0.03 mS/cm, salinity of 0.01 ppt, and TDS of 0.02 g/l in
the pond habitat in Khon Kaen Province. This was possibly
due to dilution during the rainy season at the time of sampling
in September (Thongwat and Terakulsatit 2019).

Table 8 Pearson’s correlation coefficients between F.m. martensi snail’s characteristics (soft tissue elemental concentrations, snail height, and width)
and abiotic factors (water and soil properties)

Ca Cu Fe K Mn Ni Na Pb Zn Snail Height Snail Width

Water temperature − 0.213* − 0.081 − 0.090 0.093 − 0.316** 0.096 − 0.177 − 0.175 −0.140 −0.089 −0.127
Water conductivity − 0.296** 0.385** − 0.314** − 0.181 − 0.112 0.380** 0.313** − 0.287** 0.035 −0.225 0.024
Water TDS − 0.296** 0.384** − 0.315** − 0.183 − 0.113 0.380** 0.311** − 0.287** 0.034 −0.221 0.029
Water salinity − 0.278** 0.371** −0.298** − 0.186* − 0.109 0.391** 0.300** − 0.272** 0.052 −0.221 0.022
Water DO − 0.150 0.151 − 0.323** 0.266** − 0.439** − 0.012 − 0.173 − 0.249** 0.322** 0.306 0.114
Water pH − 0.426** 0.365** − 0.335** 0.079 − 0.473** 0.402** 0.013 − 0.354** 0.141 −0.482* −0.476*
Soil organic content − 0.099 0.134 0.164 0.058 0.228* − 0.177 0.228* 0.101 0.010 0.011 −0.224
Sand composition 0.164 − 0.354** 0.036 − 0.072 − 0.021 − 0.183 − 0.213* 0.113 −0.005 0.196 0.047
Silt composition − 0.158 0.390** − 0.057 0.143 0.007 0.173 0.246** − 0.117 0.008 0.042 −0.341
Clay composition − 0.103 − 0.024 0.090 −0.325** 0.076 0.130 − 0.069 − 0.033 −0.013 −0.268 −0.045
Soil Exch. Ca 0.021 0.257** 0.464** 0.042 0.225* 0.059 0.240* 0.153 0.176 0.188 0.327
Soil Exch. K 0.110 0.105 0.412** 0.139 0.287** 0.172 0.173 0.161 −0.067 −0.126 0.286
Soil Exch. Mg − 0.118 0.393** 0.095 0.047 0.103 0.105 0.330** − 0.061 −0.128 0.110 −0.002
Soil Exch. Na − 0.124 0.300** − 0.027 0.092 0.130 0.330** 0.499** − 0.063 0.018 0.025 0.113
Soil pH 0.156 0.003 0.218* − 0.220* 0.072 −0.019 − 0.129 0.228* 0.209* 0.314 0.094

* Statistically significant at p = 0.05; ** statistically significant at p = 0.01

Table 7 Pearson’s correlation coefficients between B.s. goniomphalos snail’s characteristics (soft tissue elemental concentrations, snail height, and
width) and abiotic factors (water and soil properties)

Ca Cu Fe K Mn Ni Na Pb Zn Snail height Snail width

Water temperature − 0.531** 0.245** − 0.001 0.479** − 0.322** 0.290** 0.332** − 0.053 0.087 0.201 0.214
Water conductivity − 0.367** 0.277** 0.106 0.437** − 0.064 0.280** 0.354** − 0.040 0.074 − 0.412* 0.361
Water TDS − 0.367** 0.277** 0.106 0.437** − 0.065 0.280** 0.354** − 0.039 0.074 0.312 0.446*
Water salinity − 0.355** 0.268** 0.107 0.425** − 0.065 0.271** 0.344** − 0.041 0.073 0.529* 0.457*
Water DO − 0.047 0.111 − 0.334** 0.077 − 0.353** 0.105 0.039 − 0.021 0.030 0.081 0.241
Water pH − 0.856** 0.299** − 0.200** 0.653** − 0.505** 0.441** 0.365** − 0.016 0.188** − 0.561* − 0.256
Soil organic content 0.212** 0.342** 0.320** − 0.135 0.231** − 0.143 0.012 0.142 − 0.131 − 0.163 0.022
Sand composition 0.406** − 0.347** − 0.049 − 0.471** 0.072 − 0.283** − 0.279** 0.002 0.019 − 0.417* − 0.493*
Silt composition − 0.443** 0.376** 0.066 0.518** − 0.078 0.314** 0.325** 0.009 − 0.009 0.473* − 0.282
Clay composition 0.086 − 0.054 − 0.086 − 0.128 0.011 − 0.089 − 0.185* − 0.067 − 0.072 0.139 0.362
Soil Exch. Ca − 0.026 0.195** − 0.050 0.087 − 0.000 − 0.100 − 0.046 − 0.032 − 0.074 − 0.277 − 0.116
Soil Exch. K − 0.090 0.168* 0.045 0.080 − 0.071 − 0.060 − 0.035 0.037 − 0.052 0.442* 0.335
Soil Exch. Mg − 0.198** 0.360** − 0.018 0.201** − 0.054 0.027 0.126 0.053 − 0.031 0.306 0.403*
Soil Exch. Na − 0.247** 0.286** 0.053 0.495** − 0.021 0.215** 0.480** 0.022 0.121 0.011 − 0.381*
Soil pH 0.308** − 0.308** − 0.234** − 0.251** 0.057 − 0.353** − 0.411** − 0.042 − 0.135 − 0.284 0.118

* Statistically significant at p = 0.05; ** statistically significant at p = 0.01
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B.s. goniomphalos snails are typically found in areas with
red-yellow podzolic soils (Papasarathorn et al. 1990) and
mixed sand–mud substrates (Chitramvong 1992). The find-
ings of this study echo these previous studies that higher dom-
inance of B.s. goniomphalos snails are found in the LHG and
RYP soil types with red-yellow podzolic soils. High domi-
nance of B.s. goniomphalos snails have also been observed
in rice paddies, of which soils are mainly alluvial and low
humic gley soils (Kyuma 2004), with higher clay content
and lower pH (Kyuma and Kawaguchi 1966). Likewise, this
study illustrates that the paddy habitat has the lowest water
and soil pH among the three water habitats. Furthermore, wa-
ter pH has been found to be significantly negatively associated
with B.s. goniomphalos snail heights, underscoring the spe-
cies’ tolerance of lower pH environments (Table 7).

For F.m. martensi, it has been suggested that they prefer
muddy and sandy substrates (Haruay and Piratae 2019). The
result of this study refines this understanding. On the one
hand, it strengthens the association between F.m. martensi
snails and sandy substrates, evident in the highest abundance

of F.m. martensi snail in soil type Lato (Table 5), which is
characterized by a sandy texture (Topark-Ngarm and
Gutteridge 1986). Pearson’s correlation coefficients also show
positive correlations between soil sand composition and F.m.
martensi snail sizes, although the relationship is not signifi-
cant (Table 8). On the other hand, analysis of soil composition
of this study does not show clear associations between F.m.
martensi snails andmuddy substrates, whichmainly consist of
silt and clay.

Findings of this study provide further insights into the as-
sociation between DO and the two snail species. CCA biplot
and Pearson’s correlation coefficients suggest stronger asso-
ciations between DO and F.m. martensi snail characteristics
than between DO and B.s. goniomphalos (Fig. 3, Tables 7 and
8). Higher DO has been observed at soil types LHG and Lato
where F.m. martensi snail dominates. Alternatively, lower DO
has been found at the pond habitat, with the lowest value
recorded at 0.06 mg/l (Table 5). Indeed, DO concentrations
are naturally low at the bottom of water bodies (Culberson and
Piedrahita 1996), and F.m. martensi snails tend to reside at the
bottom of ponds where they bury themselves into (Haruay and
Piratae 2019). These results indicate that F.m. martensi can be
adapted to survive in a wider range of oxygen levels. It should,
however, be noted that the concentration of DO in surface
water is affected by temperature (Bachand and Horne 1999).

The mean concentrations of the metallic elements are gen-
erally higher in B.s. goniomphalos than in F.m. martensi, ex-
cept for Na and Zn (Table 6). This is likely attributed to the
different substrates that the two species feed on. B.s.
goniomphalos snails tend to ingest substrates on the surface
and in the upper layers of the soil, where most of the elements
and organic matter are accumulated (Hartmann 2008). F.m.
martensi are commonly found at the ponds where soil is low
in concentrations of organic matter and nutrients (Boyd 1995).
Additionally, the soil type Lato in which a F.m. martensi

Fig. 5 Specific growth rate with standard deviation of B.s. goniomphalos
and F.m. martensi snails under four types of treatments. Letter “a” and
“b” denote that the specific growth rates between the species in different
treatments were significantly different at p = 0.009 and p = 0.016,
respectively

Fig. 6 Shell erosion and discoloration of B.s. goniomphalos snails due to
antagonistic behavior exhibited by F.m. martensi snails

Table 9 Comparison of length growth in percentages between B.s.
goniomphalos and F.m. martensi under four types of treatments

Treatment type Average length growth in percentage

B.s. goniomphalos F.m. martensi

#1 10.6% NA

#2 NA 3.5%

#3 3.0% 1.7%

#4 1.5% 1.2%
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dominates is of low organic matter and low cation exchange
capacity, marked by the low readings of organic content,
Exch. Ca, Exch. K, and Exch. Mg (Table 5).

Compared to Kawaguchi and Kyuma (1974) that reported
Exch. Ca at 7.2 cmolc/kg, Exch. Mg at 4.3 cmolc/kg, and
Exch. K at 0.3 cmolc/kg in Thai paddy soils, this study re-
corded higher levels of Exch. Ca (10 cmolc/kg) and lower
levels of Exch. Mg (2.08 cmolc/kg) and Exch. K
(0.17 cmolc/kg) from the paddy habitat. The element Ca in
soil has been considered as more important than Mg, K, and
Na in snail distribution (Ondina et al. 1998) because it is
critical to a variety of functions in metabolism and reproduc-
tion (Porcel et al. 1996). This is seen in both B.s.
goniomphalos and F.m. martensi soft tissues that the Ca has
the highest elemental concentration among the nine elements
analyzed. Besides, the mean Ca concentrations in B.s.
goniomphalos were almost twice the amount than those in
F.m. martensi in all soil types and water habitats, except for
the pond habitat. Other essential elements of K, Na, Fe, and
Zn in soft tissues also play a vital role in the nerve–muscle
transmission, protein synthesis, and enzyme activation (Zelck
et al. 1995; Zsombok et al. 2000; Mostafa et al. 2014), and the
concentrations of K and Fe are generally higher in B.s.
goniomphalos than in F.m. martensi. The concentrations of
heavy metal Ni and Pb are low compared to other elements,
suggesting no major toxic contamination in the study area, but
both snail species in the pond habitat observe the highest Pb
concentrations among the three water habitats. It has been
suggested that snails can potentially serve as bioindicators
for water pollution, particularly F.m. martensi because of its
high tolerance to waste water and metal accumulations
(Aroonsrimorakot et al. 2018, Neeratanaphan and
Phalaraksh 2017). This finding of this study, however, shows
that Pb concentrations are mostly higher in B.s. goniomphalos
than in F.m. martensi.

Interspecific competition

The laboratory experiment provided evidences of interspecific
competition between B.s. goniomphalos and F.m. martensi
snails. In the single-species treatments, the juvenile growth
of the two snail species differed, with B.s. goniomphalos
exhibiting a much faster growth rate than F.m. martensi. The
differences suggested that F.m. martensi snails took a longer
duration to attain maturity and adulthood. In the mixed-
species treatments, interactions between B.s. goniomphalos
and F.m. martensi slowed down their growth rates. Indeed,
interspecific competition shapes population dynamics primar-
ily through the reduction of growth rates in competitor species
(Baur 1988). Moreover, the interspecific competition between
the two snail species were asymmetric as growth rates of B.s.
goniomphalos snails were severely reduced by the presence of
F.m. martensi snails, but not vice versa (Fig. 5).

The growth inhibition of B.s. goniomphalos might be fur-
ther explained by interference competition, in which the com-
petition between organisms is direct, often through the aggres-
sion display between the competing organisms (Krebs 2009).
This is different from exploitation competition where species
interact indirectly as they compete for common resources,
such as food. Since food was non-limiting in this experimental
design, interference competition occurred. The shell erosion
and discoloration of B.s. goniomphalos snail juveniles (Fig. 6)
revealed a direct act of aggression by F.m. martensi snails.
Although it was unknown if the act of aggression was from
an individual F.m. martensi or a few of them, or possibly due
to the confined space in the experiments, such antagonistic
behavior indicated an interference competition between both
snail species. Likewise, it has been noted by Kimura and
Chiba (2010) that the aggressive behavior by the competitor
snail Euhadra peliomphala has led to shell erosion of a sub-
ordinate snail species. Alternatively, it was postulated that acts
of aggression by F.m. martensi could be in the form of chem-
ical stimuli produced in their mucus trails and feces. The re-
lease of such chemical compounds could either directly or
indirectly inhibit snail growth through the alteration of behav-
ior interactions between the two snail species (Pearce 1997).
Freshwater snails often interact through the detection of
chemicals in the trail (Turner and Chislock 2010). As such,
chemicals released could lead to behavioral alterations and
affect feeding patterns and activities, subsequently inhibiting
nutrient intake and ultimately impeding growth (Cross and
Benke 2002). Therefore, antagonistic behavior either through
direct or indirect means suggested that both B.s.
goniomphalos and F.m. martensi engaged in interspecific
competition.

This study reported the first laboratory experiment that ob-
served interspecific competition between B.s. goniomphalos
and F.m. martensi snails. Although the study has focused on
B.s. goniomphalos juveniles for their susceptibility to
O. viverrini infection (cf. Kiatsopit et al. 2014; Prasopdee
et al. 2015), more analyses from laboratory experiments are
needed to reinforce the findings of this study. For example,
B.s. goniomphalos adults can be included, and the number of
B.s. goniomphalos snails in the treatments can be increased to
investigate if the degree of interspecific competition remains
the same. It is possible that aggression will still occur because
F.m. martensi snails are generally three times larger than B.s.
goniomphalos snails. A systematic approach to measure ag-
gression will thus be desirable. Other aspects of competitions,
particularly relating to fecundity, should be considered. Given
that B.s. goniomphalos growth reduction has been observed in
this study with the presence of F.m. martensi, it is important to
know how growth reduction may affect snail reproduction
rate, for its potential consequences on O. viverrini transmis-
sion. More combinations of treatments over a longer duration
of observation to incorporate how growth reduction may
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affect reproduction rate will further substantiate the interspe-
cific competition between B.s. goniomphalos and F.m.
martensi.

Implications for disease control

Interspecific competition has been considered as the determin-
ing force shaping snail population dynamics among different
types of interaction between snail species (Bloch and Willig
2012). In addition, the “decoy effect” in the context of snail-
borne infections has suggested an encounter or transmission
reduction by non-host snails as a sponge intercepting snail-
infective stages as well as a reduction of susceptible hosts by
adding competing or predating non-host snail species to the
system (Stensgaard et al. 2016). F.m. martensi has therefore
been proposed to be a biological control agent against B.s.
goniomphalos, the first intermediate hosts of O. viverrini be-
cause of the potential competition between the two snail spe-
cies for feeding on similar types of plankton (Haruay et al.
2008). It has also been noted that F.m. martensi snails may
feed on feces contaminated withO. viverrini eggs in sediments
(Haruay et al. 2008). This study, similar to Haruay et al. (2008)
andWang et al. (2015), shows a negative correlation in species
abundances between B.s. goniomphalos and F.m. martensi.
Moreover, this study provides evidences in interspecific com-
petition between the two snail species from lab experiments
that the growth rates of B.s. goniomphalos are limited in the
presence of F.m. martensi, and the rates are further hampered
in treatments with more F.m. martensi snails (Fig. 5).

Nevertheless, the use of F.m. martensi snails to control B.s.
goniomphalos snails requires continuous research efforts.
First, experiments can be expanded to investigate the repro-
ductive rates of both snail species under competition and the
encountering rate between B.s. goniomphalos snails and
O. viverrini. On the one hand, growth reduction in B.s.
goniomphalos, as observed in this study, may enable snail
energy allocation to reproduction due to life history trait evo-
lution (Stearns 2000), thereby contributing to more B.s.
goniomphalos individuals. On the other hand, if the snails
are infected by trematodes, snail growth rate can be accelerat-
ed to exhibit gigantism (Mostafa 2007; Kiatsopit et al. 2012),
but their fecundity may be affected as shown in the egg cap-
sule defects (Serbina 2015). An earlier study has suggested
that young snails appeared to be more susceptible to
O. viverrini infection, and medium exposure to O. viverrini
eggs (50 eggs per snail, as opposed to 30 and 90 eggs per
snail) yielded the highest percentage of living positive
Bithynia snails (Chanawong and Waikagul 1991). Follow-up
work is needed to examine the host–parasite relationship, un-
der the competition with F.m. martensi.

Second, sufficient risk assessments need to be conducted
before the introduction of any biological control agent. In this
study area and the larger Mekong region context, F.m.

martensi snails also serve as both first and second intermediate
hosts of several trematodes. In particular, the intestinal flukes,
Echinostoma, uses F.m. martensi as the second intermediate
host for the development of their infective metacercaria stage.
F.m. martensi is consumed by some villagers in Thailand as a
food source , and humans can get infec ted with
Echinostomiasis if the snails are undercooked. Biological con-
trol using F.m. martensi snail, albeit may bring down B.s.
goniomphalos snail abundance, should hence be carefully
assessed to avoid the cascade effects of other parasitic infec-
tions. Another possible snail-control option of using
Anentome (Clea) helana snails has been proposed, as
Haruay and Piratae (2019) have reported that the species con-
sumed both B.s. goniomphalos and F.m. martensi. Follow-up
research on this is desirable because A. helana snail abun-
dance has been low in water habitats—it had a low relative
abundance of 2.5% in Wang et al. (2015) and was not come
across in the sampling sites of this study.

Third, the dynamics of the ecosystems should be con-
sidered for ecosystem-based disease control. The higher
mean dominances of B.s. goniomphalos snails than F.m.
martensi snails across all habitat and soil types as well as
the broader coverages of B.s. goniomphalos snails in the
PCA biplots, suggest a greater adaptability of B.s.
goniomphalos snails to the water quality and soil proper-
ties examined in this study. Nonetheless, it is crucial to
note that species dominance can vary across locality and
seasonality; species interactions in the field occur beyond
just B.s. goniomphalos and F.m. martensi, and species di-
versity may buffer population expansion of some species
in the ecosystem. While F.m. martensi seems to exhibit a
limited environmental tolerance, other studies have found
the dominance of F.m. martensi snails in rivers (Nahok
et al. 2017). Furthermore, the possible transmission path-
ways between snails and cyprinid fish, the second interme-
diate host of O. viverrini, need to be integrated to prioritize
field experiments in areas where snails and cyprinid fish
have closer interactions, such as rivers and ponds, for
O. viverrini transmission reduction. An ecosystem-based,
biodiversity-oriented approach to investigate multiple spe-
cies communities across different sites and seasons is de-
sirable, so as to inform disease control strategies and better
align with integrated ecosystem health management.
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