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Abstract
Mangrove forests worldwide have been subjected to biological invasion. Invasive
apple snails (Pomacea canaliculata) have established populations in some mangrove
forests. The feeding behavior of P. canaliculata in mangroves has been unclear
until now. The feeding electivity of P. canaliculata to mangrove leaves, including
leaves from Acanthus ilicifolius, Acrostichum aureum, Kandelia candel, Aegiceras
corniculatum, and Sonneratia apetala, was studied through a selective test, a nonselective test, and a T-tube test. The growth indicators, the feeding ratio, the feeding
rate, the feeding amount, the electivity indicator, and the electivity frequency were
determined. The weight increase ratios of P. canaliculata that consumed leaves of
A. ilicifolius and A. aureum were higher than those that consumed leaves of
K. candel, S. apetala, and A. corniculatum. The electivity indicator showed that
P. canaliculata preferred A. ilicifolius leaves and fed little on A. corniculatum
leaves. Acrostichum aureum leaves were the second most preferred food for the
apple snails. The feeding electivity of P. canaliculata to leaves from five species of
mangrove trees was significantly differentiated by cluster analysis, redundancy
analysis, and principal component analysis. Eight feeding indicators of the apple snails
were positively correlated with the leaf characteristics of nitrogen content, protein
content, leaf area, moisture content, and aspect ratio and negatively correlated with
the lignin, phenolic, and tannin contents. Pomacea canaliculata could discriminate
mangrove leaves through physical and chemical characteristics and shift feeding
electivity among mangrove leaves under intraspecific competition. Mangrove
forests composed mainly of A. ilicifolius and A. aureum might be at risk of invasion
by P. canaliculata. A detailed survey on benthic animals is necessary to monitor
and prevent P. canaliculata invasion in mangroves.
Key words: mangrove wetland, invasive snail, Pomacea canaliculata, electivity
indicator, leaf characteristic

Introduction
Mangrove wetlands, which are among the most productive ecosystems in
the world, provide diverse habitats for terrestrial and aquatic invertebrates,
fish, and other wildlife (Alongi 2018; Celis-Hernandez et al. 2020).
Mangrove forests play a key role in sustaining ecosystem services.
Typically, functions of mangrove forests include the nutrient cycling
(Taillardat et al. 2019), environmental protection (Torres et al. 2019),
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carbon sequestration (Ouyang et al. 2017), flooding resistance, and erosion
prevention (Deb and Ferreira 2017).
Despite the essential roles they play in providing a range of ecosystem
services, the conservation of global mangrove forests face severe challenges
from anthropogenic activities (Romanach et al. 2018). Exotic invasive
species have had a strong negative impact in invaded areas, resulting in
economic losses, biodiversity reductions, and the weakening of ecosystem
services (Roy et al. 2018). Like many other ecosystems, mangrove forests
have also been subjected to exotic species, as these forests provide complex
habitats constructed from pneumatophores and sediments for diverse
species. Many exotic invasive animals have invaded mangrove forests,
including teak defoliator moths (Hyblaea puera; Faraco et al. 2019),
European shore crabs (Carcinus maenas; Garside and Bishop 2014), portunid
crabs (Charyhdis hellerii) (Dineen et al. 2001), green mussels (Perna viridis;
Bigatti et al. 2005), Cuban tree frogs (Osteopilus septentrionalis; Glorioso et
al. 2010), prawns (Macrobrachium rosenbergii; Silvaoliveira et al. 2011),
black mangrove cichlids (Tilapia mariae; Russell et al. 2012), green iguanas
(Iguana iguana; Burgosrodriguez et al. 2016), and lionfishes (Pterois
volitans/miles; Sancho et al. 2018). Invasive animals have significantly or
potentially influenced mangrove ecosystems through tree defoliation
(Faraco et al. 2019), niche competition (Russell et al. 2012), seed germination
(Burgosrodriguez et al. 2016), food chain alteration (Glorioso et al. 2010),
and habitat shifts (Bigatti et al. 2005).
The apple snail (Pomacea canaliculata Lamarck, 1822), which is native
to South America, is a harmful gastropod that is listed as one of the 100
worst invasive alien species (Lowe et al. 2000). Pomacea canaliculata was
introduced into Asian countries in the 1980s for human consumption
(Joshi and Sebastian 2006; Lv et al. 2011). However, their economic values
plummeted unexpectedly, leading to a failure in the local market. As a
result, P. canaliculata escaped in various aquatic habitats, including paddy
fields, lakes, rivers, canals, and ponds (Kwong et al. 2010; Yang et al. 2018).
Pomacea canaliculata feeds on rice seedlings and has observably
threatened rice productivity (Martín et al. 2008). Furthermore, consuming
P. canaliculata may transmit rat lungworm disease to humans, as they are a
crucial vector of the parasitic nematode (Angiostrongylus cantonensis) (Lv
et al. 2011).
In addition to their high fecundity and strong resistance, P. canaliculata
exhibit a voracious appetite for macrophytes in invaded wetlands, which
constitute a major part of the daily diet of apple snails, irrespective of
seasonal changes (Kwong et al. 2010; Yang et al. 2018). Over fifty plant
species served as food sources for P. canaliculata, and the electivity of
snails varied greatly (Horgan et al. 2014). The amount of elephant-head
amaranth (Amaranthus gangeticus) consumed daily by P. canaliculata
contributed 22% to the weight of individuals (Wong et al. 2010). The
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grazing rates of P. canaliculata on diverse macrophytes were closely related
to nutrient traits, including nitrogen, phenolic contents (Qiu and Kwong
2009), and dry matter (Wong et al. 2010).
The distribution range of P. canaliculata was estimated to be between
40°N–40°S globally, and the species is known to have devastating effects in
Asia, North America, and Oceania (Hayes et al. 2008). To clarify the
invasion strategy leading to population establishment, many researchers
have assessed the resistance of P. canaliculata to abiotic stressors, such as
low temperature, pH, dissolved oxygen level, desiccation, and salinity
(Seuffert and Martin 2009; Bernatis et al. 2016; Yang et al. 2017). As a
freshwater gastropod, apple snails can grow in brackish water (5‰) (Yang
et al. 2017). A P. canaliculata population was reported in brackish water
(1–2.1‰) in a Chilean lagoon (Letelier et al. 2016). This finding
demonstrated that P. canaliculata could survive brackish waters and its
potential to invade estuarine habitats.
These fears recently became a reality following the discovery of
P. canaliculata in mangrove forests. A routine benthic investigation
reported that P. canaliculata had established populations in six mangrove
wetlands in a coastal area (Ma et al. 2018). Here we report for the first time
the presence of P. canaliculata in a mangrove wetland in Guangzhou,
China. Given the voracious appetites of P. canaliculata for macrophytes in
freshwater wetlands, we hypothesized that the mangrove leaves might
provide a consistent food source for P. canaliculata in mangrove wetlands.
Mangrove leaves contain complex secondary metabolites, including tannins,
alkaloids, and diverse bioactive compounds (Behbahani et al. 2018).
However, little is known regarding the feeding behavior of P. canaliculata
on mangrove leaves. Therefore, to identify the mechanisms involved in
food consumption by P. canaliculata in recently invaded mangrove forests,
we asked two questions: 1) What was the electivity of P. canaliculata to
mangrove leaves? 2) Was the feeding electivity of P. canaliculata
influenced by the physical and chemical characteristics of the mangrove
leaves? The study puts forward a new perspective to understand the
influence of a recently invaded snail in mangrove wetlands. Answering
these questions is beneficial for predicting the further spread of P. canaliculata
in mangrove wetlands and assess the risk of P. canaliculata in diverse
mangrove forests.

Materials and methods
P. canaliculata and plant materials
Apple snails were collected from mangrove wetlands in Guangzhou, China
(22°62′N; 113°66′E) in February 2019 (Supplementary material Figure S1).
The species in the mangrove included Acanthus ilicifolius L. (Acanthaceae,
holy mangrove shrub), Acrostichum aureum L. (Pteridaceae, Mangrove fern),
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Kandelia candel L. (Rhizophoraceae, Narrow-Leaved Kandelia), Aegiceras
corniculatum L. (Primulaceae, Black mangrove), and Sonneratia apetala
Buch.-ham (Sonneratiaceae, Mangrove apple). The mean air temperature
in this region was 22.4 °C, and the annual precipitation was 1667.6 mm,
according to the China Meteorological Data Sharing Service System
(http://data.cma.cn/). In 2018 water temperature, salinity, and pH ranged
from 15.5 to 25.5 °C, 2.0 to 6.2‰, and 7.2 to 7.8, respectively, at the
sampling location.
We used DNA Genomic Extraction Kits (AxyPrep) to extract total genomic
DNA from the foot tissue of collected snails. The cytochrome oxidase
subunit I gene was amplified by polymerase chain reaction (PCR) using the
primers (LCO1490 and HCO2198) (Folmer et al. 1994). The reaction
system (30 μL) composed of 2×PowerTaqPCRMasterMix 15 μL, 1 μL each
of forward and reverse primers, ddH2O 12 μL, and 1 μL template DNA.
Purified PCR product was sequenced using an ABI-3730xl (USA). Nucleotide
sequences obtained were assembled and edited using BioEdit [7.2.6.1]
(Hall 1999). The collected snails were identified as Pomacea canaliculata by
sequencing of mitochondrial cytochrome oxidase I (GenBank Accession
number: MW799954; MW799955). The apple snails were reared in a
laboratory to obtain the eggs. Hatched snails were reared in artificial
seawater (2.0‰) for two weeks before they were transferred in four sets of
aquaria (80 cm × 60 cm × 60 cm) filled with artificial seawater (4.0‰). The
salinity was monitored using a salinity meter (SX5051, Shanghai) and
manipulated by adding artificial sea salt (Yanzhibao, Guangdong) to
aerated tap water. The salinity (4.0‰) and pH (7.3–7.5) of the seawater
were adjusted according to the water quality determined in the sampling
locations and described in previous studies (Yang et al. 2017). Pomacea
canaliculata were fed with lettuce (Lactuca sativa L.) daily at room
temperatures (25 ± 2 °C). The water in the aquaria was changed with
aerated seawater every three days. Healthy snails, characterized by smooth
and intact shells and active movement in the aquaria, were used in further
experiments. Before use in an experiment, the snails were starved for 24 h.
All experiments were conducted at room temperature using artificial
seawater at 4‰ with a 1:1 ratio of male and female snails.
Mangrove leaves, including those from A. ilicifolius, A. aureum, K. candel,
A. corniculatum, and S. apetala, were tested to determine the feeding
indicators of the apple snails. Fresh mangrove leaves were collected directly
from the sampling sites, and their physical and chemical characteristics
were determined. At the end of the non-selective/selective feeding and
electivity experiments, the remaining mangrove leaves were cleaned using
purified water to remove adhered salt. The tests were both performed in 6
replicates. Additionally, leaves used in the non-selective/selective feeding
tests were oven-dried at 105 °C (4 h) and 80 °C (48 h) to obtain a constant
weight.
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Non-selective feeding test of P. canaliculata on mangrove leaves
Cleaned fresh leaves were used in the non-selective feeding test. Fresh
leaves from each species (49.4–50.0 g) were placed separately in a chamber
(40 cm × 30 cm × 23 cm). Ten healthy snails (height: 3.2 ± 0.2 cm) were
randomly selected for each chamber, and their weights were recorded for
further calculation. The snails were placed together with fresh leaves in a
plastic chamber filled with artificial seawater (6 L). All the snails were alive
at the end of the 120 h test.
The artificial seawater in the chambers was changed daily to maintain
water quality. The feeding amount per snail weight (Fa), absolute feeding
ratio (Ra), feeding rate per day (Rt), and Ivlev’s electivity indicator (E),
hereinafter referred to as the electivity indicator, were calculated to assess
the feeding behavior of the snail (Ivlev et al. 1961, equations 1 to 6).

Fai =

( FWi × mi − DWi )
Wi

(equation 1)

Rai =

( FWi × mi − DWi )
FWi × mi

(equation 2)

Ri =

Fai 1
×
10 T
( FWi × mi − DWi )

=
Rt
i

(equation 3)

5

(equation 4)

∑ ( FW × m − DW )
i =1

Pi =

i

i

FWi

5

∑ FW
i =1

Ei =

i

(equation 5)

i

Ri − Pi
Ri + Pi

(equation 6)

i=1–5, representing five mangrove leaves;
mi was the moisture of a type of leaf;
FWi was the initial fresh weight of a type of leaf (g);
DWi was the final dry weight of a type of leaf (g);
Fai was the feeding amount (dry weight) per individual weight (g g-1);
Wi was the total weight of ten snails (g);
Rai was the absolute feeding ratio;
Rti was the feeding rate (dry weight) per day per individual weight (g d-1 g-1);
10 was the number of individuals;
T was the experimental duration (d);
Ei was the Ivlev’s Electivity indicator; Ei > 0 means the plant was selected,
Ei = 0 means random selection, Ei < 0 means the plant was non-selective;
Pi was the ratio of weight of a type of leaf to total leaves weight;
Ri was the ratio of intake of snails on a type of leaf to total intake.
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Selective feeding test of P. canaliculata on mangrove leaves
Fresh mangrove leaves were treated in the same way as for the nonselective feeding test. Each species of mangrove leaf weighed from 9.9 to
10.9 g. Leaves (50 g) from five species were placed together with healthy
apple snails in a chamber (40 cm × 30 cm × 23 cm) filled with artificial
seawater (6 L). The apple snails included in the test were 3.5 ± 0.1 m in
height. The feeding test lasted for 120 h, and all the snails were alive in the
chamber after the test. The artificial seawater in the chamber was changed
daily to maintain water quality. Feeding amount per apple snail weight
(Fa), absolute feeding ratio (Ra), feeding rate per day (Rt), and Electivity
indicator (E) were used to assess the difference in food intake by the apple
snails among the leaves from the five species of mangrove.

Electivity of P. canaliculata on mangrove leaves in a T-shaped Tube
The feeding electivity of the apple snail on leaves from five mangrove
species was measured using a modified T-shaped tube (Takeichi et al. 2007;
Figure S2). Six healthy snails 3.4 ± 0.2 cm in height were placed at one end
of the tube, and mangrove leaves (9.8–10.4 g) were placed at the other two
ends (right and left). Artificial seawater was added to the T-shaped tube
before the test. Leaves from the five species of mangrove were placed in
pairs on the left and right ends of the tube. Ten combinations were used in
the test, including I (A. ilicifolius vs A. aureum, A. ilicifolius vs K. candel,
A. ilicifolius vs A. corniculatum, A. ilicifolius vs S. apetala), II (A. aureum vs
K. candel, A. aureum vs A. corniculatum, A. aureum vs S. apetala), III (K. candel
vs A. corniculatum, K. candel vs S. apetala), and IV (A. corniculatum vs
S. apetala). Paired combinations of leaves from the same mangrove species
were also assessed in the T-shaped tube. After each test, the T-shaped tube
was cleaned with purified water to remove leaf residue and snail metabolites
to prevent possible interference with the next test. Each test lasted for 24 h.
The electivity frequency (Ef) was the ratio of the number of snails recorded
at one end to the total number of snails. The average Ef was used to
measure the choices of snails between the same species of mangrove leaves.

Growth of P. canaliculata after feeding on mangrove leaves
The growth of P. canaliculata with mangrove leaves was assessed by
examining the following indicators: weight increase ratio, survival ratio,
and egg mass quantity. The fresh leaves were cleaned with a filter paper
before the experiment. Each species of fresh leaf was placed separately in a
plastic chamber (40 cm × 30 cm × 23 cm) together with ten healthy snails
(height: 3.4 ± 0.2 cm). The growth test was performed in 6 replicates for
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Table 1. Measurement of plant characteristics.
Plant characteristics
Measurement
Crude fiber content
National Standards of China GB/T 5009.10-2003
Protein and total nitrogen content
National Standards of China GB 5009.5-2016
content, lignin content
the Klason method (Fukushima et al. 2015)
Tannin and total phenol content
EDTA method (Nierop and Verstraten 2006)
Wax content
chloroform volatilization method (Kitagami et al. 2013)
Chlorophyll content
ethanol extraction method (Li et al. 2000)
Leaf hardness
hardness meter (SHORE-A, China)
Leaf thickness
thickness gauge (YHT127, China)
Leaf shape (width, length, and area)
leaf area analyzer (LG16T-LI-3000C)

each kind of leaf. The tested leaves (49.8–50.5 g) and the artificial seawater
(6 L) in each chamber were replaced daily. The initial live weight (W1) and
the final live weight (W2) of the snails were determined using an electronic
balance, and the experiment lasted for 30 days. The weight increase ratio
was calculated as (W2–W1)/W1 × 100%. Dead snails were removed from
the chamber, and the final quantity (S) of dead snails was recorded (Martín
et al. 2008). The survival ratio of the snails was calculated after 30 days
using the equation of (10-S)/10 × 100%. The egg masses of the snails were
collected every day, and the total quantity of egg masses was recorded as
the total number of the clutches.

Determination of the chemical and physical characteristics
of mangrove leaves
The contents of crude fiber, protein, total nitrogen, lignin, tannin, total
phenol, wax, and chlorophyll were determined according to the published
methods (Table 1). The hardness, thickness, and shape characteristics of
mangrove leaves were measured using standard devices (Table 1). The
hardness, thickness, and leaf shape characteristics were repeatedly
measured 20 times on each leaf. Twenty mangrove leaves in total were used
for each leaf characteristic.

Statistical analyses
All statistical analyses were performed in SPSS 19.0 (SPSS Inc., USA) and R
software 4.0.3 (R Core Team 2020). A Levene test and Kolmogorov-Smirnov
test were used to assess the homogeneity of variances and normality of the
data. To compare the growth, feeding indicators (Ra, Rt, Fa, E, Ef) of
P. canaliculata and leaf characteristics, we used ANOVAs (Duncan’s or
Tamhane’s T2), nonparametric tests (Kruskal-Wallis with Dunn-Bonferroni),
and T-test. To analyze the relationship between feeding indicators and leaf
characteristics, we used linear fit through the function “lm” in the R package
of “stats” (R Core Team 2020). To analyze correlations between typical
feeding indicators and plant characteristics, we used Redundancy analyses
(RDA) through the R packages of “vegan”, “ggplot2”, and “ggrepel”
(Wickham 2009; Oksanen et al. 2019; Slowikowski 2020; R Core Team 2020).
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Figure 1. Ivlev’s Electivity indicator of Pomacea canaliculata on mangrove leaves. ANOVA
(Tamhane’s T2) was used in comparisons.

To detect the collinearity among the explanatory variables, we performed a
collinearity test through the function “ordistep” of R packages “vegan”
(Blanchet et al. 2008; Oksanen et al. 2019; R Core Team 2020). To analyze
the differentiation of feeding electivity of P. canaliculata on mangrove leaf,
we used Principal component analysis (PCA) through the function PCA,
fviz_eig, in R packages of “FactoMineR” and “factoextra” (Lê et al. 2008;
Kassambara and Mund 2017; R Core Team 2020).

Results
T-tube test electivity of P. canaliculata on the mangrove leaves
The P. canaliculata exhibited significantly different values of electivity
indicator (E) among the mangrove leaves (Figure 1), with E value being
highest for A. ilicifolius compared with A. aureum (p = 0.009), S. apetala
(p < 0.001), K. candel (p = 0.006), and A. corniculatum (p < 0.001). The E
value for A. corniculatum was lower than that of A. ilicifolius (p < 0.001),
S. apetala (p < 0.001), and A. corniculatum (p < 0.001). The P. canaliculata
showed a negative E value for the leaves of K. candel and A. corniculatum.
The E value of P. canaliculata for S. apetala was nearly zero.
A distinct difference existed in the average electivity frequency (Ef) and
pairwise Ef of P. canaliculata in the T-tube test (Figure 2). The average Ef
value of P. canaliculata decreased as follows: A. ilicifolius > A. aureum >
S. apetala > A. corniculatum, K. candel. There was a significant pairwise Ef
value for A. ilicifolius leaves than for leaves of other species. The lowest Ef
value was observed between K. candel and A. ilicifolius.
Cluster analysis showed the similarity in food electivity of P. canaliculata
to the mangrove leaves (Figure 3). The five species of mangrove leaves were
divided into three groups: A. ilicifolius and A. aureum; S. apetala; and
A. corniculatum and K. candel. Acanthus ilicifolius and A. aureum leaves
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Figure 2. Pairwise and average electivity frequency of Pomacea canaliculata in the T-tube
test; The electivity frequency (Ef) was the ratio of the number of snails recorded at one end to
the total number of snails. The average Ef was used to measure the choices of snails between
the same species of mangrove leaves. The value in the table was the frequency of species in the
column chosen by snails when compared with species in the row. Significant value was in bold
font. T-test was used in comparisons of electivity frequency. ANOVA (Duncan’s) was used to
compare the average electivity frequency of five species, including A. ilicifolius (Acanthus
ilicifolius), A. aureum (Acrostichum aureum), K. candel (Kandelia candel), A. corniculatum
(Aegiceras corniculatum), and S. apetala (Sonneratia apetala).

were both attractive to the apple snails, with a significant difference from
other mangrove leaves.

The feeding test of the apple snail on mangrove leaves
Pomacea canaliculata showed significantly different feeding behaviors on
the five species of mangrove in the non-selective and selective feeding tests
with respect to absolute feeding ratio (Ra), feeding rate per day (Rt), and
feeding amount per snail weight (Fa) (Figure 4) based on ANOVA
(Duncan’s or Tamhane’s T2). In the non-selective feeding test, the Fa and
Rt decreased as follows: A. ilicifolius > A. aureum, K. candel > S. apetala >
A. corniculatum. The Ra decreased in the following order: A. ilicifolius >
A. aureum > K. candel > S. apetala > A. corniculatum (p < 0.05). The three
indicators all showed that the snails fed mainly on A. ilicifolius leaves.
Regarding A. ilicifolius, the Ra reached 0.80 after 120 h. The Fa reached
0.08 g/g, indicating that A. ilicifolius accounted for up to 8% of snail individual
weight. The Ra was less than 0.05 when snails were fed A. corniculatum.
In the selective feeding test, the Ra decreased in the following order:
A. ilicifolius > A. aureum > K. candel, S. apetala > A. corniculatum (Figure 4).
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Figure 3. Electivity frequency cluster of Pomacea canaliculata in the T-tube test.

The highest Rt and Fa were observed for A. ilicifolius, and higher Rt and Fa
values were found for A. aureum and S. apetala than for A. corniculatum.
The P. canaliculata tended to feed on A. ilicifolius leaves when leaves from
different species were offered simultaneously. The patterns followed by Rt
and Fa were similar to those observed in the non-selective test. The
P. canaliculata still fed on very few A. corniculatum leaves.

The growth of P. canaliculata on mangrove leaves
The weight increase ratio, survival ratio, and quantity of egg masses of
P. canaliculata were significantly different among the five species of
mangrove (Figure 5). Based on ANOVA with Tamhane’s T2 (df = 29, F =
36.686, p < 0.001), the weight increase ratios of the snails that consumed
leaves of A. aureum were higher than those of the snails that consumed
leaves of K. candel (p = 0.001), S. apetala (p < 0.001), and A. corniculatum
(p < 0.001). The weight increase ratios of the snails that consumed leaves of
A. ilicifolius were also higher than those of the snails that consumed leaves
of K. candel (p = 0.003), S. apetala (p = 0.026), and A. corniculatum (p =
0.001). Based on ANOVA with Duncan’s (df = 29, F = 10.441, p < 0.001),
the survival ratios of the snails that consumed A. aureum, A. ilicifolius, and
S. apetala leaves were significantly higher than those of the snails that
consumed K. candel and A. corniculatum leaves. Based on Kruskal-Wallis
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Figure 4. Feeding rate per day (Rt, g d-1 g-1), absolute feeding ratio (Ra), feeding amount per snail weight (Fa, g g-1) of Pomacea
canaliculata on mangrove leaves under the selective (A, C, E, red box) and the non-selective (B, D, F, yellow box) conditions.
ANOVAs (Duncan’s or Tamhane’s T2) were used to compare the indicators among mangroves, including A. ilicifolius (Acanthus
ilicifolius), A. aureum (Acrostichum aureum), K. candel (Kandelia candel), A. corniculatum (Aegiceras corniculatum), and
S. apetala (Sonneratia apetala).

with Dunn-Bonferroni (df = 4, χ2 = 11.727, p = 0.019), a higher quantity of
egg masses of the snails fed A. ilicifolius was significantly higher than that
fed A. corniculatum (p = 0.017).

Correlation analysis between feeding electivity and chemical, physical
characteristics of mangrove leaf
The differences in chemical and physical characteristics of mangrove leaves
were analyzed. Based on Duncan’s Homogeneous Subsets, among the five
species of mangrove, the crude protein (df = 29, F = 8912.746, p < 0.001) and
Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

287

Electivity of invasive snails to mangrove leaves

Figure 5. Weight increase ratio (A, black), survival ratio (B, grey) and egg masses quantity
(C, white) of Pomacea canaliculata on mangrove leaves. ANOVA with Tamhane’s T2 (df = 29,
F = 36.686, p < 0.001) was used to compare the weight increase ratio. ANOVA with Duncan’s
(df = 29, F = 10.441, p < 0.001) was used to compare the survival ratio. The Kruskal-Wallis
with Dunn-Bonferroni (df = 4, χ2 = 11.727, p = 0.019) was used to compare the quantity of egg
masses.

Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

288

Electivity of invasive snails to mangrove leaves

total nitrogen contents (df = 29, F = 9465.516, p < 0.001) were both in the
order A. ilicifolius > A. aureum > S. apetala > K. candel > A. corniculatum
(Table S3). Based on Tamhane’s T2, the total phenolic contents (df = 29,
F = 382.231, p < 0.001) of A. corniculatum, S. apetala, and K. candel leaves
were higher than those of A. ilicifolius (p < 0.001) and A. aureum (p < 0.001).
The tannin contents (df = 29, F = 910.136, p < 0.001) of A. corniculatum,
S. apetala, and K. candel leaves were also higher than those of A. ilicifolius
(p < 0.001) and A. aureum (p < 0.001). The crude fiber contents (df = 29, F =
450.328, p < 0.001) of A. aureum and A. corniculatum were significantly
higher than those of other mangrove species, supported by p-value less than
0.001 for each comparison. The wax content (df = 29, F = 266.266, p < 0.001)
in A. ilicifolius leaves was significantly lower than that of A. aureum (p = 0.013),
S. apetala (p < 0.001), and K. candel (p < 0.001). The total chlorophyll content
(df = 29, F = 14.089, p < 0.001) of A. aureum was significantly lower than
that of A. ilicifolius (p < 0.001) and K. candel (p = 0.014), whereas the
chlorophyll a/b content (df = 29, F = 9.166, p < 0.001) of S. apetala was
higher than that of K. candel (p = 0.015), A. aureum (p = 0.017), and
A. ilicifolius (p < 0.001). Based on Duncan’s Homogeneous Subsets, the
lignin contents were in the order A. corniculatum > A. aureum > K. candel
> S. apetala > A. ilicifolius (df = 29, F = 513.837, p < 0.001).
Based on ANOVA with Tamhane’s T2, the hardness (df = 29, F = 20.365,
p < 0.001) of A. aureum leaves was lower than that of the leaves of A. ilicifolius
(p = 0.001) and A. corniculatum (df = 29, F = 513.837, p < 0.001) (Table S4).
Based on Duncan’s Homogeneous Subsets, the thickness of A. corniculatum
leaves was significantly lower than that of leaves of A. ilicifolius and S. apetala
(df = 29, F = 18.871, p < 0.001). The highest moisture was observed for
A. ilicifolius leaves (df = 29, F = 143.166, p < 0.001). The leaf areas of
A. ilicifolius and A. aureum were significantly higher than those of the
other mangrove leaves (df = 29, F = 80.720, p < 0.001). Based on Tamhane’s
T2, A. aureum leaves had the highest aspect ratio (df = 29, F = 94.261, p <
0.001) compared to A. corniculatum (p < 0.001), K. candel (p = 0.001), S.
apetala (p = 0.001), and A. ilicifolius (p = 0.004).
A significant relationship was observed between the leaf characteristics
and feeding electivity indicators. There was a significant linear relationship
between the chemical characteristics of the mangrove leaves, including the
lignin, nitrogen, phenolic, protein, and tannin contents, and the feeding
electivity indicators (Table S1). The lignin, tannin, and total phenol
contents were negatively correlated with the electivity indicators, and
higher r2 values were observed for the electivity indicators in the selective
test than in the non-selective test. The nitrogen and protein contents were
positively correlated with all the electivity indicators. High r2 values were
observed in the two tests. The total chlorophyll content was also positively
related to absolute feeding ratio and feeding rate per day in the non-selective
test. The leaf area and moisture characteristics both showed a significant
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Figure 6. Redundancy analyses (RDA) on the correlations between feeding electivity indicators
and plant characteristics. Fa and FaN (Feeding amount per snail weight in the selective and
non-selective test, g g-1); Ra and RaN (absolute feeding ratio in the selective and non-selective
test, g g-1); Rt and RtN (feeding rate per day in the selective and non-selective test, g d-1 g-1);
Ef (Electivity frequency); Ei (Ivlev’s Electivity indicator).

linear relationship with the feeding electivity indicators (Table S2). The
aspect ratio of the mangrove leaves was significantly correlated with E, Ef,
and Ra, Rt, and Fa in the non-selective test. The liner regression resulted in
higher r2 values for the moisture content than for the other characteristics.
RDA analysis was performed on significantly related traits and electivity
indicators (Figure 6). The results showed that the protein content, aspect
ratio, and leaf area were positively related to the indicators of Ef, E, Ra, Rt,
and Fa. The leaf area and total chlorophyll content were both positively
associated with indicators RtN (feeding rate per day in the non-selective test)
FaN (Feeding amount per snail weight in the non-selective test), and RaN
(absolute feeding ratio in non-selective test). The lignin and wax contents
were significantly negatively related to all the electivity indicators. RDA
confirmed that A. ilicifolius leaves were the preferred food for P. canaliculata.
A significant positive association was observed between A. ilicifolius leaves
and protein content, aspect ratio, leaf area, total chlorophyll content, and
the electivity indicators. A. corniculatum leaves were closely related to lignin
and wax contents, making them a non-preferred food for the P. canaliculata.
PCA was performed for the significantly correlated chemical and physical
characteristics of the five species of mangroves and feeding electivity indicators
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Figure 7. Principal component analysis (PCA) analysis between characteristics of mangroves
and feeding electivity indicators of the apple snail (Pomacea canaliculata); Embedded panel
represented the contribution ratio of each component.

(Figure 7). The two observed principal components (PCs), PC1 and PC2,
explained 70% and 14% variations of the variation, and their eigenvalues
both exceeded 1. PCA showed that mangrove leaves were significantly
clustered into five groups, indicating that P. canaliculata can discriminate
the mangrove leaves through chemical and physical characteristics.

Discussion
Survival and feeding on mangrove leaves under salt stress
Although P. canaliculata is a freshwater species, a recent study confirmed
that P. canaliculata can tolerate salinity stress of 4‰ with the alligator
weed (Alternanthera philoxeroides) as a food source (Yang et al. 2018).
Given that other Pomacea snail egg masses can survive and produce
hatchlings after being periodically submerged by tides (Martin and
Valentine 2014), the use of various macrophytes as a food source could
alter food webs and compromise mangrove conservation efforts. The
removal of dead individuals in the chamber led to a change in snail density.
However, such change did not affect the feeding of remaining snails as we
provided enough leaves and maintained the water quality. As a result, our
study demonstrated that P. canaliculata can survive by feeding on mangrove
leaves, although mangrove leaves are not as rich in nutrients as duckweed,
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as the latter is a common food source (Liu et al. 2012). This phenomenon
was related not only to the presence of necessary nutrients in the mangrove
leaves, which supported the normal metabolism of the snails, but also to
the starvation tolerance of the snails, as they feed very little when only
A. corniculatum leaves were provided. Pomacea canaliculata can survive
for 11 months under dry conditions and 29 months under moist conditions
without feeding (Yusa et al. 2006). Mangrove litter is an essential component
in the carbon cycle of mangroves, and the production of litter reached 11.8
Mg∙ha-1∙yr-1(Kamruzzaman et al. 2017). As a result, the mangrove litter is a
potential food source of P. canaliculata in low-salinity mangrove habitats,
consistent with field observations of P. canaliculata in brackish wetlands
near the shore (Letelier et al. 2016).

The feeding electivity of P. canaliculata on mangrove leaves
Little research has discussed the feeding electivity of P. canaliculata on
mangrove leaves, and reports have mainly focused on freshwater macrophytes
(Fang et al. 2010; Wong et al. 2010; Horgan et al. 2014). Pomacea canaliculata
can compete with native benthic snails by monopolizing food resources in
freshwater habitats (Fang et al. 2010). We found that P. canaliculata could
feed on various mangrove leaves, indicating they have a competitive
advantage over native mangrove animals, as they also selectively feed on
mangrove leaves by discerning differences by smell (Fratini et al. 2001).
Based on the water temperature in winter (2002–2011) (Liu 2013), the
mean winter water temperature in this region where we sampled was over
25 °C. By contrast we found that water temperature ranged from 15.5 to
25.5 °C at the sampling location in 2018. A previous study found that food
consumption of P. canaliculata lowered when the water temperature
decreased from 25 °C to 15 °C (Bae et al. 2021). We speculated that
P. canaliculata could feed on mangrove leaves in Guangzhou wetlands but
grazing may be reduced from slight low-temperature stress in winter.
Considering the cold tolerance of P. canaliculata after acclimation
(Yoshida et al. 2014), the P. canaliculata could outcompete native benthic
animals by utilizing mangrove leaves. Benthic snails play an important role in
litter decomposition in mangrove ecosystems. Adult Terebralia palustris was
shown to consume 10.5 mangrove leaves at a density of 10.5 individual m-2 in
a Rhizophora mucronata forest (Fratini et al. 2004). Similarly, P. canaliculata
could function in litter decomposition, altering the benthic food web and
accelerating the nutrient cycle. The P. canaliculata possibly showed a
comprehensive impact on mangrove wetland.
The coexistence of leaves from multiple mangrove species in the
selective test changed the feeding behavior of P. canaliculata. The increase
in Ra (absolute feeding ratio) showed that P. canaliculata tended to feed
more on the preferred food under competitive conditions. The decrease in
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Rt (feeding rate per day per snail) and Fa (feeding amount per snail
weight) indicated that the intraspecific competition adversely affected the
food consumption and digestion of each individual. A different feeding
phenomenon was observed for the leaves of the least preferred species
(A. corniculatum). Pomacea canaliculata had no choice but to feed on
A. corniculatum leaves when leaves from other species were not provided;
this finding was supported by the increased Ra value and the unchanged Rt
and Fa values.
Slight differences occurred in the electivity of P. canaliculata among the
three kinds of feeding tests. Pomacea. canaliculata showed a higher Ef
(electivity frequency) for A. aureum than for S. apetala and K. candel.
There was no significant difference in the value of the indictor E (electivity
indicator) of S. apetala, A. aureum, and K. candel. The P. canaliculata did
not consume all the A. ilicifolius leaves in the non-selective test, whereas
the feeding ratio of A. ilicifolius in the selective test reached 100.00%. This
phenomenon indicated that P. canaliculata adjusted their electivity by
feeding on a substitute species according to food availability. A possible
reason for this pattern was that competitive intensity varied between the
feeding tests, and strong intraspecific competition existed when the leaves
of the mangrove species were mixed in the selective test. Native snails or
crabs commonly have distinct feeding electivity on the mangrove leaves.
The mangrove snail Terebralia palustris can consume seven species of
mangrove leaves; they prefer Rhizophoraceae leaves and do not consume
leaves of Xilocarpus granatum (Fratini et al. 2008). The intertidal crabs
Neosarmatium smithi, N. asiaticum, N. malabaricum, and Muradium
tetragonum tended to collect more leaves from Bruguiera spp. and Rhizophora
apiculata than from Excoecaria agallocha (Cannicci et al. 2018). We
speculated that P. canaliculata may adjust its feeding electivity and conflict
with benthic animals in local habitats when food sources are limited.
Invasion by P. canaliculata may have led to nutritional niche differentiation
among native benthic animals.

Relationship between feeding patterns and the characteristics of the
mangrove leaves
There was no significant correlation between the crude fiber contents of
the mangrove leaves and the electivity indicators. The strong digestive
capacity of P. canaliculata was related to endogenous cellulose (Imjongjirak
et al. 2008). The cellulase activity of the mangrove snail (Cerithidea cingulate)
was approximately 0.1 μmol∙min-1∙mg-1, which was far lower than the average
cellulase activity of the apple snail (approximately 2.0 μmol∙min-1∙mg-1)
(Chen et al. 2013; Liu et al. 2014; Luo et al. 2015; Imjongjirak et al. 2008).
Moreover, the cellulase activities (0.2–0.7 μmol∙min-1∙mg-1) of the mangrove
benthic snails Cerithidea rhizophorarum, C. cingulata, Batillaria multiformis,
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and B. attramentaria were also significantly lower than those of P. canaliculata
(Chen et al. 2013; Liu et al. 2014; Luo et al. 2015). Mangrove leaves are
often rich in cellulose, and cellulose reached 10.6% in Ceriops tagal leaves
(Neilson and Richards 1989). Compared to the native benthic snail,
P. canaliculata had an advantage in terms of their ability to digest the
cellulose in mangrove leaves, which may have led to a competitive feeding
pressure against the native benthic snails.
Tannins and phenols are chemical defense substances in mangrove
leaves, which have antioxidant and bacteriostatic activities (Nabeelah Bibi
et al. 2019). Tannin negatively affected the feeding electivity of Sesarma
plicata for mangrove leaves of K. candel, Bruguiera gymnorrhiza, and
A. corniculatum (Chen and Ye 2008). We also found that the preferred
leaves (A. ilicifolius) had the lowest total phenol and tannin contents,
suggesting that the vulnerability of mangrove forests to P. canaliculata was
closely related to mangrove species. The snails avoided or fed less on
A. corniculatum leaves due to their high contents of tannin and total phenolic.
However, a previous study of P. canaliculata reported no significant
correlation between feeding rate and phenol content in wetland plants, in
that study, the total phenol contents of the tested plants (over 75%) were
0.6–7.5% (Wong et al. 2010). Here, the total phenol content of the mangrove
leaves was 60–140 mg∙g-1, which was higher than that in previously
recorded for freshwater plants. We concluded that there was a negative
correlation between the feeding electivity of P. canaliculata and the phenol
contents of the mangrove leaves.
We found that P. canaliculata preferred the mangrove leaves rich in
nitrogen, similar to the feeding electivity of the mangrove crabs. The
feeding patterns of eight species of crabs were closely related to the
nitrogen compounds in mangrove leaves (Nordhaus et al. 2011). Pomacea
canaliculata preferred freshwater plants with high nitrogen contents
(Wong et al. 2010). Our result indicated that salinity stress did not change
the demand of P. canaliculata for plant nitrogen.
There was a significantly positive correlation between the moisture of
the mangrove leaves and the electivity indicators. In freshwater habitats,
the feeding of P. canaliculata was negatively related to the dry matter of 21
wetland plants, indicating a positive correlation between the leaf moisture
and feeding electivity (Wong et al. 2010). A mangrove crab (Perisesarma
eumolpe) showed a preference to the high-moisture leaves of Ceriops decandra,
partly due to the ability of the low-salinity fluid in these leaves to alleviate
stress (Aminuddin and Arai 2017). We found that the leaf area and leaf
aspect ratio both influenced the feeding of snails. Leaves with a larger area
and a longer length could provide a convenient location for feeding and
were conducive to adhering behavior, which indirectly promoted the
feeding of P. canaliculata on the mangrove leaves.
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RDA showed the feeding of P. canaliculata was strongly affected by the
mangrove leaf characteristics. The five species of mangrove were clearly
differentiated in the feeding test, as confirmed by PCA. The snails could
distinguish among the species of leaves in the invaded habitat. These five
mangroves of A. ilicifolius, A. aureum (Wang et al. 2003), Kandelia candel
(Sun et al. 1998), Aegiceras corniculatum (Wei et al. 2008), Sonneratia
apetala (Ren et al. 2008) are widely distributed in South China coast. We
speculated that mangroves composed of A. ilicifolius and A. aureum might
be vulnerable to P. canaliculata. Meanwhile, the mangrove composed of
the other three species, if coexisting with A. ilicifolius or A. aureum, may
also become the new invaded habitats due to the available leaf litter for the
snails. The feeding electivity of P. canaliculata was both influenced by the
physical and chemical characteristics of the mangrove leaves. The complex
natural environment, fluctuations in water quality, and the presence of
nonspecific natural enemies may cause changes in the feeding behaviors of
P. canaliculata in a mangrove forest. As an omnivorous animal, Pomacea
canaliculata can survive by feeding algae, phytoplankton, and plant
materials (Horgan et al. 2014). Mangrove wetlands are rich in organic
residues and algae, which possibly become food sources for P. canaliculata.
Pomacea canaliculata could become a crucial primary consumer in the
food chain of mangrove ecosystems. The spread of P. canaliculata in
mangroves may pose a risk to native benthic animals by competing for
food. However, the feeding behaviors of P. canaliculata could adversely
improve the nutrients release of plant litter to the environment. Further
studies including gut contents analysis and stable isotopes method can
improve the understanding of the role of P. canaliculata in mangrove
ecosystems.

Acknowledgements
We would like to thank the undergraduates in environmental ecological engineering of
Guangdong University of Education for the assistance of samplings in mangrove wetlands. We
thank anonymous reviewers for their valuable comments on the manuscript.

Funding declaration
This work is supported by National Natural Science Foundation of China (32001237;
31770484); Guangdong Natural Science Foundation (2019A1515110719; 2016A030313410);
Guangdong Funds for Young Teachers (YQ2015026; 2015KQNCX108); Pearl River Nova
Program (201506010042); Undergraduate Innovation Program (S201914278040).

Data availability statement
The data presented in this study are available at https://figshare.com/s/eb821470ab57e89495fb.

Authors’ contribution
Jinling Liu: conceptualization, formal analysis, investigation, writing – original draft; Benliang
Zhao: conceptualization, review and editing, supervision; Yunhui Li: formal analysis,
investigation; Xiaoyu Deng: resources, investigation; Yue Qiao: resources, investigation;
Jingting Xu: resources; Siqi Xu: resources.

Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

295

Electivity of invasive snails to mangrove leaves

References
Alongi DM (2018) Impact of global change on nutrient dynamics in mangrove forests. Forests
9: 596, https://doi.org/10.3390/f9100596
Aminuddin NJM, Arai T (2017) Feeding preferences of the sesarmid crab, Perisesarma eumolpe
in mangrove wetlands. Vie Et Milieu-Life and Environment 67: 167–171
Bae MJ, Kim EJ, Park YS (2021) Comparison of invasive apple snail (Pomacea canaliculata)
behaviors in different water temperature gradients. Water 13: 1149, https://doi.org/10.3390/
w13091149

Behbahani BA, Yazdi FT, Shahidi F, Noorbakhsh H, Vasiee A, Alghooneh A (2018)
Phytochemical analysis and antibacterial activities extracts of mangrove leaf against the
growth of some pathogenic bacteria. Microbial Pathogenesis 114: 225–232, https://doi.org/
10.1016/j.micpath.2017.12.004

Bernatis JL, Mcgaw IJ, Cross CL (2016) Abiotic tolerances in different life stages of apple
snails Pomacea canaliculata and Pomacea maculata and the implications for distribution.
Journal of Shellfish Research 35: 1013–1025, https://doi.org/10.2983/035.035.0424
Bigatti G, Miloslavich P, Penchaszadeh PE (2005) Sexual differentiation and size at first
maturity of the invasive mussel Perna viridis (Linnaeus, 1758) (Mollusca: Mytilidae) at La
Restinga Lagoon (Margarita Island, Venezuela). American Malacological Bulletin 20: 65–69
Burgosrodriguez JA, Avilesrodriguez KJ, Kolbe JJ (2016) Effects of invasive Green Iguanas
(Iguana iguana) on seed germination and seed dispersal potential in southeastern Puerto
Rico. Biological Invasions 18: 2775–2782, https://doi.org/10.1007/s10530-016-1190-6
Blanchet FG, Legendre P, Borcard D (2008) Forward selection of explanatory variables.
Ecology 89: 2623–2632, https://doi.org/10.1890/07-0986.1
Cannicci S, Fusi M, Cimo F, Dahdouhguebas F, Fratini S (2018) Interference competition as a
key determinant for spatial distribution of mangrove crabs. BMC Ecology 18: 8,
https://doi.org/10.1186/s12898-018-0164-1

Celis-Hernandez O, Giron-Garcia MP, Ontiveros-Cuadras JF, Canales-Delgadillo JC, Ward R,
Pérez-Ceballos RY, Acevedo-Gonzales O, Armstrong-Altrin JS, Merino-Ibarra M (2020)
Environmental risk of trace elements in mangrove ecosystems: An assessment of natural vs
oil and urban inputs. Science of the Total Environment 730: 138643, https://doi.org/10.
1016/j.scitotenv.2020.138643

Chen G, Ye Y (2008) Leaf consumption by Sesarma plicata in a mangrove forest at Jiulongjiang
Estuary, China. Marine Biology 154: 997–1007, https://doi.org/10.1007/s00227-008-0990-3
Chen GC, Yu D, Ye Y, Chen B (2013) Impacts of mangrove vegetation on macro-benthic faunal
communities. Acta Ecologica Sinica 33: 327–336, https://doi.org/10.5846/stxb201111091699
Deb M, Ferreira CM (2017) Potential impacts of the Sunderban mangrove degradation on
future coastal flooding in Bangladesh. Journal of Hydro-environment Research 17: 30–46,
https://doi.org/10.1016/j.jher.2016.11.005

Dineen JF, Clark PF, Hines AH, Reed SA, Walton HP (2001) Life history, larval description,
and natural history of Charybdis hellerii (Decapoda, Brachyura, Portunidae), an invasive
crab in the Western Atlantic. Journal of Crustacean Biology 21: 774–805, https://doi.org/10.
1163/20021975-99990173

Fang L, Wong, PK, Lin L, Lan CY, Qiu JW (2010) Impact of invasive apple snails in Hong
Kong on wetland macrophytes, nutrients, phytoplankton and filamentous algae. Freshwater
Biology 55: 1191–1204, https://doi.org/10.1111/j.1365-2427.2009.02343.x
Faraco LFD, Ghisi CL, Marins M, Ota S, Schuhli GS (2019) Infestation of mangroves by the
invasive moth Hyblaea puera (Cramer, 1777) (Lepidoptera: Hyblaeidae). Brazilian Archives
of Biology and Technology 62: e19170516, https://doi.org/10.1590/1678-4324-2019170516
Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA primers for amplification of
mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates.
Molecular Marine Biology and Biotechnology 3: 294–299
Fratini S, Caimicci S, Vannini M (2001) Feeding clusters and olfaction in the mangrove snail
Terebralia palustris (Linnaeus) (Potamididae: Gastropoda). Journal of Experimental Marine
Biology and Ecology 261: 173–183, https://doi.org/10.1016/S0022-0981(01)00273-8
Fratini S, Vigiani V, Vannini M, Cannicci S (2004) Terebralia palustris (Gastropoda; Potamididae) in
a Kenyan mangal: size structure, distribution and impact on the consumption of leaf litter.
Marine Biology 144: 1173–1182, https://doi.org/10.1007/s00227-003-1282-6
Fratini S, Vannini M, Cannicci S (2008) Feeding preferences and food searching strategies
mediated by air- and water-borne cues in the mud whelk Terebralia palustris (Potamididae:
Gastropoda). Journal of Experimental Marine Biology and Ecology 362: 26–31,
https://doi.org/10.1016/j.jembe.2008.05.008

Fukushima RS, Kerley MS, Ramos MH, Porter JH, Kallenbach RL (2015) Comparison of
acetyl bromide lignin with acid detergent lignin and klason lignin and correlation with in
vitro forage degradability. Animal Feed Science & Technology 201: 25–37, https://doi.org/10.
1016/j.anifeedsci.2014.12.007

Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

296

Electivity of invasive snails to mangrove leaves

Garside CJ, Bishop MJ (2014) The distribution of the European shore crab, Carcinus maenas,
with respect to mangrove forests in southeastern Australia. Journal of Experimental Marine
Biology & Ecology 461: 173–178, https://doi.org/10.1016/j.jembe.2014.08.007
Glorioso BM, Waddle JH, Crockett ME, Rice KG, Percival HF (2010) Diet of the invasive
Cuban Treefrog (Osteopilus septentrionalis) in pine rockland and mangrove habitats in
South Florida. Caribbean Journal of Science 46: 346–355, https://doi.org/10.18475/cjos.v46i2.a25
Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic Acids Symposium Series 41: 95–98
Hayes KA, Joshi RC, Thiengo SC, Cowie RH (2008) Out of South America: multiple origins of
non-native apple snails in Asia. Diversity and Distributions 14: 701–712, https://doi.org/10.
1111/j.1472-4642.2008.00483.x

Horgan FG, Stuart AM, Kudavidanage EP (2014) Impact of invasive apple snails on the
functioning and services of natural and managed wetlands. Acta Oecologica 54: 90–100,
https://doi.org/10.1016/j.actao.2012.10.002

Imjongjirak C, Amparyup P, Sittipraneed S (2008) Cloning, genomic organization and expression
of two glycosyl hydrolase family 10 (GHF10) genes from golden apple snail (Pomacea
canaliculata). Dna Sequence 19: 224–236, https://doi.org/10.1080/10425170701517911
Ivlev VS (1961) Experimental ecology of the feeding of fishes. Yale University Press, New
Haven, Connecticut, 302 pp
Joshi RC, Sebastian LS (eds) (2006) Global advances in ecology and management of golden
apple snails. Philippine Rice Research Institute, Nueva Ecija, Philippines, 588 pp
Kamruzzaman M, Osawa A, Deshar R, Sharma S, Mouctar K (2017) Species composition,
biomass, and net primary productivity of mangrove forest in Okukubi River, Okinawa Island,
Japan. Regional Studies in Marine Science 12: 19–27, https://doi.org/10.1016/j.rsma.2017.03.004
Kassambara A, Mundt F (2017) Factoextra: Extract and visualize the results of multivariate data
analyses. R package version 1.0.5, https://CRAN.R-project.org/package=factoextra
Kitagami JT, Salatino A, Guerreiro-Filho O, Salatino MLF (2013) Foliar cuticular waxes of
cultivated species and varieties of coffea. Biochemical Systematics and Ecology 46: 116–
119, https://doi.org/10.1016/j.bse.2012.09.012
Kwong KL, Dudgeon D, Wong PK, Qiu JW (2010) Secondary production and diet of an invasive
snail in freshwater wetlands: implications for resource utilization and competition.
Biological Invasions 12: 1153–1164, https://doi.org/10.1007/s10530-009-9537-x
Lê S, Josse J, Husson F (2008) FactoMineR: An R package for multivariate analysis. Journal of
Statistical Software 25: 1–18, https://doi.org/10.18637/jss.v025.i01
Letelier S, Rebolledo A, Pedro Báez Fabres A, Soto-Acuña S, Jackson D, Mansilla P, Collado
GA (2016) The highly invasive freshwater apple snail Pomacea canaliculata (Gastropoda:
Ampullariidae) in northern Chile: morphological and molecular confirmation. The Journal
of Zoology Studies 3: 119–128
Li HS, Sun Q, Zhao SJ, Zhang WH (2000) The principle and technology of plant physiology
and biochemistry experiment. Higher Education Press, Beijing, 279 pp
Liu D, Hu JF, Horvath DP, Zhang XJ, Bian XY, Chang GL, Sun XH, Tian J (2012) Invasions
and impacts of alligator weed in the upper Xiaoqing river basin of northern China. Journal
of Aquatic Plant Management 50: 19–24
Liu JY (2013). Status of Marine Biodiversity of the China Seas. PLoS ONE 8: e50719,
https://doi.org/10.1371/journal.pone.0050719

Liu W, Tanimura A, Imai T, Kanaya G, Niiyama T, Maegawa S, Kohzu A, Kimura T, Toyohara H
(2014) Distribution of gastropods in a tidal flat in association with digestive enzyme
activities. Plankton and Benthos Research 9: 156–167, https://doi.org/10.3800/pbr.9.156
Lowe S, Browne M, Boudjelas S, Poorter MD (2000) 100 of the world’s worst invasive alien
species: a selection from the global invasive species database. Invasive Species Specialist
Group, Auckland, New Zealand, 12 pp
Luo MZ, Zhang JE, Hu JL, Zhao BL (2015) Comparative study on the digestive enzyme
activities between golden apple snails (Pomacea canaliculata) and local field snails
(Cipangopaludina chinensis). Acta Ecologica Sinica 35: 3580–3587 [in Chinese with
English abstract], https://doi.org/10.5846/stxb201307111879
Lv S, Zhang Y, Steinmann P, Yang GJ, Yang K, Zhou XN, Utzinger J (2011) The emergence of
angiostrongyliasis in the People’s Republic of China: the interplay between invasive snails,
climate change and transmission dynamics. Freshwater Biology 56: 717–734, https://doi.org/
10.1111/j.1365-2427.2011.02579.x

Ma W, Wang M, Wang WQ, Liu Y, Luo LQ, Tang CY (2018) Biodiversity of mangrove
mollusks in the west coast of Hainan Island, China. Biodiversity Science 26: 707–716 [in
Chinese with English abstract], https://doi.org/10.17520/biods.2018104
Martin CW, Valentine JF (2014) Tolerance of embryos and hatchlings of the invasive apple
snail Pomacea maculata to estuarine conditions. Aquatic Ecology 48: 321–326,
https://doi.org/10.1007/s10452-014-9486-z

Martín RS, Ndjoko K, Hostettmann K (2008) Novel molluscicide against Pomacea canaliculata
based on quinoa (Chenopodium quinoa) saponins. Crop Protection 27: 310–319,
https://doi.org/10.1016/j.cropro.2007.03.015

Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

297

Electivity of invasive snails to mangrove leaves

Nabeelah Bibi S, Fawzi MM, Gokhan Z, Rajesh J, Nadeem N, Kannan RRR, RDDG A, Pandian
SK (2019) Ethnopharmacology, phytochemistry, and global distribution of mangroves - a
comprehensive review. Marine Drugs 17: 231, https://doi.org/10.3390/md17040231
Neilson MJ, Richards GN (1989) Chemical composition of degrading mangrove leaf litter and
changes produced after consumption by mangrove crab Neosarmatium smithi (Crustacea:
Decapoda: Sesarmidae). Journal of Chemical Ecology 15: 1267–1283, https://doi.org/10.
1007/BF01014829

Nierop KGJ, Verstraten JM (2006) Fate of tannins in Corsican pine litter. Journal of Chemical
Ecology 32: 2709–2719, https://doi.org/10.1007/s10886-006-9194-9
Nordhaus I, Salewski T, Jennerjahn TC (2011) Food preferences of mangrove crabs related to
leaf nitrogen compounds in the Segara Anakan Lagoon, Java, Indonesia. Journal of Sea
Research 65: 414–426, https://doi.org/10.1016/j.seares.2011.03.006
Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O’Hara RB,
Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H (2019) vegan: Community
Ecology Package. R package version 2.5-6, https://CRAN.R-project.org/package=vegan
Ouyang X, Lee SY, Connolly RM (2017) The role of root decomposition in global mangrove
and saltmarsh carbon budgets. Earth-Science Reviews 166: 53–63, https://doi.org/10.1016/
j.earscirev.2017.01.004

Qiu J, Kwong K (2009) Effects of macrophytes on feeding and life-history traits of the invasive
apple
snail
Pomacea
canaliculata.
Freshwater
Biology
54:
1720-1730,
https://doi.org/10.1111/j.1365-2427.2009.02225.x
R Core Team (2020) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/
Ren H, Jian SG, Lu HF (2008) Restoration of mangrove plantations and colonisation by native
species in Leizhou bay, South China. Ecological Research 23: 401–407, https://doi.org/10.
1007/s11284-007-0393-9

Romanach SS, Deangelis DL, Koh HL, Li Y, Teh SY, Barizan RS, Zhai L (2018) Conservation
and restoration of mangroves: Global status, perspectives, and prognosis. Ocean & Coastal
Management 154: 72–82, https://doi.org/10.1016/j.ocecoaman.2018.01.009
Roy HE, Rabitsch W, Scalera R, Stewart A, Gallardo B, Genovesi P, Essl F, Adriaens T,
Bacher S, Booy O, Branquart E, Brunel S, Copp GH, Dean H, D’hondt B, Josefsson M,
Kenis M, Kettunen M, Linnamagi M, Lucy F, Martinou A, Moore N, Nentwig W, Nieto A,
Pergl J, Peyton J, Roques A, Schindler S, Schönrogge K, Solarz W, Stebbing PD,
Trichkova T, Vanderhoeven S, van Valkenburg J, Zenetos A (2018) Developing a
framework of minimum standards for the risk assessment of alien species. Journal of
Applied Ecology 55: 526–538, https://doi.org/10.1111/1365-2664.13025
Russell DJ, Thuesen PA, Thomson FE (2012) Reproductive strategies of two invasive tilapia
species Oreochromis mossambicus and Tilapia mariae in northern Australia. Journal of
Fish Biology 80: 2176–2197, https://doi.org/10.1111/j.1095-8649.2012.03267.x
Sancho G, Kingsleysmith PR, Morris JA, Toline CA, Mcdonough V, Doty SM (2018) Invasive
Lionfish (Pterois volitans/miles) feeding ecology in Biscayne National Park, Florida, USA.
Biological Invasions 20: 2343–2361, https://doi.org/10.1007/s10530-018-1705-4
Seuffert ME, Martin PR (2009) Dependence on aerial respiration and its influence on micro
distribution in the invasive freshwater snail Pomacea canaliculata (Caenogastropoda,
Ampullariidae). Biological Invasions 12: 1695–1708, https://doi.org/10.1007/s10530-009-9582-5
Silvaoliveira GC, Ready JS, Iketani G, Bastos SN, Gomes G, Sampaio I, Maciel CR (2011) The
invasive status of Macrobrachium rosenbergii (De Man, 1879) in Northern Brazil, with an
estimation of areas at risk globally. Aquatic Invasions 6: 419–428, https://doi.org/10.3391/
ai.2011.6.3.08

Slowikowski K (2020) ggrepel: Automatically position non-overlapping text labels with
‘ggplot2’. R package version 0.8.2, https://CRAN.R-project.org/package=ggrepel
Sun M, Wong KC, Lee JSY (1998) Reproductive biology and population genetic structure of
Kandelia candel (Rhizophoraceae), a viviparous mangrove species. American Journal of
Botany 85: 1631–1637, https://doi.org/10.2307/2446492
Taillardat P, Ziegler AD, Friess DA, Widory D, David F, Ohte N, Nakamura T, Evarist J,
Thanh-Nho N, Vinh TV, Marchand C (2019) Assessing nutrient dynamics in mangrove
porewater and adjacent tidal creek using nitrate dual-stable isotopes: A new approach to
challenge the Outwelling Hypothesis? Marine Chemistry 214: 103662, https://doi.org/10.
1016/j.marchem.2019.103662

Takeichi M, Hirai Y, Yusa Y (2007) A water-borne sex pheromone and trail following in the
apple snail, Pomacea canaliculata. Journal of Molluscan Studies 73: 275–278,
https://doi.org/10.1093/mollus/eym027

Torres GG, Figueroagalvis I, Munozgarcia A, Polania J, Vanegas J (2019) Potential bacterial
bioindicators of urban pollution in mangroves. Environmental Pollution 225: 113293,
https://doi.org/10.1016/j.envpol.2019.113293

Wickham H (2009) ggplot2: Elegant graphics for data analysis, Springer-Verlag, New York,
212 pp, https://doi.org/10.1007/978-0-387-98141-3_1

Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

298

Electivity of invasive snails to mangrove leaves

Wang BS, Liang SC, Zhang WY, Zan QJ (2003) Mangrove flora of the world. Acta Botanica
Sinica 45: 644–653
Wei LL, Yan CL, Guo XY, Ye BB (2008) Variation in the δ13C of two mangrove plants is
correlated with stomatal response to salinity. Journal of Plant Growth Regulation 27: 263–
269, https://doi.org/10.1007/s00344-008-9054-7
Wong PK, Liang Y, Liu NY, Qiu J (2010) Palatability of macrophytes to the invasive freshwater
snail Pomacea canaliculata: differential effects of multiple plant traits. Freshwater Biology
55: 2023–2031, https://doi.org/10.1111/j.1365-2427.2010.02458.x
Yang Q, Liu S, He C, Yu X (2018) Distribution and the origin of invasive apple snails,
Pomacea canaliculata and P. maculata (Gastropoda: Ampullariidae) in China. Scientific
Reports 8: 1–8, https://doi.org/10.1038/s41598-017-19000-7
Yang S, Zhong JR, Zhao LL, Wu H, Du ZJ, Liu Q, Zhang JE, Yan TM, Huang XL (2017) The
salinity tolerance of the invasive golden apple snail (Pomacea canaliculata). Molluscan
Research 38: 1–9, https://doi.org/10.1080/13235818.2017.1386260
Yoshida K, Matsukura K, Cazzaniga NJ, Wada T (2014) Tolerance to low temperature and
desiccation in two invasive apple snails, Pomacea canaliculata and P. maculata
(Caenogastropoda: Ampullariidae), collected in their original distribution area (northern and
central Argentina). Journal of Molluscan Studies 80: 62–66, https://doi.org/10.1093/mollus/eyt042
Yusa Y, Wada T, Takahashi S (2006) Effects of dormant duration, body size, self-burial and
water condition on the long-term survival of the apple snail, Pomacea canaliculata
(Gastropoda Ampullariidae). Applied Entomology and Zoology 41: 627–632, https://doi.org/
10.1303/aez.2006.627

Supplementary material
The following supplementary material is available for this article:
Figure S1. The sampling location and the apple snails.
Figure S2. T-shaped tube device used in the feeding electivity test.
Table S1. Linear regression parameters of chemical traits of mangrove leaf and electivity indicators.
Table S2. Linear regression parameters of physical traits of mangrove leaves and electivity indicators.
Table S3. Chemical characteristics of mangrove leaf in the feeding electivity test.
Table S4. Physical characteristics of mangrove leaf in the feeding electivity test.
This material is available as part of online article from:
http://www.reabic.net/aquaticinvasions/2022/Supplements/AI_2022_Liu_Zhao_SupplementaryTables.xlsx
http://www.reabic.net/aquaticinvasions/2022/Supplements/AI_2022_Liu_Zhao_SupplementaryFigures.pdf

Liu et al. (2022), Aquatic Invasions 17(2): 277–299, https://doi.org/10.3391/ai.2022.17.2.09

299

