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Abstract: Global change is the origin of increased occurrence of disturbance events in natural com-
munities, with biological invasions constituting a major threat to ecosystem integrity and functioning.
The apple snail (Pomacea maculata) is a freshwater gastropod mollusk from South America. Con-
sidered one of the 100 most harmful invasive species in the world, due to its voracity, resistance,
and high reproductive rate, it has become a global problem for wetland crops. In Catalonia, it has
affected the rice fields of the Ebre Delta since 2010 with significant negative impact on the local
economy. As a gastropod mollusc it possesses statocysts consisting of a pair of sacs, one located
on each side of the foot, that contain multiple calcium carbonate statoconia. This study shows the
first ultrastructural images of pathological changes in the sensory epithelium of the statocyst of
apple snail adults with an increase in the severity of the lesions over time after exposure to low
frequency sounds. Sound-induced damage to the statocyst could likely result in an inhibition of its
vital functions resulting in a potential reduction in the survival ability of the apple snail and lead to
an effective mitigation method for reducing damage to rice fields.

Keywords: apple snail; Pomacea maculata; acoustic trauma; scanning electron microscopy; invasive
species; plague; mitigation method

1. Introduction

The introduction of invasive biological species as a result of globalization represents a
worldwide threat to the integrity of ecosystems. Invasive species are one of the main causes
of biodiversity loss, as they are the second main cause of species extinction, especially in
ecosystems that are geographically and evolutionarily isolated, such as small islands [1,2].
To understand the factors that determine the success of the invasion and its effects on
native species most studies have focused on individual species or taxonomic groups. As a
result of trophic and non-trophic interactions (e.g., mutualism) invasions can profoundly
alter the structure of the entire food web [3]. A holistic view of the problem that considers
species interactions within trophic networks can contribute to a better understanding of the
effects of invasions on complex communities. Aspects to be considered in this global view
are the local biodiversity, diet amplitude, number of predators, or bioenergetic thresholds
below which invasive and native species become extinct [3,4]. Simpler food webs are more
vulnerable to invasions and relatively isolated mammals are amongst the most successful
invaders. Invasive species modify the food web structure by decreasing biodiversity [4].
Resident species, on the other hand, evolve to try to tolerate or exploit invaders, a process
that can lead to a more well-adjusted food web and may help to avoid extinctions [3]. A
comprehensive approach identifies combinations of trophic factors that facilitate or prevent
the introduction of new species and provides contrasting predictions about their effects on
the structure and dynamics of ecosystems [4], enabling global problem management.

Another aspect to consider is climate change. Global warming allows alien species
to settle in new ecosystems by locally increasing temperatures or eliminating the winter
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hypoxia that prevented their survival in the past [5]. In addition, global warming is
increasing the competitive and predatory effects of invasive species on native ones and will
enhance the virulence of some diseases [5]. Invasive species may constitute a health risk,
such as the introduction of disease and parasite vectors that can lead to global pandemics,
and/or an economic risk, as in the case of agricultural pests. Predation is the most dramatic
damage to invaded ecosystems and often affects primary producers [3].

The apple snail (Pomacea maculata) is a freshwater gastropod mollusc (Ampullariidae)
from the Amazon basin (Brazil, Bolivia and Argentina). Considered one of the 100 most
harmful invasive species in the world, due to its voracity, resistance, and high reproductive
rate it has become a global problem (USA, Southeast Asia (China, Japan, Taiwan, Cambodia,
Malaysia, Pakistan, and the Philippines), Israel and Europe (Spain and Belgium)) for
wetland crops [6-8] (Figure 1).
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Figure 1. (A): P. maculata world distribution. Reproduced with permission from CABI 2021 [8] (B): Different images of P.
maculata specimens used in the experiments.

There are two vectors that increase the risk of introduction of P. maculata in new
habitats, the aquaculture industry and the aquarium trade. The necessity of replacing
expensive sources of protein with cheaper alternatives at the global level has resulted in
the deliberate introduction of apple snail into new areas (from South America to Asia) as a
potential source of food [9]. But in Asia the market for P. maculata did not develop because
it was not well liked as a food [10]. The deliberate release into agricultural or natural



J. Mar. Sci. Eng. 2021, 9, 969

30f15

ecosystems and the abandonment of snail farms allowed P. maculata specimens to escape
and become agricultural pests. The pet trade has been another cause of the introduction of
apple snails. Pet stores receive freshwater snails from multiple sources. P. maculata was
probably introduced in the southeastern USA, Belgium, Israel, and Spain via the aquarium
trade [11-14]. Once introduced, P. maculata spreads naturally by floating in canals and
rivers, during flooding or by attaching to birds, as has been reported in Hawaii [15]. People
may also act as an introduction vector by accidentally transporting eggs on boats [12].

As most ampullariids, adult and juvenile P. maculata can be considered a particularly
voracious generalist herbivore that feeds on diverse aquatic plants [16]. They can affect two
aquatic crops, taro (Colocasia esculenta) and rice (Oryza sativa) and can feed on macroalgae,
submerged plants or freely floating macrophytes. Typically, the P. maculata female size
exceeds the male in size. They reproduce by internal fertilization and oviparous develop-
ment [6]. Their female lays clutches of pink eggs out of the water on an emergent substrate.
Their reproductive capacity is bigger than other Pomacea species [17]. Egg clutches take
10-14 days to hatch [6] and hatchlings fall into the water trying to adhere to some type of
substrate. P. maculata can survive long periods without access to water [18] under muddy
substrates by closing the shell with the operculum. They can breathe with their lung rather
than their gill and survive brief periods out of the water (e.g., during egg laying).

Herbivory by apple snails impacts habitats and the biodiversity of ecosystems. As
generalist herbivores they can opportunistically consume available resources very quickly
(e.g., can quickly eliminate aquatic machrophytes). In populations with high densities
this behaviour increases its ecological impact, for example changing the stable state of
a lake from a clear to turbid condition [19]. The impact of P. maculata on biodiversity
could occur through several mechanisms like competition [20-22] or hybridization with
local species, or influencing the foraging behaviour of native species and consequently
negatively influencing higher trophic levels [23]. In addition, this snail acts as a vector of
various parasites including Angiostrongyulus cantonensis, a nematode which causes human
eosinophillic meningitis [10].

Early detection and eradication together with transport regulatory legislation are the
best measures to fight against the introduction of invasive species and to prevent their
evolution to a pest. The first sign of P. maculata infestation is the presence of pink eggs
highly visible above the water line. Eradication by removing the eggs manually or by
trapping the snails is only possible when the population is small and restricted to one area.
But when a bigger population is stablished this control treatment is ineffective [11].

Biological control of P. maculata has been tried in Alabama by introducing native redear
sunfish (Lepomis microlophus) which eat the snail hatchlings [11]. The species eradication
was unsuccessful but this trial suggested that some species of fishes could help in the
control of the snail hatchlings. In Asia, fire ants (Solenopsis geminate) feed on eggs and
juveniles of apple snails and have been suggested as possible biocontrol agents [24], but
the introduction of a new invasive pest species would be inappropriate.

Limited success has been achieved by chemical control of P. maculata. Traditional
pesticides failed because the apple snails close the operculum for long periods of time. The
use of chelated copper or copper sulphate in the USA provoked high snail mortality but
some large, adult snails still survived by filling their shells with air and floating away from
the pesticide, and the eggs survived until the next year [11]. The copper treatments are
very expensive and there is very little research on the indirect impacts of the pesticide on
ecosystems, by poisoning not only the snails but also other invertebrates in the ecosystem,
desirable or not, native or introduced.

In Catalonia, the species has affected the rice fields of the left hemi-delta of the Ebre
Delta since 2010 [25]. P. maculata moves, actively, against the current on the bottom or,
passively, closing the operculum and floating in the direction of the current. It is currently
occupying part of the hydraulic network and could also affect the river itself in the near
future. As a gastropod mollusc, the apple snail presents statocysts, the organs responsible
for determining position with respect to gravity, as well as acoustic perception [26]. The
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ability of aquatic invertebrates, both larvae and adults, to perceive gravity and live under
gravitational load is critical to their survival. In snails, statocysts consist of a pair of sacs,
each located on a side of the foot, which contain multiple calcium carbonate statoconia in
adulthood. Noteworthy in terms of their physiological relevance, they are the first neural
structures to appear in larval development. A change in the snail position causes movement
of the statoconia which in turn mechanically press the hair cells leading to a modification
of the perception of gravity. These cilia act as transducers of the information that reaches
the snail’s nervous system, triggering a regulatory response based on its needs [27,28].

Research on the sensitivity of aquatic invertebrates to noise have determined ultra-
structural effects of anthropogenic sound on cephalopods, cnidarians, and crustaceans even
though they lack proper auditory receptors [29-33]. Only a few works reported the effects
on behavior and development of gastropods and bivalves after sound exposure [34-37],
but there are no studies reporting lesions on sensory epithelia of snail statocyst. Given our
previous experience on the determination of the effects produced at ultrastructural and
physiological levels in the statocyst of invertebrates exposed to artificial sounds [30-32],
we hypothesized the possibility, by applying the same approach, of affecting snail sen-
sory epithelia through exposure to sound. We present here the first images of P. maculata
sensory epithelia after sound exposure. Presumably, ultrastructural effects, which cause
behavioural effects, as observed in work on cephalopods—Iloss of appetite and decreased
reproductive rate (see [38])—would be an effective and applicable measure in the fight
against the apple snail plague in the Ebre Delta.

2. Methods
2.1. Sound Exposure Protocol

Sequential Controlled Exposure Experiments (CEE) were conducted on individuals
of P. maculata (n = 40). An additional set of individuals (n = 25) was used as control.
Individuals were maintained in the LAB maintenance tank system (see detailed system
description and exposure protocol in [38]. The maintenance tanks consisted of a closed
system where the two tanks (control and exposed animals) were connected. Controls and
exposed animals were kept in the same conditions (natural freshwater at 20-25 °C and
natural oxygen pressure). The exposure consisted of 50-400 Hz sinusoidal wave sweeps
with 100% duty cycle and a 1 s sweep period for two hours. The sweep was produced
and amplified through an in-air loudspeaker (QSC KW153) while the level received was
measured by a calibrated B&K 8106 hydrophone. Figure 2 displays the power spectral
density of the signal received by the hydrophone (RL). The average level calculated over
the sweep was 157 + 5 dB re 1 u Pa?/Hz with peak levels up to 175 dB re 1 p Pa. The
controls were placed in the exposure tank for as long as those exposed (2 h), without any
sound playback (Figure 3A). The sequential sacrificing process after exposure was identical
for controls and exposed animals. Five animals were sacrificed to obtain statocyst samples
upon arrival at the LAB as initial controls. Following exposure, samples were obtained
from individuals (exposed, n = 20; and controls, n = 10) at 48 h and 120 h after sound
exposure (Figure 3B).

2.2. Removal of Statocysts

The animals were euthanized with anaesthesia (magnesium chloride 25 g/L), extracted
from the shell and the anterior portion of the body was sectioned through a dorso-ventral
cut that revealed the statocysts. This anterior body section was detached and chemically
fixed for observation and analysis. The two statocysts were analysed for each snail, taking
special care to prevent mechanical damage to the tissues and making sure to expose the
sensory epithelia overlaid by multiple statoconias.
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Figure 2. Power spectral density of the 50 to 400 Hz sweep as received by the hydrophone on top
with below the background noise level recorded just before exposure.

2.3. Scanning Electron Microscopy

One hundred and thirty statocysts from sixty five P. maculata were used for this study.
Fixation was performed in 2.5% glutaraldehyde for 2448 h at 4 °C. Statocysts embedded
on the snail muscular mass were dehydrated in graded ethanol solutions and critical-point
dried with CO; in a Bal-Tec CPD 030 unit (Leica Mycrosystems, Austria). The dried
samples were mounted on specimen stubs with double-sided tape. The mounted tissues
were gold coated with a Quorum Q150R S sputter coated unit (Quorum Technologies, Ltd.
Laughton, East Sussex, United Kingdom) and viewed with a variable pressure Hitachi
S-3500N scanning electron microscope (Hitachi High-Technologies Co., Ltd., Tokyo, Japan)
at an accelerating voltage of 5 kV at the Institute of Marine Sciences of the Spanish Research
Council (CSIC) facilities.

2.4. Quantification and Data Analysis

We selected the sensory areas of the statocyst. The surface of these statocyst areas
comprising hair cells was determined for each sample. Sampling squares of 400 um?
(20 pm x 20 um) were placed in this area at 20%, 40%, 60%, and 80% along its centre
axis (Figure 4). Hair cell damage was analysed by classifying them as intact (hair cell
undamaged), damaged (kinocilium or surrounding stereocilia partially or entirely missing
or fused), extruded (hair cell partially extruded of the epithelium) and missing (hole in the
epithelium caused by the total extrusion of the hair cell). The severity of the lesions was
quantified as the percentage of extruded and missing hair cells with respect to the total
hair cell count of the sampling square. The damaged category encompassed a wide range
of different types of lesions with different severities; this made direct comparison between
animals more difficult. The extruded and missing categories were well-defined and easily
compared, and the presence of extruded cells showed the limit of severe damage after
sound exposure. Two statocysts of each exposed animal were analysed; the hair cell counts
of the statocysts were combined to obtain a single measurement per region per animal.
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Figure 3. Sound exposure protocol, sampling collection, and analysis. (A): Sound exposure protocol. P. maculata were
maintained in tank A until some were transferred to an independent experimental tank C where they were exposed to sound
(1). At the end of the exposure experiments, the snails were transferred to tank B (2) that presented the same environmental
conditions as tank A. Control specimens were transferred to tank C for 2 h without any playback and after that, they were
taken back to tank A (2). Samples of control and exposed plants were sequentially taken for analysis (3). (Figure modified
from 38). (B): Sampling collection and analysis. Before the sound exposure started, control specimens were taken and
analyzed at the arrival of the laboratory facilities. Samples of control and exposed snails were sequentially analyzed at 48 h

and 120 h after sound exposure.
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Figure 4. (A): Each individual of P. maculata was characterized through its shell dimensions (length,
width and aperture length). (B): Hair cell bundle count locations (sampling squares) on the P. maculata
statocyst. Hair cell counts were sampled at four predetermined locations: 20%, 40%, 60% and 80%
of the total statocysts length. A 400 um? box was placed at each sampling area and hair cells were
counted within each box. Scale bar: (B) = 100 um.

The influence of recovery time after sound exposure in groups of animals sacrificed
48 h vs. 120 h after sound exposure was tested comparing the mean damage count between
groups using permutation tests repeated multiple times with N = 1000. To evaluate the
difference in damage between regions, the median hair cell counts between all regions
(for control and exposed animals at 48 h and 120 h separately) were compared using a
Kruskal-Wallis test.

3. Results
3.1. P. maculata Statocyst Morphology

All the animals used in this study were adult snails with 3-5 cm shell length, 2-4 cm
shell width and 4-5 cm shell aperture length (Figure 4A). P. maculata individuals presented
two statocysts, 340-350 um in diameter, located in the foot and linked ventrolaterally to
each pleural ganglion (Figure 5A). Statocysts consisted essentially of a cavity, covered by
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an epithelium of mechanosensitive hair cells, which contained a fluid and a large number
of highly morphologically dissimilar aragonite (calcium carbonate) crystals, statoconia
(Figure 5B-D). Two types of epithelial cells were found on the statocyst: small supporting
cells carrying microvilli and sensory hair cells which in addition of a crown of stereocilia
bear one large kinocilia (Figure 5E). The hair cells projected the kinocilia into the lumen of
the statocyst, which also contained endolymph and statoconia. The majority of statoconia
were oval shaped with smoothened edges (Figure 5B,C). The individual statoconia filled
all the statocyst cavity and were constantly moving independently of each other.

Figure 5. SEM. Internal morphology of P. maculata statocyst. Control animal. (A): Dorso-ventral cutting of the body anterior
portion showing the statocyst location in the snail foot and linked ventrolaterally to each pleural ganglion (PG: pleural
ganglion, St: statocyst). (B): Opened statocyst completely filled with statoconia (asterisk). (C): Differently sized statoconia.
(D): Internal cavity of the statocyst covered by the sensory epithelium. Some of the aragonite crystals are visible (asterisk).
(E): Inner statocyst sensory epithelia. Arrowheads point to the hair cells exhibiting their lonely kinocilia surrounded
by a crown of stereocilia. Between them microvilli of the supporting cells are visible (arrows). Scale bar: (A) = 1 mm.
(D) =200 um. (B) =100 pm. (C) =50 um. (E) =5 pm.

3.2. Ultrastructural Analysis of the Statocyst Sensory Epithelium

The exposed animals presented lesions in the statocyst sensory epithelium that incre-
mented against time. In comparison with the control animals (Figures 5E and 6A), dam-
aged hair cells on exposed animals presented swelling (Figure 6B) or missing (Figure 6C-E)
kinocilia or the whole hair cell was missing or extruded (ejected) from the sensory ep-
ithelium into the statocysts cavity (Figure 6F-H). A considerable number of hair cells had
totally lost the unique kinocilium (Figure 6E) and the crown of stereocilia surrounding the
large kinocilium was totally fused (Figure 6D) or lost (Figure 6E). Some ejected hair cells
presented spherical holes (Figure 6H), probably due to the cell swelling and the extrusion
of the inner cellular material.
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Figure 6. SEM. P. maculata statocyst sensory epithelium. (A): Control animal. (B-D): 48 h after sound exposure. (F-H):
120 h after sound exposure. (A): Healthy hair cells show the kinocilia surrounded by a crown of stereocilia (arrowheads).
(B): Some hair cells present swollen kinocilia (arrows). (C): Arrowheads point to the holes left by the single kinocilia after
their ejection. (D): Detail from (C). Surrounding the hole left by the ejected kinocilia a crown of stereocilia are fused in a
compact structure. (E): Detail from (C). The hair cells have lost the entire kinocilia and the crown of stereocilia (arrowheads).
(F): The hair cells show severe damage. Most hair cells are (asterisks) ejected from the sensory epithelium. (G): Detail from
(F), shows the cellular body of the sensory cells extruded from the epithelium (asterisks). (H): Two extruded hair cells show
spherical holes in the body due to the extrusion of the inner cellular material (arrows). Their kinocilia has lost the stereocilia
crown. Scale bar: (A,B,D,E,H) =5 um. (C,G) = 10 um. (F) = 20 um.

3.3. Image and Data Analysis

The abnormal features we identified on the surface of sound exposed epithelia in-
cluded damaged (kinocilium or surrounding stereocilia partially or entirely missing or
fused), extruded (hair cell extruded from the epithelium) and missing hair cells (hole in
the epithelium caused by the total extrusion of the hair cell). The number of damaged,
extruded and missing hair cells was counted for each image. The severity of the lesions
was chosen to be quantified as the percentage of extruded and missing hair cells because
these were well-defined and easy-to-compare categories. The damaged category was not
useful for this purpose as with increasing physical damage it was increasing and then
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decreasing again as a damaged hair cell was at an intermediate state. Therefore, in order to
be able to quantify the magnitude of overall damage to the sensory organs “lesion severity”
was based on the combination of extruded and missing hair cells. The presence of extruded
cells showed the start of severe damage after sound exposure. None of the control animals
showed extruded or missing hair cells on the sensory epithelia and all exposed animals
had various degrees of damage.

First, we analysed if there was a difference in lesion severity between the different
regions. No difference in hair cell counts would allow us to sum the counts over all the
regions for each animal, without the need to consider weighting factors. Comparing the
median counts between the regions of all control animals (in this case summing the counts
across all categories for each region together as the categories considered for lesion severity
have a 0 count), each region appeared to have a similar median count with p = 0.074.
Performing the same test for the exposed animals, but now considering the extruded and
missing categories, we found for the animals sacrificed at 48 h that median counts were
dissimilar with p = 0.027 and at 120 h they were similar again with p = 0.73. Taking a closer
look at 48 h, we performed the KW test with the regions 40% to 80%, leaving out the 20%
region resulting in p = 0.91. Considering these outcomes, we concluded that there was no
significant difference in hair cell count or hair cell damage between regions (Figure 7A-C;
Figure 8B,C).
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Figure 7. (A-C): Mean intact, damaged, and extruded /missing hair cells at 20%, 40%, 60%, and 80% of the total length
of sensory epithelium on P. maculata statocyst (48 h and 120 h after sound exposure versus control animals). Note the
increase of damaged, extruded, and missing cells versus controls with increase in time. (D): Mean (+SE) intact, damaged
and extruded/missing hair cells after sound exposure (n = 80) versus control (n = 50) on statocyst sensory epithelium
of P. maculata. Each bar is the average over the 4 regions with the line indicating the standard error. The percentage
was computed by dividing by the total count for each individual sample. The lesion severity (see text for definition)
of the sound exposure group was found to be significantly higher than that of the control group with p = 9.99 x 1074

(* significant difference).



J. Mar. Sci. Eng. 2021, 9, 969

110f15

20

10

Bloo
90
80
w70
5
o 60
A 100 S
agh 120h = 50
90 ]
§ 40
20 * © 30
70 20
* "
3
S 60
g 0
= 50 intact damaged ext /mis
£
2 40
o
100
30
C 120h
90

*

intact

damaged

Time post-noise exposure (h})

ext/mis intact damaged ext/mis

intact damaged extr/mis

Figure 8. (A): Mean (£SE) intact, damaged, extruded/missing hair cells over the total length of sensory epithelium on
P. maculata statocyst (48 h versus 120 h after sound exposure). The lesion severity was found to be significantly higher at
120 h than at 48 h (p = 9.99 X 104 n = 40). (* significant difference). (B): Hair cell counts between the different regions
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between all regions (p = 0.73; n = 40).

4. Discussion

Our study not only shows the first ultrastructural images of P. maculata statocyst sensory
epithelium but also describes pathological changes after sound exposure in these tissues.

The apple snail sensory epithelia and statoconia presented a similar structure as in
other pulmonate gastropods [39-41]. As in terrestrial pulmonate snails [42] the presence of
small and very small statoconia together with large statoconia in the same statocyst suggest
their state of generation and growth during the whole life of the animal.

The sensory epithelium hair cell death and damage in vertebrates after loud or pro-
longed noise exposure or ototoxic drugs can consist of a dysfunction of mechanotransduc-
tion complex, loss of ribbon synapses or hair cell death by apoptosis or necrosis [43]. Noise
trauma produces an increase in calcium levels in hair cells, which leads to the stimulation
of reactive oxygen species (ROS) production. In addition, higher metabolic demand in hair
cells during exposure to sound could also lead to increased ROS levels, leading to various
forms of damage in the cell (including apoptosis or necrosis) [44]. These dying cells are
eliminated from the sensory epithelium by extrusion, a mechanism used to eliminate unfit,
excess, or dying cells [45]. The apex of the hair cell or its entire body is expelled from the
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epithelium [44] and the lost hair cells are replaced by expansion of adjacent supporting
cells, which form a scar. This process has been observed in vertebrates [44] and some
invertebrates, specifically in cephalopods and cnidarians [32,38]. The lesions observed on
P. maculata statocysts sensory epithelium showed similarities in their nature and intensity
to those described in cephalopod statocysts (hair cells partially or totally ejected from the
sensory epithelium into the statocyst cavity; swollen, bent, fused or lost kinocilia) after
being exposed to the same low-frequency sounds [30,46], as well as in cnidarians [32]
and crabs [47]. The consequences for the cephalopod’s species exposed to low-frequency
sounds were an immediate loss of the ability to orient, mate, and feed. Probably due
the similarity of their sensory systems, because of their taxonomic proximity (both are
molluscs) sound exposure in P. maculata would affect the physiology and functioning of
the P. maculata statocyst. Further investigation is needed to determine threshold levels and
to explain these effects in apple snail species.

In regards to pathology findings, there was an increase in the severity of the lesions
over time after exposure to low frequency sounds. The increase of the damage severity
with time after sound exposure in the sensory epithelia affected by acoustic trauma is a
common process described in vertebrate and invertebrate species. In mammals this can
provoke the entire destruction of the Corti organ [48]. In birds, hair cells which are affected
by apoptosis within the basilar papilla after sound exposure continue degenerating after
the beginning of the cell regeneration [44,49]. In invertebrates [30,32,38,50] and plants [33]
similar degeneration processes of hair cells increases with time after the exposure.

The Ebre Delta is a particularly sensitive area that has experienced successive intro-
ductions of invasive species that have become real pests to their ecosystems. A non-
exhaustive list of the most recently introduced species includes red swamp crayfish
(Procambarus clarkii), which was initially introduced to the river in 1979 for commercial
purposes. Artificial introduction of wels catfish (Silurus glanis), the largest-bodied Euro-
pean freshwater fish, ocurred in 1983. Since 1993, black fly (Simuliidae) have had periodic
episodes in the area. Since 1997, piranha (Serrasalmus sp.) individuals have been detected
in the Ebre River, probably originating from aquarofilia installations. To date, zebra mussel
(Dreissena polymorpha) has been the most aggressive freshwater invader worldwide and is
present in Ebre Delta since 2001. Since the beginning of the twentieth century red palm
weevil (Rhynchophorus ferrugineus) has been reported as one of the most important pests
of ornamental and oil palms and it represents a plague for the palms on the Delta since
2003. In 2008, the first apple snail (P. maculata) was detected. Since 2012 the American
bullfrog (Lithobates catesbeianus) and American blue crab (Callinectes sapidus) have become
new plagues in the Ebre Delta [8]. After some years of detection of the P. maculata pest in
the Ebre Delta a new invasive species was established in the same area, the American blue
crab Callinectes sapidus. Although this species has been present in Europe (Atlantic cost of
France, North Sea, Mediterranean Sea, Baltic Sea, Black Sea) since the early years of the 20th
century [51], where multiple independent introductions may have taken place through
ballast water, it was not detected at the Ebre Delta until 2012 [52]. The future impact of
this new pest on the Delta ecosystem is unclear, but at this moment the crab is acting as a
biocontrol agent of P. maculata, reducing its population by feeding on them. In any case,
the introduction into the ecosystem of a foreign species that is particularly voracious and
has a high reproduction rate, such as C. sapidus, cannot be a long-term solution because of
the problems that accompany such an invasion.

Different treatments have been used to fight the P. maculata rice crops invasion of Ebre
Delta: sea water flooding of the rice fields, chemical treatments with saponin, winter drying,
channel cleaning, manual removal of the eggs clutches, traps, and advance obstructions [53].
None of these treatments had an acceptable success, and due to the severe infestation of
the species in the area a total eradication is non-viable. In this context, the use of an
alternative treatment such as exposure to sound would be an innovative and ecological
option. The results obtained in the present study are consistent with the hypothesis that
exposure to sound may impair the sensory perception of P. maculata. Sound-induced
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damage to the statocyst could likely result, as in cephalopods [38], in an inhibition of its
vital functions, which would result in a dramatic reduction of the survival ability of the
apple snail. Cellular effects, which can trigger behavioral effects (e.g., in cephalopods,
loss of appetite and a decrease in the reproductive rate) would be an effective measure
to fight apple snail plagues over the world. However, further efforts should analyse the
possible interactions of the method with other trophic levels in the ecosystem, in order to
manage the problem holistically and avoid damage to other native species. This is essential
to provide global benefits for complex communities. The choice of the sound parameters
(frequencies, amplitudes, and exposure times) used during this study was made for the
sole purpose of verifying the possible harmful effects of exposure to acoustic sources on
apple snails and not to determine a precise threshold for inducing effective lesions. Further
investigation is also needed to determine the levels that produce lesions in association with
behavioural changes, which would result in a pest reduction, while at the same time being
innocuous for the other species and the ecosystem as a whole.

This method is patented (WO 2018/167003 A1) and could become a valuable approach
to mitigate the invasions of any aquatic alien species that are expected to interfere with
ecological communities due to the increasing negative effects of climate change.

5. Patent

André M., Solé M., Van der Schaar, De Vreese S (International Patent WO 2018/167003
Al). 20-09-2018. A method for inducing lethal lesions in sensory organs of undesirable
aquatic organisms by use of sound. Licensed to SEASEL SOLUTIONS AS [NO/NOJ;
P.O.BOX 93 N-6282 BRATTVAG (NO).
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