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Abstract All-male populations of the freshwater

prawn Macrobrachium rosenbergii were recently pro-

duced by a novel temporal RNA interference (RNAi)-

based biotechnology for aquaculture purposes. This

biotechnology opens theway to thewide use of all-male

prawn populations as sustainable biocontrol agents

against invading populations of freshwater snails, for

which there is currently no environmentally friendly

solution. Among the most damaging of the invasive

freshwater snail species are the apple snails (Pomacea

spp.), which inflictmajor damage on natural ecosystems

and rice fields. The proposed use of all-male prawn

populations as environmentally friendly biocontrol

agents against invasive freshwater snails has several

advantages: efficient predation by the prawns over a

wide range of freshwater snails, the ready availability of

the prawns, and the monosex non-reproductive nature

of the biocontrol agents. Since the aquatic predators are

strongly size selective, we quantified the predation rate

as a function of body size of both predator and prey (M.

rosenbergii andP. caniculata).Medium-sized and large

prawns (*10–30 g) efficiently preyed small and

medium-sized snails (up to 15 mm), while small

prawns (up to 4 g) immediately and completely erad-

icated snail hatchlings. Medium-sized prawns (*22 g)

exterminated a significant fraction of snail biomass

within 24 h (up to 58% of their body mass) after being

introduced into a tank of snails. A typical ‘climbing-to-

the surface’ anti-predator behavior of the snails was

recorded. The potential of all-male prawns as efficient

biocontrol agents over hatchling and adult apple snails

as part of an integrated pest management program is

discussed. Our experiments set the stage for evaluating

the ecological and economic implications of this

generic solution for a wide variety of habitats.

Keywords All-male prawns � Apple snails
(Pomacea spp.) � Biocontrol � Macrobrachium

rosenbergii � RNAi

Introduction

Freshwater snails are distributed worldwide, with both

native and non-native invasive species negatively
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affecting biodiversity, agriculture and human health

(Lach and Cowie 1999; Sokolow et al. 2016; EFSA

2014). Nonetheless, until recently there has been little

discussion in the scientific literature of their role as

agricultural pests, even though invasive species of

snails have long been known to cause major losses to a

variety of crops around the globe (Barker 2002).

Today, however, the agricultural community is com-

ing to the understanding that there is an urgent need to

develop efficient management programmes to deal

with snail invasions.

Among the most damaging freshwater snails are

apple snails (Pomacea spp., Ampullariidae), the

largest of the freshwater gastropods (up to 155 mm

shell height), which are naturally distributed mostly in

humid tropical and subtropical habitats in South and

Central America, Africa and South-East Asia (Burky

1974; Pain 1960). Many species are amphibious and

are therefore able to spend long periods of time outside

the water, a trait that challenges control efforts

(Prashad 1925; Burky et al. 1972). Due to their

amphibious capabilities, large size and omnivorous

nature (Kwong et al. 2009; Naylor 1996), invasive

apple snails have the potential to alter wetland

ecosystems, a problem that goes hand in hand with

their role as agricultural pests (Naylor 1996).

The spread of apple snails throughout the world was

triggered by two major market activities—the food

industry and the aquarium trade (Perera 1996; Roll

et al. 2009; Horgan et al. 2014). Apple snails were

introduced into a number of countries outside their

South American natural habitat as early as the 1960s,

first in Hawaii, and later, during the late 1970s and

1980s, in many Asian countries. Thereafter, snails that

escaped or were released from captivity established

invasive populations in East Asia. Cases of snail

invasions have, however, not been limited to these

countries and have been reported in temperate-zone

countries throughout the world, including the USA,

Chile, China, Egypt, Israel, Japan, Mexico, South

Africa, South Korea and Spain. The problem has

recently been discussed in a publication of the

European Food Safety Authority (EFSA 2014), a

‘‘Scientific Opinion on the environmental risk assess-

ment of the apple snail for the EU’’, which points to the

potential negative impacts of these invasive species on

ecosystem traits, ecosystem services and biodiversity.

Here, we propose a sustainable solution for the

biocontrol of invasive apple snail populations by

harnessing our novel biotechnology for the production

of all-male prawn populations as natural and environ-

mentally safe predators of the snails (Ventura et al.

2012; Lezer et al. 2015; Shpak et al. 2017). This

technology was originally developed to enhance

aquaculture of the freshwater prawn Macrobrachium

rosenbergii, and its development is described in brief

below.

Many crustacean species display sexual dimor-

phism, with males being larger than females or vice

versa. Sexual differentiation is governed by the

androgenic gland (AG), an endocrine organ unique

to male crustaceans (Charniaux-Cotton 1954; Sagi

and Cohen 1990; Sagi et al. 1997), which controls

their masculine traits (Touir 1977; Taketomi et al.

1990; Manor et al. 2004). The biotechnology to

produce all-male populations of M. rosenbergii

begins with sex-reversal of males into ‘neo-females’

through temporal interference (RNAi) by silencing

the expression of the gene encoding the insulin-like

androgenic gland hormone (IAG) (Manor et al. 2007;

Ventura and Sagi 2012; Ventura et al. 2009, Chung

et al. 2011; Mareddy et al. 2011; Savaya-Alkalay

et al. 2014; Vázquez-Islas et al. 2014). Crossing the

‘neo-females’ with male animals produces an all-male

progeny. This process for the production of all-male

populations of M. rosenbergii is completely irre-

versible (Shpak et al. 2017) and constituted the first

commercial use of temporal gene silencing in aqua-

culture (Ventura et al. 2012). The strength of RNAi in

biological applications lies in the fact that the

administration of dsRNA does not involve genomic

modifications (non GMO) or the use of exogenous

hormones (Fire et al. 1998; Lezer et al. 2015). It is

thus considered suitable for sustainable aquaculture

and environmental applications. In addition to the

advantage of producing non-breeding all-male popu-

lations, other advantages of the biotechnology include

faster growth and larger body sizes of the males and

hence increased food (namely, prey) consumption

(Sagi et al. 1986), and, importantly, the non-migratory

behaviour of the males. Females, in contrast, would

migrate downstream in rivers to release their larvae in

brackish estuarine water and would thus not remain in

the target area (Bauer 2011).

A recent study has shown that damming of rivers

has, in many cases, resulted in a significant increase in

schistosomiasis, a chronic disease caused by parasitic

flatworms of the genus Schistosoma, which require
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two hosts to complete their life cycle, a freshwater

snail intermediate host and a vertebrate definitive host

(usually a mammal). The rise in this debilitating

disease may be attributed to an increase in the snail

populations of the dammed rivers due to the distur-

bance of the prawn-snail predator–prey equilibrium.

This sifting of the equilibrium is caused by the

blocking of the natural migratory routes of river prawn

populations and hence to a decrease in their repro-

ductive activity. It would seem that restoration of

native prawn populations could thus play a pivotal role

in combatting the disease and reducing the risk of

infection for nearly 400 million people (Sokolow et al.

2017). However, the use of local prawns has two

inherent disadvantages: they might not exist at partic-

ular infected sites (due to damming for example) and,

being natural non-domesticated species, they are often

not available in sufficiently large numbers for biocon-

trol use (as the case of the African river prawn,

Macrobrachium vollenhovenii). Mass-cultured non-

endemic species are equally unsuitable, since they

present an invasion risk. Recently, we suggested a

novel approach to the problem, which is based on

using endemic all-male populations as non-invasive

biocontrol agents (Savaya-Alkalay et al. 2014). Our

approach is based on previous studies that demon-

strated twoMacrobrachium species as efficient preda-

tors of freshwater snail species of the genera

Biomphalaria and Bulinus (Sokolow et al. 2013;

Roberts and Kuris 1990; Lee et al. 1982). Thus, we

propose that the best solution for biocontrol of a wide

range of pest snail species—both endemic and

exotic—lies in the use of non-native all-male prawn

populations that do not carry the risk of becoming

invasive species. All-male prawns seem to be partic-

ularly appropriate biocontrol agents in temperate

exotic habitats where the winters are cold, resulting

in prawn mortality, thus further preventing any

unintended establishment of prawn populations.

To the best of our knowledge, only one study has

explored the predation potential of crustaceans for

Pomacea snails (Yusa et al. 2006). However, the only

Macrobrachium species tested in that study (M.

formosense) was a small-sized species (2.4 g average

weight), whereas the species used here (M. rosen-

bergii) can reach much higher weights and the

specimens used for the present study weighed up to

37 g. Due to its large body mass (Aflalo et al. 2014;

Harikrishnan and Kurup 2001) and its worldwide

availability as an aquaculture product demanding a

premium price, the sustainability of the proposed

biocontrol agent is based on the extra income it would

generate for local inhabitants, e.g., rice growers, by

selling the prawns for local or international markets

(Boock et al. 2016).

Numerous predation studies, including those on

different species of decapod crustaceans (especially

crabs) and mollusks, have revealed that predation

preferences vary according to prey body size. Most

studies showed that predators prefer smaller prey

items, which minimizes handling time. In view of the

size selectivity for prey exhibited by aquatic predators,

the first step in developing an efficient biocontrol

programme for invasive apple snail populations

requires quantifying the predation rate by freshwater

prawns as a function of the body size of both predator

and prey (Torres et al. 2012). Another important

aspect of predator–prey interaction is the anti-predator

behavior of the snails; for example, in laboratory

experiments, Pomacea snails were shown react to

chemical cues resulting from the presence of crushed

conspecifics in their habitat (Ueshima and Yusa 2015).

We therefore also analyzed the behavioural response

of snails to cues associated with predation of con-

specifics by prawns.

Materials and methods

Animals

All prawns used in this study were M. rosenbergii

males grown at Ben-Gurion University of the Negev,

Beer-Sheva, Israel and at Colors Ltd., Hatzeva, Israel.

Only naive prawns that had never been fed with P.

caniculata were used in the experiments. Po-

macea caniculata snails were supplied by Kavra

Ltd., Israel. Snails were maintained in 100-L plastic

tanks with an interior biological and mechanical filter

to maintain water quality (Fig. S1A). Snail diameter

was measured with Vernier calipers to the nearest

1 mm. During the experiments each tank was fed

every other day with shrimp pellets (Raanan Fish

Feed Ltd., I.Z Milout, Israel, 40% protein), once a

week with frozen food (Artemia and bloodworms,

Ocean Nutrition Ltd., CA, USA) and fresh lettuce

leaves. Water temperature was maintained at

28 ± 1 �C.
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Size-selective predation

A size-selective predation experiment was designed to

study the predation preferences of prawns of three

different sizes for snails of three different sizes. The

experiment was conducted in four experimental tanks

of 100 L. Each of these four tanks was stocked with 10

large snails (15–35 mm), 10 medium-sized snails

(7–15 mm) and 10 hatchlings (less than 7 mm). A

large prawn (27.5 ± 1.5 g) was introduced into the

first tank, a medium-sized prawn (10.3 ± 0.9 g) into

the second tank, and a small prawn (0.6 ± 0.1 g) into

the third tank; the fourth tank served as the no-prawn

control. The experiment was replicated nine times.

Each round lasted one week, and during that time the

numbers and sizes of surviving snails were monitored

daily.

Single prawn predation on medium-sized snails

Based on the results of the above experiment, an

experiment with medium-sized snails was designed to

study the predation capacity of a single prawn for a

significant number of snails. This experiment com-

prised eight experimental 100-L plastic tanks, each

containing 60 medium-sized snails with total weight

of 9.8 ± 0.2 g (average weight of 0.16 g each) and

one prawn weighing between 14 and 37 g (average

weight of 21.9 ± 2.7 g), and eight control tanks, each

containing 60 snails. Each tank was fitted with an

interior biomechanical filter. The tanks were moni-

tored for three days until all the snails had been

consumed. One additional encounter was conducted

with a non-feeding prawn (possibly due to its stage in

the molt cycle). To enable us to monitor the behaviour

of both prawns and snails, four of the experimental

tanks (including that of the non-feeding prawn) were

video recorded with a GOPRO HEROS3 ? camera.

The camera was placed either above the tank or inside

the tank (underwater filming). The ‘above’ camera

was positioned such that the whole tank was captured

in the frame. The videos were obtained to enable

quantification of the number of interactions between

the predator and the prey in the filmed time span. In

addition, the movement of the snails was followed by

recording their dispersal in the tank every 5 min. The

tank was regarded as being composed of two different

sections: A lower part that included the bottom and the

lower part of the tank walls (0–15 cm from the

bottom) and a higher part that included the upper part

of the tank walls and the water surface (15–30 cm

from the bottom). The underwater filming was used to

obtain close-ups of the predation process with respect

to the different prawn body parts involved.

For the cameras filming from above, a total of 12 h

of videos was analyzed. For the underwater filming, a

total of 3 h of videos was analyzed. The videos were

edited with Windows Movie Maker Version 2012.

Snail hatchling predation

To investigate the biocontrol ability of prawns for

snail hatchlings, a third predation experiment was

conducted with small prawns and snail hatchlings. A

single small prawn (2.3 ± 0.2 g) was placed in a

100-L plastic tank. A clutch of snail eggs that had been

laid in one of the plastic holding tanks (Fig. S1A) was

placed in mosquito netting (10 9 10 cm) secured

above the water level with the aim to imitate natural

conditions, namely, that the snail hatchlings fall into

the water (Fig. S1A). As soon as the eggs started to

hatch, the net was brushed every other day to allow the

hatchlings to fall easily into the water. The control

tank lacked a prawn. The experiment was repeated

nine times with nine different prawns and was

terminated a month after all the eggs had hatched

and the hatchlings were large enough to enable us to

distinguish between the hatchlings and other debris in

the tank and to collect and count them. In two different

replicates, once the snail eggs had begun to hatch, a

camera was placed under water to document prawn

predation behaviour. Three hours of such videos were

analyzed, and representative short clips are given in

the supplemental material (Videos S1 and S2).

Statistical analysis

To minimize mean proportional variance differences

in the size-selective predation experiment, an angular

transformation [arcsin(
ffiffiffiffiffi

Pi
2
p

)] was applied to the por-

tion of surviving snails prior to the analysis. A

repeated measure ANOVA was used to analyze the

combined effects of prawn and snail sizes on the

portion of surviving snails over time. To minimize the

number of pairwise comparisons, a set of planned

comparisons was used to test separately for the effect

of prawn size on the portion of surviving snails in each

of the three snail size classes. To quantify the effects of
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prawn and snail sizes on predation rate of snails by

prawns, a Cox proportional hazards model (Hosmer

et al. 1999) was used, with treatment (control = 0,

predation = 1), initial body masses in grams (of both

the prawn and snails) and the respective interaction

terms as covariates. Time-to-event data are commonly

analyzed using this method, which enables the eval-

uation of the effects of different predictor variables

(i.e., covariates) on the rate at which the event in focus

(in our case, predation on snails by a prawn) occurs

(Hosmer et al. 1999). Use of this statistical analysis

tool allowed us to estimate a coefficient (b) for each
one of the covariates and to test for its significance.

The exponent coefficient (eb) estimates the expected

change in the event occurrence rate per one unit

change in the covariate. For instance, eb = 0.5 for

snail initial body mass means that an increase of 1 g in

the initial snail body mass translates into a 50%

reduction in snail mortality rate, averaged over the

entire duration of the experiment. To avoid pseudo-

replication and to account for a possible correlation

between individuals within each experimental tank,

we used a robust jackknife variance estimator grouped

by observations (snails) per tank (Lin and Wei 1989).

The results of the snail hatchling predation experiment

were analyzed using a t test (independent samples).

Statistical analyses were performed using S-PLUS

2000 (MathSoft, Inc., Cambridge, MA, USA).

Results

Size-selective predation

Prawn size had a significant negative effect on the

portion of surviving snails (F3,32 = 69.63; P\ 0.001,

Table S1). As expected, snail survival was highest

(89.63%) in the control tank (without prawns), while in

the treatment tanks snail survival decreased as prawn

size increased (Fig. 1; 81.11, 43.7 and 34.07% for

small, medium and large prawns, respectively). Snail

size had a significant positive effect on snail survival

(F2,64 = 138.18; P\ 0.001, Table S1). Large snails

exhibited the highest survival (98.6%), followed by

medium (54.17%) and small (33.6%) snails. Notably,

there was a significant interaction for Prawn size 9 S-

nail size 9 Time (F36,364 = 6.31; P\ 0.001,

Table S1). Specifically, irrespective of their size, the

Fig. 1 Survival of different

sized snails over eight days

in the presence of a large

prawns, b medium-sized

prawns, and c small prawns

and d in the absence of

prawns (control). Each point

represents an average of 9

replicates, and error bars

represent 1 standard error
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prawns began by consuming the smaller snails. Once

the small snails had been depleted, the prawns switched

to the medium-sized snails, but they did not consume

the larger snails (Fig. 1). Planned comparisons indi-

cated that the survival of small-sized snails was

significantly higher in the control than in the predation

treatments (i.e., small, medium and large prawn size

classes) in the aggregate (F1,32 = 124.32, P\ 0.001,

Table 1). Analysis of the different treatments sepa-

rately revealed significant differences between the

small prawns and the control group (F1,32 = 6.62,

P = 0.0149, Table 1), and also between the small

prawns and the two other prawn size classes in the

aggregate (medium and large prawns; F1,32 = 128.1,

P = 0.0149, Table 1). Survival of the medium-sized

snails was significantly higher in the control than in

other predation treatments in the aggregate

(F1,32 = 21.67, P\ 0.001, Table 2). Further compar-

isons revealed that the survival of the medium-sized

snails was significantly higher in tanks containing

small prawns than in those with medium and large

prawns (F1,32 = 88.13, P\ 0.001, F1,32 = 104.36,

P\ 0.001, respectively, Table 2), with the difference

in the survival rate of medium-sized snails between the

medium and large prawns being marginally non-

significant (F1,32 = 3.69, P = 0.06, Table 2).

The Cox proportional hazard model (whole model

statistics: Wald test = 216, df = 3, P\ 0.001), indi-

cated that an increase of 1 g in the initial body mass of

the prawn should bring about a *8% increase

(eb = 1.079) in snail mortality rate (z = 7.458,

P\ 0.001). In contrast, an increase of 1 g in the

average initial body mass of individual snails is

expected to cause a *81% reduction (eb = 0.203) in

their mortality rate (z = -4.562, P\ 0.001). The

interaction between prawn and snail initial body

masses was not significant (z = -0.221, P = 0.83)

(Table S2).

Single prawn predation on medium-sized snails

In this experiment, the first 24 h of the encounter

between prawns and snails were the most vigorous in

terms of extermination of the snails. Table 3 presents

all eight cases of such encounters in which the prawns

preyed upon dozens of snails, reaching a mass

equivalent of 38 ± 4% (mean ± 1SE) of the prawns’

body mass (ranging between 25.8 and 58.5%). The

predation pace slowly decreased after the first 24 h;

however, all eight prawns eliminated all 60 snails

within three days. No snail mortality was observed in

the control tanks.

Table 1 Differences in survival of small snails exposed to prawn predators of different sizes

Prawn size Small Medium Large Control

F (1,32) P-value F (1,32) P-value F (1,32) P-value F (1,32) P-value

Small 88.13 \0.001 104.36 \0.001 124.42 \0.001

Medium 128.1 \0.001 0.68 0.41

Large 0.68 0.41

Control 6.62 0.0149 143.07 \0.001 163.55 \0.001

The table shows the results of planned comparisons between selected treatment combinations (prawn size)

Table 2 Differences in survival of medium-sized snails exposed to prawn predators of different sizes

Prawn size Small Medium Large Control

F (1,32) P-value F (1,32) P-value F (1,32) P-value F (1,32) P-value

Small 20.32 \0.001 41.37 \0.001 21.67 \0.001

Medium 39.89 \0.001 3.699 0.06

Large 3.699 0.06

Control 0.02 0.878 21.74 \0.001 43.38 \0.001

The table shows the results of planned comparisons between selected treatment combinations (prawn size)
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Analysis of the video records (representative

frames are shown in Figs. 3, 4) revealed that snail

behaviour was strongly affected by the presence of

predating prawns (Fig. 2). In the absence of the prawn

(Figs. 2a, 3a), most snails stayed at the bottom of the

tank, where they had initially been placed. Specifi-

cally, during the 100 min of the control experiment,

*80% of the snails remained in the lower part of the

tank, while only *20% climbed up to the higher part

of the tank near the water surface. When the non-

feeding prawn was introduced to a tank of snails

(Fig. 2b), a similar trend was observed. Noteworthy

was the observation that the non-feeding prawn did

attempt to catch 17 snails during 140 min of video

recording, but snail dispersal in the tank did not differ

from that observed in the control group, with more

than 80% of the snails remaining in the lower part of

the tank, where they would be more susceptible to

predation (Fig. 3b). In contrast, when a feeding prawn

was introduced into a tank of snails (Fig. 2c) and

started preying (*23 min after stocking), the snail

dispersal pattern began shifting towards the surface.

Twenty minutes later, the majority of the remaining

snails had moved from the lower part of the tank

towards the water surface. After an additional

100 min, *80% of the surviving snails (27/60) were

located near the surface (Fig. 3c). This trend was

demonstrated in a representative treatment tank that

was documented during the first 140 min of the

encounter (Fig. 4). Specifically, when the first snail

was eaten (*17 min after stocking), 100% of the

snails were still in the lower part of the tank (Fig. 4b,

1700). However, 27 min later (and after the consump-

tion of another eight snails), the majority of the snails

had moved near the surface (Fig. 4b, 4500). One day

later, an additional 90 min of filming of the represen-

tative tank depicted a steady state in which 100% of

the surviving snails (31/60) were located close to the

Table 3 Single prawn predation upon medium-sized snails

Prawn body

mass (g)

Daily consumption of

snails expressed as % of

prawn body mass

Time to

extermination of all

snails (days)

14.4 31.9 3

14.7 47 3

16.9 58.5 2

18 48.1 2

21.7 34.6 2

25.8 28.3 3

26.9 32.3 1

37.1 25.9 2

Total daily snail biomass consumed (second column) is

presented as percentage of the prawn’s body mass (first

column). The time (in days) for the prawn to consume all 60

snails is presented in the third column
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Fig. 2 Snails’ dispersal in the tank over 140 min: a control—

no prawn, b control—with a non-feeding prawn, and c treat-

ment—with a natural (feeding) prawn. a and b contained 60

snails during the whole video. In graph c, the percentage of

living snails is represented with black triangles

Size-selective predation by all-male prawns 143

123



water surface (Fig. 4b, 156500). The videos of prawn

behaviour revealed that snail capture took place in the

lower part of the tank and that the prawns used their

first and second walking legs (small and large chelae)

to transfer snails to their maxillipeds (mouth parts).

Predation on snail hatchlings

Egg masses that had been placed above the water level

started hatching 10–14 days after oviposition. One

month after hatching, the control tanks contained 89,

144, 116, 302, 159, 255, 92, 374 and 382 (average of

212 ± 39) snails, while in the nine treatment tanks,

containing small prawns, no snails were found (t-test,

t = 5.4; df = 8, P\ 0.001). To demonstrate the

process of hatchling predation, 3 h of underwater

videos were documented in two representative repli-

cates (see supplemental videos); these videos revealed

voracious prawn predation upon the snail hatchlings.

During 12 min of video on one of the tanks (5:45 min,

Supplemental Video 1), the small prawn encountered

20 snails on the tank bottom and lower tank walls and

successfully consumed 16 of them. In an additional

video (Supplemental Video 2), the prawn is seen

climbing towards the water surface capturing eggs and

snails as they fell into the tank from the egg mass

suspended above the tank. Once the prawn had caught

a snail/snail eggs, it returned to the bottom of the tank

to consume the prey. The climb-to-the-surface behav-

ior to capture the hatchlings at the water surface before

they sank into the bottom was repeated several times.

The close-up videos also revealed that these prawns

used both pairs of chelae to catch the snail hatchlings

and to transfer them into their mouth parts. Once the

snail had been delivered to the maxillipeds, the chelae

were free to catch another snail.

Discussion

Although the control of apple snail invasions presents

a pressing global need, most efforts to do so have

largely failed (Yusa andWada 1999), even with use of

pesticides (Halwart 1994). The failure of chemical

pest control methods together with their negative

environmental effects indicate that an alternative more

efficient and environmentally suitable approach is

desirable. The use of biocontrol agents is generally

considered the preferable approach for pest control,

but such agents may themselves pose different threats

to ecosystems when used without an evaluation of

their non-target impacts. Ideally, biocontrol agents

should be specific for the target species, while causing

minimal non-target impacts. Therefore, an environ-

mental risk assessment is required as a pre-condition

for any field study, in order to raise awareness of the

problem and to prevent potential negative impacts. In

addition to the impact on non-target species, there are

potential risks in the use of biocontrol agents in terms

of direct or indirect competition with native species

and unexpected effects (Simberloff and Stiling 1996).

The predation of snails by decapod crustaceans has

A-65'' C-135''B-115''

Fig. 3 Representative snail distributions from the ‘single

prawn predation upon medium-sized snails experiment’. a Con-
trol tank 65 min after the introduction of snails. b Snail

distribution 115 min after the introduction of a non-feeding

prawn. c Snail distribution 135 min after the introduction of a

natural (feeding) prawn. The red dashed line represents half the

water column depth. Hence, snails found within the internal part

of this line represent snails residing at the lower part of the water

column, while snails found in the external part are located in the

higher part of the water column. Red circles indicate live snails

in the higher part. White arrows show live snails in the lower

part, and the remainder of the ‘dots’ are dead snails or debris.

Bar represents 5 cm
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previously been suggested for the regulation of

invasive populations of snails (Yamanishi et al.

2012). We offer substantial risk reduction compared

to the previous use of native or exotic decapods

because our approach is based on an all-male prawn

model. Such prawns will have a minimal ecological

footprint. The use of readily available all-male prawn

populations (Shpak et al. 2017) that, being non-

reproductive, will decrease in numbers over time, is

both sustainable and ecologically safe. Furthermore,

in temperate regions, where the water temperature

falls below 13 �C, the safety of the use of such prawns
as biocontrol agents would be ensured, since the

prawns cannot survive the winter season (Herrera et al.

1998). We confirmed this notion in cold-resistance

experiments with our all-male juvenile and adult

prawns (see Fig. S2).

The current study presents promising results

regarding the effectiveness of the proposed biocontrol

agent over the target species. Prawns are voracious

predators of Pomacea snails of various sizes, espe-

cially smaller snails (up to 15 mm shell size). These

findings support those of Roberts and Kuris (Roberts

and Kuris 1990) and Sokolow et al. (Sokolow et al.

2013), who tested Macrobrachium species as biocon-

trol agents of schistosomiasis-intermediate host snails

(Biomphalaria and Bulinus spp.). Those studies

demonstrated efficient consumption of snails, with a

daily biomass removal of snails ranging from 12 to

39% of the prawn body mass. Here, M. rosenbergii
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Fig. 4 Snail dispersal

during 140 min in a

representative tank at steady

state over 26 h in the

presence of a natural

(feeding) prawn.

a Percentage of snails in the

lower part of the tank (open

circles) and in the higher

part (black triangles). Black

circles represent the

percentage of live snails.

b Representative snail

distributions depicted from

Fig. 4a: 17, 45 and

1565 min after the

beginning of the

experiment. Lines, arrows

and circles as in Fig. 3. Bar

represents 5 cm
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tested with different snails seemed to be even more

efficient, exhibiting a daily biomass removal of snails

ranging from 25.8 to 58.5% of prawn body mass. Snail

hosts of schistosomes are much smaller than the large

Pomacea snails used here. Therefore, it was particu-

larly necessary to study the predation abilities of the

prawns on larger snails (15–35 mm). Importantly,

large snails were never consumed by the prawns of the

tested body sizes, namely, up to of 37 g. It is, however,

possible that larger prawns would be able to consume

the large snails, as confirmed by personal observation

(Savaya-Alkalay, unpublished data). At present,

removal of larger snails from invaded areas is often

carried out manually, especially in rice paddies in

Asia, where they have been causing serious damage

for almost three decades (Wada 1997; Naylor 1996;

Halwart 1994; Litsinger and Estano 1993; Yoshie and

Yusa 2011; Carlsson et al. 2004c; Aizaki and Yusa

2009).

To the best of our knowledge, this is the first study

to examine predation on snail egg masses, thereby

imitating the natural situation in which Pomacea

snails lay their eggs on objects, such as plant stems, a

few centimeters above the water surface (EFSA 2014;

Adalla et al. 2006; Carlsson et al. 2004b). The

experiment demonstrated the potential for local erad-

ication of snail hatchlings by a single small prawn.

Moreover, the underwater videos showed climb-to-

the-surface prawn behaviour, resulting in immediate

snail eradication. Indeed, these results demonstrate the

ability of a single small prawn to significantly alter the

establishment of newborn snails, which is crucial for

the control of snail populations.

We also demonstrated size-selective predation

preferences that have implications for the applicability

of the proposed method. The experimental outcomes

and the video recordings for the small prawns and snail

hatchlings imply that stocking of rice paddies and

irrigation canals with post-larval (small) prawns could

be an efficient biocontrol strategy for eliminating/con-

trolling snail hatchlings.

An additional important aspect of the proposed

biocontrol method is the anti-predator behavioural

response of snails to prawns found in the present study.

A recent study using fish (common carp) and turtles as

biocontrol agents found that Pomacea snails react to

chemical cues present in the water by exhibiting

predator-specific avoidance, namely, burrowing into

the substrate in the presence of turtles (which feed

from the water surface) or escaping out of the water in

the presence of carp (bottom feeders) (Ueshima and

Yusa 2015). That study and the study of Aizaki and

Yusa also highlighted the importance of chemical cues

to elicit the anti-predator response by exposing the

snails to crushed conspecifics (Aizaki and Yusa 2009;

Carlsson et al. 2004a; Covich et al. 1994; Ueshima and

Yusa 2015). In the current study, the snails (lacking a

soft substrate for burrowing) responded to the bottom-

feeding prawns by moving upwards, as they did in

response to carp (although other methods for avoiding

prawns in a more realistic system, could not be ruled

out). Furthermore, the anti-predator response of the

snails was not a response to the presence of prawns; it

was a response to predation of conspecifics. In light of

previous studies of the anti-predator response of the

snails (Aizaki and Yusa 2009; Carlsson et al. 2004a;

Covich et al. 1994; Ueshima and Yusa 2015) and the

findings of the current study, it appears that this

behaviour should be taken into account in future

integrated control management schemes.

Our results indicate that the readily available novel

all-male prawn biocontrol method offers an effective

control approach under a variety of conditions,

ranging from rice paddies to other enclosed bodies

of water. Our laboratory results now require field

validation and environmental risk assessment with

respect to rice management and non-target effects. We

note here that the fact that testing these non-repro-

ducing monosex populations in the field could be

terminated at any time simply by refraining from

further stocking of prawns contributes significantly to

the environmental safety of this biocontrol method. In

a real-world scenario, this environmental safety comes

at the cost of the need for repeated restocking, as is

done in inundative biocontrol programmes (Van

Lenteren et al. 2003). However, such a cost is dwarfed

by the losses attributable to snail pests; for example,

the annual global loss for rice production due to apple

snails has been estimated at US $55–248 billion (Joshi

and Sebastian 2006). In the Philippines alone, the

annual loss during the 1980s was estimated at US $1.2

billion (Naylor 1996) due to a yield loss varying

between 5 and 100%, depending on the level of

infestation. Studies have shown that 1 snail/m2 can

reduce a rice crop by up to 20%, while 8 snails/m2 can

reduce the yield by over than 90% (Halwart 1994). In

additional advantage of the proposed biocontrol

method is the increased profitability offered by rice-
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prawn integrated production, with the gross revenue in

rice-prawn system being almost 2.5 times greater than

that from rice monoculture (Boock et al. 2016). It has

been suggested that a stocking density of 2 post-larvae

prawns/m2 without any additional feed would be the

most profitable scenario. This premise supports our

findings in the predation experiments that a single

post-larval prawn can exterminate a batch of *200

snail hatchlings. The cost of post-larval prawns thus

seems to be negligible with respect to rice yield

improvement and additional revenue from prawn

production. In a broader perspective, it would be

worthwhile to examine the predation ability of these

all-male prawns as a generic solution for other

damaging species of freshwater snails. In conclusion,

it seems that in heavily invaded ecosystems and in rice

fields, a temporal intervention with all-male prawns

(even where they are an exotic species) embodies

more potential benefit than cost and should therefore

be evaluated in field experiments.
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