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Abstract

Slugs are an important crop and ornamental plant pest throughout temperate regions in all sectors

of the growing industry. Their pest status is set to increase as environmental considerations such

as using reduced tillage and over-winter green crops, along with legislative changes to pesticide

usage and more extreme weather patterns favour population growth. Consequently, the need for

sustainable approaches to slug control will become ever-more important. This review focuses on

biocontrol strategies, including nematodes, sciomyzid flies and microbes. First, an overview of

the problems caused by slugs in agriculture and horticulture is given, highlighting the key pest

species of temperate climates. This is followed by a brief description of the existing approaches

to their control and the current position with regard to classical biological control of slugs is

discussed in detail. Finally, future research needs are summarized, along with the challenges

involved.

Keywords: Mollusca, Nematoda, Diptera, Biological control, Microbe, Pest control

Review Methodology: The literature for this review was sought by searching the databases CAB Reviews, CAB Abstracts and ISI

Web of Knowledge along with a number of key texts. The older literature was identified using reference lists in the articles and books

identified as above.

Introduction

There are numerous species of terrestrial slugs through-

out the world living in a wide range of habitats from

temperate to tropical regions [1]. Many of these do not

pose a risk to plant, human or veterinary health; indeed,

they can play a role in nutrient cycling and ecological

diversity [2]. There are, however, several slug species that

cause considerable amounts of economic damage in arable

and horticultural crops, commercial nurseries and home

gardens. This is particularly so in damp, mild climates [3]

and the problem has been increasing; indeed recent wet

summer weather in the UK has seen an exponential

growth in slug populations to unprecedented levels, with

major damage risks forecast for the autumn [4]. Countries

in northern Europe, e.g. the UK and the Netherlands, are

especially affected by slugs, but they are also a serious

problem in parts of Australia, the USA [5] and Canada,

along with New Zealand [6] and Central America [7].

The success of pest slug species is the result of a variety

of factors. Among these is their considerable adaptability

to disturbed environments. They also flourish in associa-

tion with human activity, and together these character-

istics are key to their predominance in agricultural and

horticultural settings. Despite their relatively limited

individual ability to move over large distances, trade in

food and horticultural commodities has facilitated their

spread.

Damage Caused by Terrestrial Slugs

Slugs cause damage to plants both above and below the

ground. In arable crops, this has the greatest impact at

establishment, leading to a thin crop stand or, in severe

cases, to complete germination failure as a result of grain

hollowing [8]. Damage is a problem in both ploughed

and reduced-tillage systems, though the risk is generally
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considered to be higher in the latter. On ploughed soils,

slugs can thrive in moist crevices and air gaps between

clods of earth, and under direct drilling they can use drill

slits as ‘motorways’, destroying seeds as they move along

rows free from predation and buffered from adverse

weather. Furthermore, under low-tillage, the cover pro-

vided by residue from the previous crop offers excellent

shelter to support the growth of large slug populations.

This is also the case with overwintering green crops,

which are increasingly being grown within Europe [9].

Damage to hardy nursery stock and horticultural crops

or field vegetables can have a greater impact economically

than low-grade attack on broadacre crops as any con-

tamination by slime, faeces or whole slugs significantly

reduces the value to retailers. In a worst-case scenario,

whole shipments may be rejected with the consequent

loss of payment to the grower and no means of recouping

labour, time and outlay.

Certain crops are known to be at a particularly high

risk of slug attack. For example, slugs have distinct pre-

ferences for specific varieties of maincrop potato [10, 11],

with Maris Piper and King Edward being more prone to

damage than Majestic and Pentland Falcon, for example.

Similar inter-varietal differences were observed with clo-

ver cultivars [12]. Although they are less discerning as far

as cereals are concerned, recent studies have shown that

in brassicas, ‘double low’ oilseed rape cultivars (Brassica

napus L.) with reduced glucosinolates and erucic acid

concentrations are attacked more often than older ‘single

low’ cultivars [13]. In addition to differences in varietal

susceptibility, certain rotations can exacerbate slug pro-

blems, with the classic example being oilseed rape fol-

lowed by winter wheat [14].

A further aspect of the damage caused by slugs is

through their role as intermediate hosts of animal

pathogens which can lower farm profit by reducing the

health of stock. Although much of the published literature

on molluscs as disease vectors focuses on snails, slugs

have been implicated in infections of cattle, sheep and

grazing stock. For example, larvae of the sheep lungworm,

Müllerius capillaris (Müller) have been identified in the foot

muscle of a number of common temperate species [15].

Similarly, another species of lungworm infecting sheep,

Cystocaulus ocreatus (Davtian), is hosted by Deroceras

agreste (L.) [16]. A number of slug species also harbour

parasites of Brachylaemidae larvae, which can be patho-

genic to birds and mammals.

Economic Impact

Estimates of the overall monetary cost of slug damage are

hindered by similar issues to those encountered in

quantifying physical damage to crops. These include a lack

of systematic reporting and confusion of symptoms of slug

attack with damage caused by other pests and vice versa.

Furthermore, the economic consequences resulting from

damage will be greater during periods of high sale prices

when a crop is more valuable [17]. Estimates of the scale

of the slug problem are therefore based largely on indirect

information, such as changes in molluscicide usage.

Although no comprehensive economic appraisal has

been published, there have been some attempts to put a

figure on the destruction caused by slugs; they are,

however, often based on selected factors relevant to a

particular crop and many are outdated or unsubstantiated.

For example, early estimates variously concern equivalent

yield loss [18], area redrilled [19] and area treated with

molluscicides [20]. More recent reports put the figure for

field crops in the UK at £10 million [21], with an overall

cost to the growing industry in the region of £30 million

[22]. For comparison, the costs of molluscicides for field

crops in France, which is the largest market for chemical

slug baits in Europe, is approximately three times that in

the UK at e45 million [23]. With respect to grass seed

crops in the Pacific Northwest, metaldehyde applications

cost approximately $US 14 million based on sales values

of $US 1.25 per pound weight of product. Although these

figures give a ballpark indication of costs, it is often not

entirely clear as to exactly what parameters the estimates

are based on, or whether they refer to a particular active

ingredient, country or sector of the growing industry.

Key Pest Species

The primary pest slug species of temperate climates

include members of the genera Deroceras,Milax, Limax and

Arion (Table 1). The most common of these is arguably the

generalist Deroceras reticulatum, although Arion vulgaris is

cited as the worst pest slug species in Europe [24].

Deroceras laeve, Arion hortensis and Tandonia budapestensis

Table 1 Key pest slug species of temperate climates

Genera Key pest species

Deroceras D. reticulatum (Müller)
D. panormitanum (Pollonera)
D. laeve (Müller)

Milax T. budapestensis (Hazay)
M. gagates (Draparnaud)
M. sowerbyi (Férussac)

Limax L. maximus (L.)
L. flavus (L.)

Arion A. ater (L.)
A. vulgaris (Moquin-Tandon)
A. hortensis aggregate:
A. distinctus (Mabille);
A. owenii (Davies);
A. hortensis (Férussac)
A. subfuscus (Draparnaud)
A. flagellu (Collinge)

Arion complex A. circumscriptus (Johnston)
A. silvaticus (Lohmander)
A. fasciatus (Nilsson)
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are also widespread pests in arable crops, horticulture

and potato crops, respectively.

D. reticulatum is very widely distributed throughout

Europe, North America, the USA, Australia [25] and New

Zealand [3]. This species is surface dwelling, thrives in

disturbed habitats and is active at low temperatures;

indeed it is known to feed normally at temperatures as

low as 0 �C [26]. Deroceras panormitanum often reaches

pest levels, particularly in hardy nursery stock [27], hor-

ticultural crops and legume seeds [28]. It is widespread

throughout Britain, France and SW Europe, as well as

North America, New Zealand and Australia [29]. The

Arion genus is relatively speciose, with A. vulgaris having the

greatest pest status. This species adapted to dry climates

by laying large numbers of eggs; many do not survive

desiccation, but at least some hatch. Reproductive capa-

city is not limited to the same extent, however, in the

wetter conditions of Northern Europe to which it has

since dispersed, leading to high population densities. In

addition to severe foliar attack of horticultural and agri-

cultural crops, A. vulgaris is known to transmit plant

pathogens [24]. The A. hortensis aggregate also causes

extensive damage. They are pests of potatoes, horti-

cultural crops including strawberries, lettuces, Brussels

sprouts [30], cereals such as wheat and barley [31] and hill

pastures. Of the family Milacidae, Milax gagates and

T. budapestensis are noted pests. M. gagates is common in

man-made environments and has been introduced to a

number of countries from its European origins, including

North America, Australia and New Zealand [32].

T. budapestensis burrows and can go deep below ground

[33], which explains why it can cause severe problems in

potato crops, where it hollows out cavities in tubers,

greatly reducing the market value.

Existing Control Strategies

Current control options include chemical, cultural and

biological approaches. Each has relative advantages and

disadvantages, but rarely is any one of them alone suffi-

cient to keep slug populations below economic damage

thresholds on a commercial scale. Consequently, an

integrated strategy is usually required and new develop-

ments will be crucial to maintain and improve the existing

levels of control.

Molluscicides based on metaldehyde and methiocarb as

active ingredients dominate chemical control products

[34]. In the UK in 2010, these respectively accounted for

82 and 17% total area treated with molluscicides [35].

Metaldehyde and methiocarb act on the nervous system

of molluscs causing paralysis, although the ultimate cause

of death is frequently dehydration as a result of ensuing

immobility. Although they are the most widely used

method of slug control, these chemicals have their lim-

itations. For example, there is only one main mode of

delivery in the form of pellets [23] and pelleted baits are

only effective against the segment of the slug population

that is surface active, which can be relatively small in

relation to the total. Ingestion of a lethal dose depends on

the balance between the proportion of attractant and

active ingredient, since the latter is itself repellent to slugs;

consequently ‘recovery’ from poisoning is not uncommon.

Furthermore, there are environmental objections to the

use of molluscicidal chemicals: not only is collateral

damage of non-target species a concern [33, 36–41], but

recent reports of increased pesticide burden following

molluscicides entering public waterways has resulted in

more stringent monitoring of metaldehyde applications

[42]. Ferric-phosphate-based pellets offer an alternative

to metaldehyde and methiocarb as active ingredients.

They function by disrupting calcium metabolism in the slug

gut which prevents feeding. However, although they are

certified for use in organic systems and biodegrade to

release the plant nutrients phosphate and iron, it has been

reported that they can have deleterious effects on

earthworms at high doses [43].

Control of slugs through cultural methods entails

modifications to the husbandry of a crop in such a way

that it becomes less appealing to them or beyond their

tolerable range. For example, in agriculture, simple mea-

sures include avoiding ‘high risk’ rotations such as fol-

lowing oilseed rape with winter wheat. Mechanical

operations, e.g. repeat cultivations to compact soil, also

have a beneficial effect on reducing slug numbers; how-

ever, these are at odds with sustainable production and

promotion of good soil health as well as being fuel-hungry.

Thus, what is useful from the perspective of control is not

necessarily practical for economic or environmental rea-

sons.

Although slugs have a wide range of known natural

enemies, including mites, spiders and flatworms [44],

biological slug control methods have to date centred

largely on the introduction and management of a small

subset, e.g. nematodes, which can feasibly be produced on

a large scale. Although biocontrol has the potential to

overcome some of the inherent problems associated with

chemical and cultural approaches described above, it

functions within a very different philosophical framework

and its efficacy depends on a large number of external

factors. The remainder of this review focuses on this

method of control.

Classical Biological Control

Classical biological control can be described as the

deliberate control of exotic pests using exotic natural

enemies [45]. There are a number of other types of

biocontrol, which vary from the classical definition in their

specifics, e.g. augmentative biocontrol involves the use of

native agents to manage pest populations of exotic or

native species, and neo-classical biocontrol, which uses

exotic biocontrol agents against native pests. Few of the
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successful biological methods already shown to be effec-

tive against slugs fall under the definition of classical bio-

control and therefore, for the purposes of this review,

biocontrol will be considered in its broader sense. Key

among the benefits of biological control is that it is a way

of providing relatively permanent management of pests

provided, critically, that the control organism and pest

populations remain in equilibrium. There is, however, a

caveat in that its success relies on a range of environ-

mental conditions and complex interactions, which are

difficult to predict and highly liable to fluctuation. Bio-

logical control has, therefore, to be viewed as a long

game, rather than a quick-fire solution.

With respect to pest slug management, although nat-

ural enemies of molluscs have been known for many years

[33], their wide-scale potential as a control solution has

not been subject to intensive research activity until the

last 30–50 years, in large part because of the dominance of

the agrochemical industry. Since then increasing public

concern over the negative impacts of pesticides, along

with growing consumer demand for food produced in an

environmentally benign manner and the value placed on

‘green credentials’ has given greater impetus to the

research and development of biological control solutions

[46–48].

Nematodes

One of the most widely established, commercially avail-

able slug biocontrol agents in Europe is the parasitic

nematode Phasmarhabditis hermaphrodita (Schneider) [49].

This has been on the market now for 18 years and is

currently sold as the proprietary product Nemaslug1. At

present, it is known to be effective against adults and

juveniles of nine pest slug species and solely juveniles of

two species [50]. Notable exceptions include Limax max-

imus and the Arion slugs, A. hortensis and Arion subfuscus,

which are not susceptible.

Although P. hermaphrodita was discovered almost 155

years ago [51], it was not until it was isolated again in the

UK in 1988 that its potential as a slug biocontrol agent

was recognized [52], and it was later shown to be asso-

ciated symbiotically with the bacterium Moraxella osloensis

(Bevre & Henrikson) [53–55]. It is, in fact, the bacterium

that kills slugs using an endotoxin, with P. hermaphrodita

acting as a very effective vector which completes its life-

cycle on the decaying slug cadaver, i.e. this is a tripartite

relationship. Since then, it has been demonstrated that

P. hermaphrodita can associate with bacteria other than

M. osloensis, e.g. Providencia rettgeri, and that the bacterial

component of the symbiosis impacts on virulence to slugs,

so it seems that the specific nematode-bacterium com-

bination is malleable [52, 56].

The mode of action mirrors that of certain entomo-

pathogenic nematodes. As parasites, infective juveniles of

P. hermaphrodita actively locate slugs in the soil and enter

the shell cavity via the mantle flap. Once inside, they

reproduce by self-fertilization and release their bacterial

symbiont, which multiples and kills the slug over a period

of 4–21 days post-infection [54]. During this time, slug

feeding activity and time spent moving decrease [57, 58]

and fluid build-up in the shell cavity gives them a char-

acteristic ‘hump-backed’ appearance; if the infection is

particularly severe, the shell may even be extruded from

the cavity and lost. After the slug has died, the nematodes

rapidly multiply over the decaying body and produce

juveniles (dauer larvae) that migrate back into the soil

where they are ready in-situ to infect further slugs. It

should be noted that P. hermaphrodita can also live both

saprobically, surviving on dead slugs or faeces in the

absence of live hosts, and necromenically, whereby the

dauer larvae enter the slug and survive without further

development until the slug dies, when they feed and

reproduce on the cadaver [59].

A number of snail species have been shown to be

susceptible to P. hermaphrodita [50], which reflects the

similarities in their anatomy and biology. In tests, on a

range of other non-target invertebrates, however, few

detrimental effects have been reported [60, 61].

Despite known parasitic relationships between a range

of slug and nematode species [62], P. hermaphrodita was

the first nematode actually shown to kill slugs [49]. Since

then, a limited number of studies have been published

which investigate the slug-killing capacity of other nema-

tode species. For example, Phasmarhabditis neopapillosa

can parasitize slugs in much the same way, but has not

been exploited as a biocontrol agent [14]. Certain strains

of the entomopathogenic nematodes Steinernema carpo-

capsae, S. feltiae and Heterorhabditis bacteriophora have also

been tested in bioassays, but positive results reported in

Polish trials [63] could not be replicated elsewhere [64].

The current commercial formulation of P. hermaphro-

dita is suitable for use in organic systems, home gardens,

protected environments and high-value field crops

[65, 66]. Research shows that it is also effective in

broadacre crops, e.g. wheat and oilseed rape [67, 68],

although its cost is usually prohibitive on this scale [14].

Other limitations include variable efficacy depending on

factors such as moisture, temperature and application

timing; reduced shelf-life and slower kill-times compared

with industry averages for chemical controls; vulnerability

of nematodes to desiccation and potential development of

an ‘immune-type’ response in molluscs through encapsu-

lation of the biocontrol in the shell. The first three of

these are common to many biological controls and reflect

the completely different underlying mechanisms of this

approach, which is attuned to ecological principles in

contrast with the rapid toxicological profile of traditional

chemical baits. The latter two limitations, however, may

be amenable to improvements in formulation technology.

Regarding the development of a putative immune

response, some research suggests that slugs are able to

trap the invading nematodes by encapsulation within the
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internal shell [69]. This merits further investigation, as it

may explain the lack of susceptibility to P. hermaphrodita in

some species of slug.

Although the uptake of P. hermaphrodita as a slug bio-

control has been widespread within Europe, potential

markets are restricted for biosecurity reasons to those

countries where the nematode is known to be endemic.

Recently, P. hermaphrodita has been recorded in New

Zealand for the first time [70]; however, this is not the

case in parts of the USA [69] where the climate can,

nevertheless, be highly conducive to the development of

significant slug populations. As commented above,

research focusing on discovering similar parasitic cap-

abilities in the native nematode fauna of such countries

may prove to be a potentially valuable future avenue for

biocontrol.

Sciomyzid Flies

Sciomyzid fly larvae were first observed to feed on snails

in 1953 [71] and since then much research effort has been

channelled into this group in relation to mollusc predation

[45]. It is now well-established that larvae of the Scio-

myzidae are almost completely obligate mollusc killers.

The majority of species prey on snails [72], although five

have been identified which attack slugs exclusively [73]. A

comprehensive review of research into the biology and

potential biocontrol application of Sciomyzids is given by

Barker [45]. In this, the author describes how the larvae

exhibit predaceous or parasitoid behaviours, or indeed a

mix of both, depending on the species and life stage. In the

case of slug-killing sciomyzids, they penetrate the body

through various sites of entry, e.g. glands in the foot, or

the ocular tentacles, and then either feed on the slug for a

few days until it dies when they exit the cadaver and infect

further molluscs, or remain as parasites in the slugs body

until the third-instar and then emerge to predate on new

hosts. Certain associations seem to have emerged so that,

for example, Tetanocera valida (Loew) always attacks a

Deroceras species that it enters via the mantle, whereas

T. clara (Loew) is confined to the largely tropical philo-

mycid slug family. Although much is now known of the

biology of mollusc-killing sciomyzids, however, there is

still limited understanding of their role in the population

dynamics of their prey [45].

In order to immobilize slugs prior to invasion, studies in

the 1970s suggested that some larvae employ a toxic

protein secreted from the salivary glands, although the

protein was not identified in all slug-killing sciomyzids

[74]. There are obvious similarities between this and

more recent work on insect-derived venom as a slug

toxin [75]. This research found that venom of the endo-

parasitic wasp Pimpla hypochondriaca (Retzius) increased

the mortality of D. reticulatum compared with controls,

although D. reticulatum is not itself a host for this wasp

species. While this work is therefore a step removed

from direct biocontrol, in that it is the venom that was

effective as an injected animal-derived physiological factor

rather than the wasp parasite itself, it could inform further

research on the mode of action of toxic Sciomyzid pro-

teins and be of use in integrated pest management stra-

tegies.

In relation to mollusc biocontrol, there are a number of

positive points in favour of further developing the use of

predatory sciomyzids noted by Murphy et al. [73]. In brief,

these are: voracious feeding behaviour; long life and high

survival rates; the apparent low natural enemy pressure

on sciomyzids coupled with their obligate predation on

molluscs; many species are multivoltine; they have a

diverse range of feeding and microhabitat preferences

which is reflected by their broad geographical distribution;

they are easy to mass rear and larvae are robust to being

transported. A further advantage is the relatively low

projected cost of mass-rearing [76].

To date, the majority of work has focused on the

capacity of sciomyzids to control disease-carrying aquatic

snails. The feasibility of using them as an introduced bio-

control was established in 1972 [77] when, out of a range

of introduced sciomyzid species to the Hawaiian islands,

Sepedomerus macropus (Walker) and Sepedon aenescens

(Wiedemann), were observed to persist and control two

snail vectors of the trematode Fasciola gigantica (Cob-

bold), which is a liver fluke of cattle. Similarly, marked

reductions in schistosomiasis (76–94%) were reported

after the augmentative release of Sepedon sphegea (Fab-

ricius), which preys on Bulinus truncatus (Audouin) [78]. It

would seem that the success of sciomyzid–prey snail

combinations in a biocontrol context is rather species-

specific since a number of studies which focused on other

pairings gave negative or inconclusive results [76, 79],

which lends support to the concept of ‘tailor-made’ bio-

controls [73]. Furthermore, apart from obvious benefits

in terms of increased diversity and ecosystem services,

waning use of anti-helminthic drugs because of rising costs

and the development of resistance gives added impetus to

investigate biocontrol prospects for the use of sciomyzids

to control mollusc disease vectors.

In contrast to the studies of sciomyzid control of

aquatic snail pests, their potential as a biocontrol for

terrestrial gastropods, and specifically slugs, has received

far less attention, despite the known sciomyzid–slug prey

associations [72, 80–82]. Perhaps increased interest in

organic farming systems and sustainable agriculture will

raise the profile of research into slug biocontrol using

sciomyzids; certainly the fast-expanding biocontrol pro-

duct market and increase in slug problems in temperate

regions suggests there would be a demand.

Invertebrate Predators: Carabid Beetles

In relation to slug control, carabid beetles are more

typically considered as regulators of natural population
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dynamics, rather than as a mode of introduced biocontrol

[45, 83–85]. Furthermore, recent work indicates that gut

analyses of Pterostichus melanarius (Illiger), which are

positive for slug remains are in fact evidence of scavenging

rather than predation [86]. This should be borne in mind

when interpreting older studies in which a reduction in

slug numbers is attributed to beetles. One such example

concerns the use of Abax parallelepipedus (Piller &

Mitterpacher) introduced to control slugs in the confined

environment of a polytunnel [87]. In this study, the crop

concerned was lettuce, in which slugs are a very impor-

tant pest because of the low threshold for economic

injury. At a rate of six beetles to thirty slugs per m2,

significant reductions in lettuce damage and slug numbers

were observed and it was suggested that this was because

of fewer slugs under refuges, as there were still similar

numbers of adults within the lettuce hearts; it may instead

have been that the slugs were deterred from entering

refuges by resident beetles rather than being predated

upon.

Larger, more specialist species of beetle, e.g. Cychrus

caraboides (L.) and Carabus violaceus (L.) are able to use

their greater strength to attack and kill slugs by rapidly

biting specific parts of the body such as the head or

mantle before large amounts of defensive mucus are

produced [88]. This mode of attack means that they are

more successful predators than the smaller species

described above; hence freshly killed slugs may form a

greater proportion of their diet under natural conditions.

However, it is doubtful that they could provide effective

biocontrol for slugs unless reliable mass-rearing methods

were to be developed.

Microbes and Diseases . . . Beyond the State

of the Art

Disease as a means of mollusc biological control has

received scant attention in the literature, despite much

significant parallel work yielding prominent results in the

field of entomology [89]. Indeed, it has been noted [90]

that over 40 years ago, Mead (1961) stated ‘the most

neglected aspect . . . in the entire field of malacological

biology, is the study of the role of micro-organisms in

molluscan symbiosis and pathology’, and this could still be

said today. There has been very little work done on the

microbes associated with, or pathogenic to, terrestrial

slugs. The situation is not much better for snails, with the

notable exception of early research on the giant African

land snail, Achatina fulica Bowdich, which is the first

reference to mollusc biocontrol, in 1970 [91].

A ‘fatal blistering disease’ of slugs was described at

around the same time in veronicellid species of the

Southern USA, e.g. Veronicella ameghini (Gambetta) [92,

93]. This was said to manifest itself when laboratory-

reared slugs were crowded and symptoms included pits in

the integument and blisters followed by weakness and

death; it was also observed that the affected slugs did not

lay eggs. Slugs exhibited decreased activity and micro-

scopic examination showed unidentified structures in the

subepidermal regions around muscles. A bacterial cause

was suggested and yeast-like cells were reported but not

investigated further and the pathology remains uncon-

firmed.

In the mid- to late-1980s, two reports implicating a

bacterial basis for mollusc pathologies were published,

including a fatal leucodermic lesion of the slug Laevicaulis

alte (Férussac) similar to that observed in A. fulica [94]; the

suggested causative agent was Aeromonas hydrophila. Bac-

terial infections, putatively due to Pseudomonas, were also

described for snails used in heliculture [95], but this has

not been recorded for slugs.

The most recent work exploring the potential for

microbial control of slugs investigated the toxicity of

Bacillus thuringiensis Berliner (Bt) against D. reticulatum,

Arion distinctus and Limax valentianus. None of the strains

tested had any toxic effects against these three species

[96] suggesting that the success of Bt against many insect

pests is not transferable to molluscs.

There are, similarly, few fungal diseases of hatched slugs

reported, although they seem to be more prevalent on

slug eggs. Early work showed Verticillium chlamydosporium

to be parasitic on slug eggs in vitro; many unhatched eggs

were found to have hyphae in them and were darker and

more opaque than healthy eggs [97]. Arthrobotrys has also

been reported to prevent the development of D. reticu-

latum eggs [98], although South [99] showed that on

average only 6–8% wild-collected D. reticulatum and Arion

intermedius eggs contained fungal mycelium or spores and

suggested that these fungi acted as obligate saprobes

rather than parasites, only developing in eggs where the

embryo had already died. Fusarium has also been asso-

ciated with slugs, but in this case with dead adults in

laboratory cultures and there was no suggestion that this

may have biocontrol applications [98].

Viruses in slugs are rarely alluded to and the only

specific reference found was a description of virus-like

particles from the sarcobellum region of D. reticulatum

reproductive tract, which resembled Herpetoviridae and

were not found in any other areas of the tract [100].

Exploratory work to investigate screening approaches

to assay for molluscicidal properties of microbes is

underway [101, 102]. The early results offer some

potential and ultimately microbial control represents a

possible alternative to the current options which could be

used alone or integrated with other biocontrol measures

to manage damaging slug populations.

Summary and Future Prospects

Slugs are a major problem in agriculture and horticulture

throughout temperate regions of the world. Control

currently relies heavily on chemicals, but there are

http://www.cabi.org/cabreviews
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concerns over collateral damage with increased public

resistance to pesticide use.

The parasitic nematode, P. hermaphrodita, is a sustain-

able alternative with an established track record. It is

available as a commercial formulation and its market has

steadily expanded within Europe [50]. For biosecurity

reasons, however, its use is currently limited to those

countries where P. hermaphrodita is known to be endemic;

this excludes parts of the USA where the climate favours

large populations of pest slug species.

As obligate natural enemies of molluscs, sciomyzid flies

represent a group that merit more investigation in rela-

tion to slug biocontrol. Their beneficial impact in reducing

populations of a number of disease-causing snail vectors,

along with known definitive host slugs for certain species,

illustrate proof of the concept and there is a need to

progress this research avenue further. Microbes also

show potential as a new approach to slug control. The

preliminary work in this area is encouraging and needs to

be expanded upon. Developments in formulation tech-

nology already offer a real prospect for commercialization

of a microbe mediated biomolluscicide.

In summary, there is no ‘single solution’ to controlling

slug pests, which thrive on their ability to adapt to chan-

ging environments. Current commercially available bio-

control options are limited, but efficacious. Exciting

progress is being made in increasing our knowledge of slug

predator and pathogen relationships; the future challenge

will be translating this into practical biocontrol solutions.

Acknowledgements

The author thanks Gordon Port, Rory McDonnell, David

Glen, Robbie Rae, Elaine Richards and Michael Wilson for

variously providing copies of a number of key references

used in this review and for interesting discussions.

References

1. Barker GM. Gastropods on land: phylogeny, diversity and

adaptive morphology. In: Barker GM, editor. The Biology of

Terrestrial Molluscs. CABI Publishing, Wallingford, Oxford,

UK: 2001. p. 1–145.

2. Theenhaus A, Scheu S. The influence of slug (Arion rufus)

mucus and cast material addition on microbial biomass,

respiration, and nutrient cycling in beech leaf litter. Biology

and Fertility of Soils 1996;23(1):80–5.

3. Barker GM. Gastropods as pests in New Zealand pastoral

agriculture, with emphasis on Agriolimacidae, Arionidae and

Milacidae. In: Barker GM, editor. Molluscs as Crop Pests.

CABI Publishing, Wallingford, Oxford, UK; 2002. p. 361–423.

4. Watts A. Rain brings slug invasion. Farmers Weekly 2012

17th July 2012:64–6.

5. Godan D. Pest Slugs and Snails. Biology and Control. 1st ed.

Springer-Verlag, Berlin, Heidelberg, New York; 1983.

6. Barker GM. Naturalised Terrestrial Stylommatophora:

(Mollusca:Gastropoda). Manaaki Press, Lincoln, New

Zealand; 1999.

7. Wilson MJ. A novel nematode for management of slugs.

In: Vincent C, Goettel MS, Lazarovitsi G, editors. Biological

Control: A Global Perspective. CAB International, Oxford, UK;

2007. p. 152–9.

8. Port CM, Port GR. The biology and behaviour of slugs in

relation to crop damage and control. Agricultural Zoology

Reviews 1986;1:253–99.

9. Glen D. Integrated control of slug damage. Pesticide Outlook

2002;13:137–41.

10. Gould HJ. Observations on the susceptibility of maincrop

potato varieties to slug damage. Plant Pathology

1965;14:109–11.

11. Winfield AL, Wardlow LR, Smith BF. Further observations on

the susceptibility of maincrop potato cultivars to slug damage.

Plant Pathology 1967;16:136–8.

12. Ferguson CM, Lewis GC, Hanks CB, Parsons DMJ, Asteraki

EJ. Incidence and severity of damage by slugs and snails to

leaves of twelve white clover cultivars. Annals of Applied

Biology 1989;10:138–9.

13. Glen DM, Jones H, Fieldsend JK. Damage to oilseed rape

seedlings by the field slug Deroceras reticulatum in relation to

glucosinolate concentration. Annals of Applied Biology

1990;117(1):197–207.

14. Glen DM, Wilson MJ, Hughes L, Cargeeg P, Hajjjar A.

Exploring and exploiting the potential of the rhabditid

nematode Phasmarhabditis hermaphrodita as a biocontrol

agent for slugs. In: Henderson IF, editor. Slug and Snail

Pests in Agriculture. British Crop Protection Council:

Canterbury, UK; 1996. p. 271–80.

15. Rose JH. Observations on the larval stages of Muellerius

capillaris within the intermediate hosts Agriolimax agrestis

and A. reticulatus. Journal of Helminthology 1957;31:1–16.

16. Stephenson JW. Slug parasites and predators: Rothamsted

Experimental Station Report; 1964.

17. Brooks A, Crook M. The use of molluscicides in UK

agriculture and their effects on non-target organisms. The

Malacological Society of London Mini-Review. 2003.

18. Strickland AH. Pest control and productivity in British

agriculture. Journal of the Royal Society of Arts

1965;113:62–81.

19. Hunter PJ. An estimate of the extent of slug damage to wheat

and potatoes in England and Wales. NAAS Quarterly Review

1969;85:31–6.

20. Sly JMA. Pesticide Usage Survey. Arable farm crops and

grass: Ministry of Agriculture, Fisheries and Food; 1986.

21. Garthwaite DG, Thomas MR. The usage of molluscicides in

agriculture and horticulture in Great Britain over the last 30

years. In: Henderson IF, editor. Slug and Snail Pests in

Agriculture. British Crop Protection Council, Canterbury, UK;

1996. p. 39–46.

22. Redbond M. Slugs and snails: The Royal Society of

Chemistry; 2003 Oct 2003.

23. Meredith RH. Slug pellets – risks and benefits in perspective.

In: Dussart GBJ, editor. British Crop Protection Conference;

2003; Canterbury, UK; 2003. p. 235–42.

http://www.cabi.org/cabreviews

S.A. Howlett 7



24. Rabitsch W. DAISIE European Invasive Alien Species

Gateway, 2006. Arion vulgaris. Available from: www.europe-

aliens.org/speciesFactsheet.do?speciesId=52937 2006.

[Accessed 20 August 2012]

25. Nash MA, Thomson LJ, Hoffmann AA. Slug control in

Australian canola: monitoring, molluscicidal baits and

economic thresholds. Pest Management Science

2007;63:851–9.

26. Mellanby K. Slugs at low temperatures. Nature

1961;189:944.

27. Schüder I. Integrated control of slug and snail pests in hardy

nursery stock [PhD thesis]. Newcastle upon Tyne, Tyne and

Wear, UK; 2004.

28. Blank RH, Bell DS. Seasonal patterns of pasture seed loss to

black crickets (Teleogryllus commodus) and other

invertebrates. New Zealand Journal of Agricultural Research

1982;25:123–30.

29. South A. Terrestrial Slugs. Biology, ecology and control.

Chapman and Hall, London, UK; 1992.

30. Anon. Slugs and Snails: Ministry of Agriculture, Fisheries and

Food; 1979.

31. Duthoit CMG. Slugs and food preferences. Plant Pathology

1964;13(2):73–8.

32. Barker GM. Notes on the introduced terrestrial pulmonata

(Gastropoda: Mollusca) of New Zealand. Journal of

Molluscan Studies 1982;48:174–81.

33. Runham NW, Hunter PJ. Terrestrial Slugs. 1st ed.

Hutchinson and Co. Ltd., London, UK; 1970.

34. Glen DM, Moens R. Agriolimacidae, Arionidae and Milacidae

as pests in West European cereals. In: Barker GM, editor.

Molluscs as Crop Pests. CABI Publishing, Wallingford, UK;

2002. p. 468.

35. Garthwaite DG, Barker I, Parrish G, Smith L, Chippindale C,

Pietravalle S. Pesticide usage survey report: Food and

Environment Research Agency; 2011. Report No.: 235–7.

36. Purvis G. The hazard posed by methiocarb slug pellets to

carabid beetles: understanding population effects in the field.

In: Slug and Snail Pests in Agriculture. British Crop Protection

Council, Canterbury, UK; 1996. p. 189–96.

37. Studdert VP. Epidemiological features of snail and slug bait

poisoning in dogs and cats. Australian Veterinary Journal

1985;62:269–71.

38. Longbottom GM, Gordon ASM. Metaldehyde poisoning in a

dairy herd. Veterinary Record 1979;104:454–5.

39. Martin TJ, Forrest JD. Development of Draza in Great Britain.

Pflanzenshutz-Nachrichten Bayer 1969;22:205–43.

40. Barnett EA, Fletcher MR, Hunter K, Sharp EA. Pesticide

Poisoning of Animals 2000: Investigations of suspected

incidents in the United Kingdom: Department of the

Environment, Food and Rural Affairs; 2002.

41. Shore RF, Feber RE, Firbank LG, Fishwick SK, Macdonald

DW, Norum U. The impacts of molluscicide pellets on spring

and autumn populations of wood mice Apodemus sylvaticus.

Agriculture, Ecosystems and Environment 1997;64(3):211–7.

42. Position Statement: Environment Agency position on

metaldehyde. In: UK Environment Agency; 2011. p. 4.

43. Langan AM, Shaw EM. Responses of the earthworm

Lumbricus terrestris (L.) to iron phosphate and metaldehyde

slug pellet formulations. Applied Soil Ecology 2006;34:184–9.

44. Barker GM, editor. Natural Enemies of Terrestrial Molluscs.

CABI Publishing, Oxford; 2004.

45. Barker GM. Overview of the biology of marsh flies (Diptera:

Sciomyzidae), with special reference to predators and

parasitoids of terrestrial gastropods. In: Barker GM, editor.

Natural enemies of Terrestrial Molluscs. Oxford: CABI

Publishing; 2004. p. 227–79.

46. Lisansky S. Microbial Biopesticides. In: Evans HF, editor.

Microbial Insecticides: Novelty or Necessity? University of

Warwick, British Crop Protection Council, Coventry; 1997.

p. 3–10.

47. Straus EE, Knight JD. Microbial insecticides: can farmers be

persuaded to use them? In: Evans HF, editor. Microbial

Insecticides: Novelty or Necessity? University of Warwick,

British Crop Protection Council, Coventry; 1997. p. 141–50.

48. Tatchell GM. Microbial insecticides and IPM: current and

future opportunities for the use of biopesticides. In: Evans

HF, editor. Microbial Insecticides: Novelty or Necessity?

University of Warwick, British Crop Protection Council,

Coventry; 1997. p. 191–200.

49. Wilson MJ, Glen DM, George SK. The rhabditid nematode

Phasmarhabditis hermaphrodita as a potential biological

control agent for slugs. Biocontrol Science and Technology

1993;3(4):503–11.

50. Rae R, Verdun C, Grewal PS, Robertson JF, Wilson MJ.

Biological control of terrestrial molluscs using

Phasmarhabditis hermaphrodita - progress and prospects.

Pest Management Science 2007;63:1153–64.
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de mollusques. Annales de la Société Entomologique
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