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ARTICLE INFO ABSTRACT

Keywords: Arionid slugs can be serious pests on horticultural and agricultural crops. Using slug movement barriers is a
Arion potentially effective method to control slug damage. We evaluated the performance of waterglass (sodium sili-
Copper cate) and copper foil as barriers against Arion vulgaris movement both in a controlled experiment and in a semi-
:;g:::;l S;l]li;ate field validation under natural conditions. We used strawberry fruits as baits behind the barriers and monitored
Water glass slug movement and damage to the strawberries. In the controlled experiment, copper foil barriers delayed but
did not prevent passage, whereas waterglass barriers completely hindered slugs from passing. Barrier width (3, 4
or 6 cm) did not affect the passability of the barriers. In the semi-field validation, there was no difference in slug
damage events between pots with and without copper foil barriers. Waterglass barriers applied to the pots
reduced slug damage events by 50% compared with pots without a barrier. Using waterglass to hinder slug
movement may prove to be a cost-effective method to control slug damage in horticulture without any adverse

side effects on non-targeted organisms.

1. Introduction

Terrestrial gastropods can cause severe damage on horticultural and
agricultural crops. Some species have recently emerged as serious pests,
as they have been introduced into new environments (Cowie and Rob-
inson, 2003). The Spanish slug (Arion vulgaris Moquin-Tandon 1855;
previously, but incorrectly, referred to as A. lusitanicus in the literature,
e.g. Quinteiro et al. (2005), (Zemanova et al., 2016)) is a highly invasive
gastropod originating from forested habitats in south-western Europe.
During the last 50 years it has been established in anthropogenic land-
scapes in many countries in northern Europe (Proschwitz 1997;
Koztowski 2007; Zemanova et al., 2016) where its introduction has
resulted in production loss, both in agriculture and private gardens
(Frank 1998; Kozlowski 2000). Conventional control methods include
pesticides (Watkins et al., 1996; Laznik et al., 2011), biological treat-
ment with nematodes (Grimm 2002), and, in garden settings, culling
(Langlet 2008). Pesticides and nematodes, however, are not always
effective and risk having adverse effects on native, non-target species
(Laznik et al., 2011; Capinera 2018; Antzée-Hyllseth et al., 2020).
Manual culling, on the other hand, may be perceived as a tedious task,
with only a fraction of slugs present being visually observable at a given
time (Nyqvist et al., 2020). Instead, movement barriers may prove
efficient as a potential method to control slug damage if they can prevent
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slugs from performing movements for local dispersal (Grimm and Paill
2001; Knop et al., 2013), diel migrations between nocturnal feeding
areas and diurnal sheltered habitats (Grimm et al., 2000), or adapting to
shifting spatial and temporal patterns of resources.

A wide range of physical and chemical slug barrier types have been
suggested and, with varying levels of scientific evidence of functionality,
marketed to the gardening public. In laboratory experiments, barriers
using hydrated lime and sulfur reduced feeding and leaf consumption by
Florida leatherleaf slug (Leidyula floridana), whereas diatomaceous
earth, fumed silica and wood ash did not prevent slug damage (Capinera
2018). Schiider et al. (2003) tested a range of barrier materials applied
in 3 cm strips to prevent horizontal and vertical movement of brown
field slug (Deroceras panormitanum). Urea formaldehyde and a garlic
solution acted as semi-exclusive barriers both for vertical and horizontal
movements (>65% exclusion), whereas a range of other materials only
reduced vertical barrier passage to various degrees. An ethylene tetra-
fluoroethylene coating (ETFE, perhaps more suitable for laboratory ex-
periments and gastropod terraria than in applications to prevent
damages on crops) produces a low-friction surface that prevented hor-
izontal passage by grey field slug D. reticulatum (Symondson 1993). For
arionid slugs, a barrier of 3 cm wood ash and hydrated lime reduced
passage over 2 days with more than 50% compared with controls
(Laznik and Trdan 2016). The effect was likely caused by the resulting
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dry surface, suggesting that the barrier efficiency may be reduced should
the surface become wet. When applied weekly and protected against
rain, birch tar oil in combination with petroleum jelly, prevented pas-
sage by Arion slugs for months in a controlled field experiment
(Lindqvist et al., 2010). Moreover, a medium-high voltage (10 V) elec-
trical fence, has also been shown to constitute an effective barrier to
arionid slug movement (Laznik et al., 2011).

Copper foil and waterglass (sodium silicate) are two readily available
and relatively cheap and weather resistant potential barrier materials
promoted in the popular garden literature (Brozinic 2020). Copper foil is
believed to prevent slug passage by inducing an electrical current when
coming in contact with the slug mucus, but previous results of its barrier
efficiency are mixed (Laznik et al., 2011). Copper foil has been docu-
mented to slightly reduce the number of passing slugs (D. panormitanum)
and snails (Oxyloma pfeifferi) (Schiider et al., 2003), and to delay, but not
prevent, passage of D. reticulatum (Symondson 1993). Further, applied to
the trunks of citrus trees, copper foil substantially reduced the number of
citrus brown snails Caucasotachea lencoranea found in the treated trees
(Kheirodin et al., 2012). Waterglass, a versatile material used in a wide
range of applications in e.g. engineering and food conservation, can
readily be applied to rough surfaces and potentially prevent passage
because of its alkaline properties. We are not aware of any previous
studies testing the performance of waterglass as a barrier to movement,
but other alkaline materials have been shown to repel terrestrial gas-
tropods (Capinera 2018). Here, we explore the effects of copper foil and
waterglass barriers of different widths on slug passage in a controlled
experiment using individual slugs in separate containers. Further, to
validate the results from the experiments, we applied the two barrier
types onto baited pots and assessed barrier efficiency in the field, where
slug damage was recorded from pots placed in an urban forest edge in an
area with high densities of A. vulgaris.

2. Materials and methods
2.1. Controlled experiments

We used 120 A. vulgaris individuals (mean body mass + SD = 6.6 +
3.1 g; collected from a nearby urban forest edge) divided equally be-
tween two experiments. We used plastic containers (length x width x
height = 35 x 23 x 13 cm), with or without a barrier applied as a
centerline on the floor, walls and roof of the container. The barrier
divided the container into two equally sized spaces. The containers were
placed outdoors (WGS 84: N59.32°, E14.11°) shielded from sunlight.
The first experiment was carried out between 20 and 26 June 2020,
using copper foil as barrier, and the second experiment between 16 and
21 July 2020, using waterglass (35-40% sodium silicate) applied as a
thin layer onto paper masking tape fastened to the plastic. We used three
containers of each barrier treatment: either no barrier or a barrier with
3, 4 or 6 cm width. Hence, twelve individual slugs were used each night
in the experiment in separate containers. Both experiments were con-
ducted for five consecutive nights, resulting in totally 60 trials for each
barrier type, i.e., 15 trials with each treatment (i.e., no, 3, 4, or 6 cm
barrier).

All twelve trials during a night started simultaneously at 19:30 (£+1
h) with a slug and a piece of a strawberry fruit being placed on opposite
sides of the barrier centerline, in the middle of each area demarcated by
the barrier (in treatments without barrier, the slug and strawberry were
placed in corresponding places). The containers were checked at 2, 4, 12
and 14 h after the start of the trial to record on which side of the barrier
each slug was positioned. In control trials, the position was recorded in
the same way as if there was a barrier in the center of the container. After
14 h (at 09:30 £ 1 h in the morning after), the trials were terminated and
the strawberries were checked for bite marks from feeding slugs. Air
temperature and moisture were measured 1 m above the ground before
each data collection.

A slug that was observed to have passed the barrier at a certain time
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was assigned a 1 at that time and later times, and it was assigned 0 for
the times before passage. To test the effect of copper foil presence (with
no regards to barrier width) on passage success after 2 h, we used a
logistic regression analysis with the binary dependent variable passage
success. At 4 h and later, lack of variation in the control treatments
prevented statistical analysis (practically all slugs had passed by this
time in containers without a barrier). To test the effect of copper foil
width on passage success (data from trials without a barrier were
excluded), we used separate logistic regression analyses at 2, 4, 12 and
14 h. In all analyses, we included night as a factor to control for different
passage conditions at different nights. The data from the experiment
with waterglass barriers showed no variation, and thus they could not be
analyzed statistically.

2.2. Semi-field validation

We validated the findings from the controlled experiment during five
nights for each type of barrier (copper foil: 26, 29-30 June and 1-2 July
2020; waterglass: 23-27 July). We used plastic pots (length x width x
height = 5.5 x 5.5 x 5.5 cm) filled to 50% with sand and baited with a
strawberry fruit placed on the sand. At 19:45 (+1 h) each night, we
placed ten pots with a 3 cm barrier and ten without the barrier as con-
trols in a suburban forest edge (WGS 84: N59.34°, E14.08°) with
observed high density of A. vulgaris (pers. obs. Johan Watz). The 20 pots
were randomly distributed in a c. 10 x 10 m area. After 14 h, we
collected the pots, and bite marks (a damage event) from large slugs
(likely predominantly A. vulgaris) were recorded. During the semi-field
validation, we observed many A. vulgaris (both outside and inside the
pots) and a few Limax maximus in the area. Air temperature and mois-
ture were measured at the start and end of each round of validation 1 m
above the ground.

We calculated the proportion of pots containing a strawberry with a
bite mark for the pots with and without the barrier, respectively. In one
of the rounds of validation with waterglass, one pot with a barrier had
fallen during the night and the strawberry was found lying on the forest
floor (being eaten by an A. vulgaris). This pot was removed from the
analysis, and the proportion from this night was thus based on 9 pots
(instead of 10). The effect of the barrier on the proportion of pots with
bite marks was tested with a paired t-test, using the two proportions
(barrier vs. contol) from each night as replicates (pairs) to account for
the dependent samples (i.e. condition affecting passage could vary
among nights).

3. Results

In the first experiment (copper foil), slugs in trials without a barrier
moved quickly to the opposite side containing the strawberry bait. The
proportion of slugs that had passes at 2 h was (mean + s.e.) 73 &+ 12%.
After 4 h and onwards, not a single slug had failed to cross the centerline
(where the copper foil barrier was positioned in non-control treat-
ments). Three slugs from trials with copper foil were never observed in
the area with the strawberry bait, although there were bite marks on the
strawberries. These slugs had obviously passed the barrier at least twice
and were assigned to have passed between 12 and 14 h (i.e. when bite
marks were produced). Copper foil delayed slugs from reaching the
strawberry bait, but did not prevents passage. After 2 h, only 16 + 9% of
the slugs had passed, and after 4 h, 31 + 7%. After 12 and 14 h, the
majority of the slugs had passed (71 + 7 and 91 + 4%, respectively)
(Table 1; Fig. 1a). The width of the copper foil barrier did not affect
passage success at any time (p > 0.05; Table 1; Fig. 1a). In the second
experiment (waterglass), 47 + 13% slugs in containers without a barrier
had passed the centerline to the side with the strawberry fruit after 2 h,
93 + 7% after 4 h, and all slugs at 12 and 14 h. No slug succeeded in
passing a waterglass barrier of any width at any time (Fig. 1b). Air
temperature and relative humidity ranged from 13 to 27 °C and from 39
to 91% during the experiment (Table 2).
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Table 1
Results from logistic regressions, with slug passage as the dependent variable at
different times after experiment start.
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Table 2
Air temperature and relative humidity measured 1 m above the ground before
each data collection.

Source of variation Time (h) B s.e. df p Experiment Temperature (°C)/relative humidity (%)

Copper foil presence 2 -3.16 0.85 1 <0.01 Copper foil

Night 0.64 0.29 1 0.03

'8 Date Start 2h 4h 12h 14h

Copper foil width 2 -0.17 0.37 1 0.64 20/06 2020 24/46 22/56 20/59 19/56 20/57

Night 0.82 0.40 1 0.04 21/06 24/36 23/39 20/40 19/42 18/52
22/06 16/79 15/84 13/74 17/74 18/76

Copper foil width 4 —0.05 0.28 1 0.86 24/06 20/39 17/52 15/62 23/62 27/60

Night 0.57 0.26 1 0.03 25/06 25/48 23/52 18/73 23/61 27/48

Copper foil width 12 0.58 0.33 1 0.08 Water glass

Night 0.73 0.30 1 0.01 16/07 2020 21/63 18/73 14/88 17/76 20/62
17/07 20/57 17/74 16/79 17/79 18/78

Copper foil width 14 0.86 0.67 1 0.20 12/ g; fé/ 22 12/ ;2 1:/ 28 ﬁ/ Zg iz/ Z:

Night 0.66 0.47 1 0.16 / / / / / /
20/07 17/69 13/87 11/89 13/64 16/55

Note: For times later than 2 h there was no variation in control treatments (no
barrier) in the experiment with copper foil, and no statistical analyses for copper
foil presence/absence could be conducted for 4, 12 or 14 h. In the experiment
with waterglass, no slugs passed the barrier, and this lack of variation prevented
statistical analyses of this barrier type.

1 F @ o o » 1} b o o
+ H :
g o8 = 08
g b
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02 A 4 cm copper foil 02 - i A 4.cmwaterglass
® 6 cm copper foil | 6cmwaterglass
o n . . : . . . 0 -
o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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Fig. 1. Mean passage after 2, 4, 12 and 14 h past barriers to slug movement
consisting of (a) copper foil and (b) waterglass of different widths. During five
nights and for each barrier type, totally 60 slugs were tested individually in
containers baited with a strawberry. Error bars indicate +1 s.e.

In the semi-field validation of the copper foil barrier, (means =+ s.e.) 22
+ 9% and 32 + 9% of the pots with and without copper foil, respectively,
had been visited by a large slug during the night as observed by marks on
the strawberry (Fig. 2a; paired t-test, t4 = 1.12, p=0.16). In the validation
of the waterglass barrier, the corresponding values were 16 + 3% and 48
+10% (Fig. 2b; paired t-test, t4 = 3.01, p = 0.02). Thus, copper foil had no
statistically significant effect on damage events on the strawberries,
whereas waterglass reduced them with more than half.

4. Discussion

Barriers to movement is a potentially efficient method to control slug
damage. In this study, we tested the barrier effect of copper foil and
waterglass on the movement of the invasive A. vulgaris. Waterglass
prevented slug passage in a controlled arena setting and more than
halved the recorded slug damage events in a field validation test. Copper
foil, on the other hand, managed to delay but not prevent slug passage.
After a night, no difference in slug passage over copper foil compared to
unprotected controls was seen in the arena trials or in the semi-field
validation.

Motivation for passage was likely a combination of exploratory
movements and a directed movement towards the strawberry fruit,
detected by olfaction (Cameron 2016). In the arena experiments, all
slugs in containers without a barrier had passed the centerline (barrier
position) at the end of the experiment and all but one slug did so in 4 h or
less. These movements demonstrate the slugs’ capability to explore their

Field validation

Copper foil

26/06 2020 28/42 25/59
29/06 2020 20/55 20/57
30/06 2020 18/68 16/65
01/07 2020 21/54 18/60
02/07 2020 18/80 20/41

Water glass

23/07 2020 20/42 17/48
24/07 2020 21/51 17/51
25/07 2020 20/57 21/55
26/07 2020 18/75 18/73
27/07 2020 19/63 19/60
06 5 06 [ b
.05 05
oo
204 | 04
£
H]
go3 t 03 |
c
c
So02 f 0.2
2 t
o1 t 0.1
0 0

Copper foil barrier Control Waterglass barrier Control

Fig. 2. Field validation of the performance of 3 cm barriers to slug movement.
During five consecutive night, 10 pots with and 10 without the barrier was
baited with a strawberry fruit and placed in an area with high densities of Arion
vulgaris. The left panel (a) shows mean proportion of pots visited by slugs in the
validation of copper foil and the right panel (b) the validation of waterglass.
Error bars indicate +1 s.e.

surroundings and peruse a food resource also in an unnatural plastic
arena. In the validation tests, passage was more likely driven by a
directed movement, aimed at the strawberry. Hence, this movement
involved the likelihood of a slug first encountering olfactory cues from
the strawberry or alternative foods, and then a choice whether or not to
move towards it in a series of competing possible events. With other food
sources available in a natural setting, an individual slug was probably
less likely to attempt to pass the barrier, but on the other hand, more
slugs were available to do so than in the controlled container experi-
ment. The real number of slugs attempting to pass, as well as the number
of passages prevented by the barrier, remain unknown.

The efficiency of the waterglass barrier can probably be attributed to
its alkaline properties. This is supported by previous laboratory
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experiments where barriers made out of hydrated lime and sulfur, both
alkaline materials, reduced feeding and leaf consumption by Florida
leatherleaf slug (Leidyula floridana) with more than 50% (Capinera
2018). An important question is how long the waterglass can retain its
repellant properties when applied as a barrier under different weather
conditions.

In the semi-field validation, waterglass barriers had substantially
fewer recorded passage events than the control, but still some slugs
managed to pass. These passages could have been caused by slugs being
able to climb across the barrier on the pots by means of lifting the front
of the foot, extending forward, descending and then contracting (i.e.,
“lope”; Cameron 2016). Perhaps slugs were also aided by surrounding
vegetation in this activity. Moreover, for large slugs, it may be easier to
pass over a vertical than horizontal barriers, as gravitational forces do
not push slugs against the surface under them when climbing upwards or
downwards. Indeed, barrier effects from several different materials have
been observed to differ between horizontal and vertical application. For
example, Schiider et al. (2003) tested a range of barrier materials
applied in 3 cm strips to prevent horizontal and vertical movement of
D. panormitanum, and several of these materials only reduced vertical
barrier passage. Copper foil, however, only had an effect on horizontal
movements in that study and did not reduce passage in vertical
directions.

Copper foil only resulted in delayed passage of A. vulgaris in our
study, indicating a reluctance to pass that was eventually overcome. This
finding was corroborated by direct observations of slugs hesitating and
turning at the copper barrier during the trials. This result is similar to
those of a previous experiment on passage of D. reticulatum (Symondson,
1993) and indicates that copper foil does not constitute an efficient
barrier to slug movement, at least not in temperate climates (Kheirodin
et al., 2012).

Weather conditions may have affected the results in the semi-field
validations. For example in the two separate semi-field tests of copper
foil and waterglass, the mean number of visits to the pots in the control
treatments (without barriers and identical between the validations)
differed and was higher in the test of waterglass than that of copper foil
(48 vs. 32%). Probably weather-related difference in overerall slug ac-
tivity played a role in explaining this difference. It is also possible that
weather conditions affected the performance of the barriers. To eluci-
date this potential effect, further experiments under different weather or
irrigation conditions are warranted.

The complete prevention of slug passage across the waterglass bar-
rier in the arena experiment is promising and merits further exploration.
Renewed field experiments, perhaps increasing barrier size to prevent
potential climbing should further explore the real-life barrier effective-
ness of waterglass, preferably testing for potentially deterioting effects
of weather events and tear of time on the material’s barrier effect.
Waterglass places itself together with birch oil (Lindqvist et al., 2010)
and medium-high voltage electrical fencing (Laznik et al., 2011) as an
experimentally highly efficient barrier solutions to protect horticultural
crops from arionid slug damage.
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