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Abstract Terrestrial molluscs and insect herbivores play a
major role as plant consumers in a number of ecosystems,
but their direct and indirect interactions have hardly been ex-
plored. The omnivorous nature of slugs makes them potential
disrupters of predator-prey relationships, as a direct threat to
small insects and through indirect, plant-mediated effects.
Here, we examined the effects of the presence of two species
of'slugs, Arion rufus (native) and A. vulgaris (invasive) on the
survivorship of young Pieris brassicae caterpillars when feed-
ing on Brassica rapa plants, and on plant attractiveness to the
main natural enemy of P. brassicae, the parasitoid Cotesia
glomerata. In two separate predation experiments, caterpillar
mortality was significantly higher on plants co-infested with
A. rufus or A. vulgaris. Moreover, caterpillar mortality corre-
lated positively with slug mass and leaf consumption by
A. vulgaris. At the third trophic level, plants infested with
slugs and plants co-infested with slugs and caterpillars were
far less attractive to parasitoids than plants damaged by cater-
pillars only, independently of slug species. Chemical analyses
confirmed that volatile emissions, which provide foraging
cues for parasitoids, were strongly reduced in co-infested
plants. Our study shows that the presence of slugs has the
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potential to affect insect populations, directly via consumptive
effects, and indirectly via changes in plant volatiles that result
in a reduced attraction of natural enemies. The fitness cost for
P brassicae imposed by increased mortality in presence of
slugs may be counterbalanced by the benefit of escaping its
parasitoids.
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Introduction

Along with mammalian herbivores, phytophagous insects and
terrestrial molluscs belonging to the class Gastropoda (i.e.,
snails and slugs) are among the main plant consumers in ter-
restrial ecosystems (Buschmann et al. 2005; Hulme 1996).
Both insect and gastropod herbivores are expected to play an
important role in the evolution of plants defenses.
Phytophagous insects attack and damage plants in a variety
of ways, leading to a broad range of physical and chemical
plant defenses (Agrawal 2007). The impact of slugs and snails
on plant fitness, on the other hand, appears to be less diverse,
but no less dramatic. Indeed, gastropods are major herbivores
of'seedlings (Barker 2001; Scheidel and Bruelheide 2005) and
limit the ability of certain plants to persist in mollusc-rich
habitats (Hanley et al. 1995; Hanley and Sykes 2009), and
thus are key drivers of the evolution of seedling defenses.
Although they often occupy separate ecological niches,
gastropod and insect herbivores may coexist on the same
plants. For example, slugs of the genus Arion (Gastropoda:
Arionidae) and caterpillars of the genus Pieris (Lepidoptera:
Pieridae) are both considered major leaf-feeding pests of sev-
eral cultivated crucifer species (Fig. 1; Ahuja et al. 2010;

@ Springer


http://dx.doi.org/10.1007/s10886-016-0682-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10886-016-0682-2&domain=pdf

184

J Chem Ecol (2016) 42:183-192

Fig. 1 Juvenile Arion vulgaris slug foraging on a Brassica rapa leaf
infested by a group of 1st instar Pieris brassicae caterpillars. Photo:
Neil Villard

Barker 2002). How these two types of herbivores directly and
indirectly interact has been little explored, and most work on
insect-mollusc associations focuses on insect predation on
molluscs, often in the context of biological control in
agroecosystems (Barker 2002; Pianezzola et al. 2013).
Because of the inherent feeding characteristics of terrestrial
molluscs, the nature and breadth of these herbivore-
herbivore interactions may go beyond competition for the
same food sources. For example, several species of terrestrial
molluscs, including Arion spp. slugs, are omnivorous, and
direct predation on insect herbivores cannot be excluded
(Barker 2001; Furuichi 2014). Moreover, mollusc feeding
can affect plant defenses (Falk et al. 2014; Késtner et al.
2014), and the elicitation of specific defensive pathways by
slug mucus may have consequences for the performance of
insect herbivores, or indirectly affect members of the third
trophic level (Desurmont et al. 2014; Gols and Harvey 2009).

To gain more insight into how slugs can directly and indi-
rectly affect insect herbivores, we examined the interactions
between caterpillars and slugs when feeding on the same
plants, and the consequences of this co-occurrence for natural
enemies of caterpillars. The study involved the tri-trophic in-
teractions between the field mustard Brassica rapa
(Brassicales: Brassicaceae), a native lepidopteran herbivore,
Pieris brassicae, and its larval parasitoid, the braconid
Cotesia glomerata (Hymenoptera: Braconidae), and we inves-
tigated the effects of herbivory by two slug species, Arion
rufus and A. vulgaris (or A. lusitanicus auct. Non-Mabille)
(Fig. 1). Arion rufus is native to several European countries,
including Switzerland where the study was conducted, where-
as A. vulgaris is considered one of the hundred most invasive
species in Europe (DAISIE 2009): its origin is still unclear
(Quinteiro et al. 2005), but it has spread and become a serious
pest in many European countries since the 1950’s (Rabitsch
2006). Because P. brassicae has supposedly shared a lomger
evolutionary history with A. rufus but not with A. vulgaris, we
hypothesized that the two slug species may have a different
impact on caterpillars. Specifically, we measured survivorship
of P. brassicae caterpillars on control and slug-infested plants,
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and determined the effects of slug herbivory on the attractive-
ness of plants to C. glomerata. Because we observed a de-
crease in plant attractiveness to the parasitoid following slug
herbivory, we also measured herbivore-induced plant volatiles
emitted in response to P. brassicae caterpillars with and with-
out co-infestation by slugs. In order to determine if slug traces
(i.e., mucus and frass) are involved in the decrease in attrac-
tiveness to parasitoids, an additional olfactometer experiment
was conducted to specifically test the effects of slug traces on
parasitoid attraction.

Methods and Materials

Animal and Plant Material Arion rufus and A. vulgaris are
among the most common slug species found in the canton of
Bern, Switzerland. Individuals used in the study were four-
month-old juveniles reared at 18 °C, 16/8 h L/D and fed with
lettuce, carrots, and mushrooms. The parental slugs had been
collected during summer months of 2013 in the Bern area,
Switzerland. As closely related Arion species might be diffi-
cult to distinguish morphologically, the identity of the parental
slugs had been determined with a molecular marker. DNA was
extracted using a proteinase K and a phenol-chloroform
(Sambrook et al. 1989) or a high-salt extraction method
(Aljanabi and Martinez 1997). After dilution in double-
distilled water, the DNA was stored at —20 °C. Locus-
specific primers developed by Quinteiro et al. (2005) were
used to amplify a 400 bp long fragment: MOL-NADIF (5'-
CGRAARGGMCCTAACAARGTTGG-3") and MOL-
NADIR (5-GGRGCACGATTWGTCTCNGCTA-3"). PCRs
contained ca. 100 ng of DNA, 1 U of GoTaq polymerase
(Promega), 1 uM of each primer, 10X Buffer, 200 uM of
dNTPs, and 3 mM MgCl, in total volume of 25 ul. The
PCR thermal profile consisted of an initial denaturation step
at 94 °C for 2 min, followed by 40 cycles of denaturation at
94 °C for 1 min, annealing at 50 °C for 1 min, and extension at
72 °C for 1 min. A last extension step at 72 °C for 10 min was
added. The amplified fragments were cleaned with a Wizard
SV Gel and PCR Clean-Up system (Promega). The purified
products were placed in 40 pl of sterile water. Sequencing was
performed in both directions. A 10-ul reaction volume, which
contained 2.5 ul of Big Dye Terminator Kit® version 3.1
(Applied Biosystems), 1 uM primer, and approximately
100 ng of purified DNA, was submitted to the following con-
ditions: denaturation at 96 °C for 1 min, 35 cycles of denatur-
ation at 96 °C for 15 s, annealing at 50 °C for 15 s, and
extension at 60 °C for 3 min. The sequencing reactions were
visualized on ABI Prism 3100 (Applied Biosystem).
Sequences were aligned manually in BioEdit 7.1.3.0 (Hall
1999) and compared with published reference sequences
available in GenBank (http://www.ncbi.nlm.nih.gov/
genbank/): A. vulgaris — accession numbers AY316239,
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KJ843125, and KJ843127; A. rufus — accession numbers
KJ843138, KJ843139, and KJ843140.

Pieris brassicae caterpillars originated from a laboratory
rearing that was started with field individuals collected in the
Ziirich area, Switzerland. Insects were kept at ambient temper-
ature under a standardized photoperiod (16 h L/8 h D, 240-
260 pumol light intensity) with B. rapa vart pekiniensis as ovi-
position and food material, and young caterpillars were used for
experimental purposes within 48 h after hatching (1st larval
instar). Cotesia glomerata parasitoids came from a laboratory
rearing started with field-collected individuals from the
Netherlands and from the Neuchatel area, Switzerland, and
were reared on P. brassicae caterpillars. Newly-emerged adult
parasitoids were left at ambient temperature for 48 h to feed and
mate, and were provided water and honey ad libitum. Then,
they were placed in an incubator at 13 °C until needed for
experimental purposes. Parasitoids were 2 to 4-wk.-old at the
time of the experiments, and parasitoid age was not randomized
among experiments; a similar parasitoid age was used in previ-
ous studies that focused on C. glomerata in our laboratory, and
parasitoids were found to show consistent olfactory preferences
in behavioral bioassays (Chabaane et al. 2015; Desurmont et al.
2015). Only naive females were used for experimental pur-
poses. Plants used for the olfactometer tests and chemical anal-
yses came from a wild accession of Brassica rapa highly at-
tractive to C. glomerata (Chabaane et al. 2015), for which seeds
were collected in 2009 and 2012 near Maarsen, the
Netherlands. Plants used for the predation experiments came
from commercially purchased B. rapa var. cima de rapa seeds
for the first experiment and B. rapa var. pekiniensis for the
second experiment. All plants were kept in growth chambers
(25 °C, 16/8 h L/D, 240-260 pmol light intensity), and were
grown in cylindrical plastic pots (4*10 cm), with fertilized com-
mercial soil (Ricoter Aussaaterde, Aarberg, Switzerland).
Plants were watered every other day without supplemental nu-
trients and had 4-6 fully developed leaves at the time of the
experiments (3—4-wk.-old).

Predation Experiments Two separate predation experiments
were conducted. In the first, six B. rapa plants were placed in
glass aquaria (60 x 30 x 30 cm) covered with a thin removable
Plexiglas sheet, and two of these plants were randomly selected
and infested with 15 1st instar P. brassicae caterpillars. Eight
juvenile slugs of either species (A. rufis or A. vulgaris) were
then placed in a petri dish in the center of the aquaria, except in
control aquaria in which no slugs were placed. Slugs were free
to move to all plants. We only infested two out of six B. rapa
plants with caterpillars in order to add to the realism of the
experiment: in nature, it is unlikely that slugs would encounter
Pieris caterpillars on every plant they forage on. In this setting,
both caterpillars and slugs had an abundance of leaf material on
which to feed and were not artificially forced to interact. To
account for the possibility that larger slugs may predate more

on young caterpillars, the weight of each slug was measured
prior to the experiment (but not afterwards). After one, three,
and five days, the number of living caterpillars remaining on the
B. rapa plants was counted. This experiment was repeated
twice, with four replicates (1 replicate =1 aquarium) of each
treatment (4. rufus, A. vulgaris, control; N = 8). The second
experiment was designed to measure the predation risk associ-
ated with each slug species, while also measuring plant damage,
and was conducted under more artificial conditions. In this
second setting, three slugs of either 4. rufus or A. vulgaris
and 10 Ist instar P. brassicae caterpillars were randomly depos-
ited on single 3-wk.-old B. rapa var. pekiniensis plants in closed
glass containers (28 x 9 cm). The weight of each slug was
measured prior to the experiment (but not afterwards). Fifteen
replicates for each slug species and five controls without slugs
were used. After 24 h, the number of living and dead caterpil-
lars remaining on the plants was counted. Damaged leaf area
was quantified after the experiment using Abode PhotoShop
CC (Adobe Systems, Inc., San Jose, CA, USA). Because this
second experiment was conducted in smaller containers, it
allowed us to carefully determine the presence or absence of
caterpillar cadavers at the end of the experiment.

Olfactometer Tests The preferences of C. glomerata females
toward certain odor blends were investigated using a 4-arm
olfactometer setting (D’ Alessandro and Turlings 2005). In this
setting, wasps were given the choice between 4 odor sources
(= treatments) contained in separated glass bottles, each con-
nected to an individual air flow, and all converging to a central
glass piece where the wasps were released. After 30 min spent
in the olfactometer, wasps were recollected and the treatment
they chose was recorded. Wasps that did not make a choice
were recorded as “no choice” in the analysis of the results.
One olfactometer test (= 1 replicate) consisted in 5 consecu-
tive releases of 5 wasps (25 wasps tested in total). Plants were
changed, and glassware was cleaned between replicates, and a
minimum of 5 replicates was conducted for each of the exper-
iments. To investigate the effects of separate slug herbivory
(i.e., caterpillars and slugs feeding on separate plants) on par-
asitoid attraction, wasps were given the choice between: emp-
ty odor source (blank), undamaged plant (control), plant dam-
aged by P, brassicae, and plant damaged by slugs either be-
longing to A. rufiuss or A. vulgaris. To investigate effects of
simultaneous herbivory (i.e., caterpillars and slugs feeding
on the same plant), wasps were given the choice between:
empty odor source (blank), undamaged plant (control), plant
damaged by P. brassicae, and plant damaged simultaneously
by P, brassicae and slugs. To prepare the herbivory treatments,
15 1st instar P. brassicae or three juvenile slugs were placed
on the plant 12-18 h before the test. To prevent slug-induced
caterpillar mortality on co-infested plants, caterpillars were
enclosed in a clip cage on the plants whereas slugs were left
free to forage on the entire plant. Caterpillars also were
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enclosed in a clip cage (21 mm inner diam) for the plants
infested solely by P. brassicae caterpillars, and a clip cage
was added to the control plant. Clip cages were removed from
the plant just before the olfactometer tests, but not the cater-
pillars nor the slugs. Leaf area damaged at the end of the
experiments was readily quantified using Abode PhotoShop
CC (Adobe Systems, Inc., San Jose, CA, USA). Finally, to test
for the effects of slug traces (i.e., mucus and frass) on parasit-
oid preferences, an additional olfactometer experiment was
designed. For this experiment, parasitoids were given the
choice between: a plant damaged by P. brassicae caterpillars,
a plant damaged by P. brassicae with the addition of slug
traces, an undamaged plant, and an empty arm. To prepare
the slug traces treatment, 3 juvenile slugs were left with no
food in a closed plastic container with three standard micro-
scope slides (75 x 25 mm) for 12 h prior to the olfactometer
test. Water was sprayed in the container before closing it to
insure high humidity inside the container. Slides were re-
moved from the containers immediately before the tests. The
presence of mucus and frass was checked visually on the
slides, and the slides were added to a bottle containing a plant
infested by P. brassicae. For this experiment, P. brassicae
were left free to forage on the plant (no clip cages).

Chemical Analyses To identify and quantify the blends of
volatile organic compounds (VOCs) emitted by undamaged
B. rapa plants (N = 7) or plants under different herbivory
treatments, potted plants were placed in a VOC collection
setup (Ton et al. 2007) for 5 h. VOCs were collected using a
trapping filter containing 25 mg of 80-100 mesh SuperQ ab-
sorbent. Before use, trapping filters were cleaned with 300 pl
of methylene chloride (HPLC grade). After each collection,
VOCs were extracted from the filters with 150 pl of methy-
lene chloride. Two internal standards (200 ng of n-octane and
nonyl acetate in 10 pl methylene chloride) were added to each
sample. VOCs were analyzed with an Agilent 6890 gas chro-
matograph series GC system G1530A coupled to a mass spec-
trometer (GC-MS, Agilent 5973 Network Mass Selective
Detector; transfer line 230 °C, source 230 °C, ionization po-
tential 70 eV). A 2-pl aliquot of each sample was injected in
the pulsed splitless mode onto a non-polar column (HP-1 ms,
30 m, 0.25 mm ID, 0.25 um film thickness, Agilent J&W
Scientific, USA). Helium was used as carrier gas at constant
pressure (15 psi). After injection, temperature was maintained
at 40 °C for 3 min, then increased to 100 °C at 8 °C/min, and
then to 220 °C at 5 °C/min. The quantities of the major com-
ponents of the blends were estimated based on the peak areas
of the compounds compared to the peak areas of the internal
standards. Compounds were identified tentatively by compar-
ing the spectra obtained from the samples with those from a
reference database (NIST mass spectral library), and classified
in different categories according to their structure. Five cate-
gories of compounds were found: alkanes, aromatics,
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glucosinolates breakdown products (isothiocyanates and ni-
triles), green leaf volatiles (GLVs), and terpenoids.
Herbivory treatments were prepared by infesting the plants
with 15 first instar P. brassicae (N = 8) or with 15 first instar
P, brassicae and three juvenile 4. vulgaris slugs (N = 9), fol-
lowing the infestation procedure of the olfactometer experi-
ments. In addition, VOCs from three 4. vulgaris slugs in a
glass bottle with no plant material (N = 6) and from empty
glass bottles (N = 6) were collected using the same setup.
Compounds that were only present in a few samples (<50 %
of the samples of a single treatment) or were associated with
the presence of a clip cage on the plant were discarded from
the analysis.

Statistical Analyses Effects of presence of slugs on cat-
erpillar survivorship were analyzed using a parametric
survival analysis with a Weibull distribution (JMP9). In
this model, the response variable was the number of
days that individual caterpillars survived, and this vari-
able was censored if caterpillars were still alive at the
end of the experiment. The fixed effect in this model
was the treatment (4. rufus, A. vulgaris, or control). In
the second experiment, effects of slugs on caterpillar
survivorship were analyzed using a One-way ANOVA
with caterpillar survivorship as the dependant variable,
and means were compared with the post hoc Tukey-
Kramer HSD all-pairwise comparison procedure
(x = 0.05, IMP9). Associations between slug weight,
leaf damage, and caterpillar survivorship were then in-
vestigated for each slug species by conducting linear
regression analyses. Differences in foliar damage at
the end of the experiment were analyzed using a one-
way ANOVA (o = 0.05, IMP9). Results of the olfactom-
eter tests were analyzed by conducting a One-way
ANOVA with number of wasps (mean per replicate) as
the dependent variable, and treatment as the independent
variable, and means were compared with the post hoc
Tukey-Kramer HSD all-pairwise comparison procedure
(x = 0.05, JIMP9). Regarding the results of the chemical
analyses, the total amounts of plant volatiles emitted
and the amounts of volatiles belonging to each category
identified (green leaf volatiles, terpenoids, isothiocya-
nates, aromatics, and alkanes) also were compared
among treatments using One-way ANOVA and the post
hoc Tukey-Kramer HSD all-pairwise comparison proce-
dure (x = 0.05, IMP9). Differences in amounts of indi-
vidual compounds were analyzed using non-parametric
Wilcoxon each pair tests. Results of the second preda-
tion experiment were arcsin transformed, and data of the
olfactometer tests and of the chemistry analysis with
groups of compounds were square root transformed to
meet the assumptions of the models.
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Results

Predation Experiment In the first experiment, survivorship
of young P. brassicae caterpillars was significantly impacted
by the presence of slugs (d.f = 2, x* = 107.4, P < .001). In
presence of A. rufus, caterpillar survivorship decreased by
27.0 % after one day, 39.7 % after three days, and 53.4 % after
five days compared to control. In presence of 4. vulgaris,
caterpillar survivorship decreased by 22.5 % after one day,
54.3 % after three days, and 62.6 % after five days compared
to control (Fig. 2a). Slugs of both species were very active,
and we observed regular movement from plant to plant within
each aquarium. In the second experiment, survivorship of
P brassicae significantly declined after 24 h in presence of
slugs on B. rapa leaves (F, 3, =9.6, P <.001), and 4. vulgaris
had a stronger effect on caterpillar survivorship than 4. rufis
(Fig. 2b). Overall caterpillar survivorship was 23.9 % and
42.1 % lower in presence of 4. rufus and A. vulgaris compared
to control plants, respectively. That represents a total of 103
caterpillars missing (out of 300 initially deposited) on slug-
infested plants after 24 h. Only four dead caterpillars were
found on slug-infested plants: these four appeared to be caught
in slug mucus. Thus, we conclude that the vast majority of
missing caterpillars was consumed by slugs. Leaf damage (%)
at the end of the experiment was significantly lower on plants
infested by P, brassicae (3.0 = 0.7, mean + SE) than on plants
infested by P. brassicae and A. rufus (11.7 £ 1.3) or
P. brassicae and A. vulgaris (14.6 £ 1.3; F53, = 6.5,
P <0.01). There was no significant difference in leaf damage
between plants infested by 4. rufus and A. vulgaris (F|,
55 = 2.3, P =0.14). Initial weight was different for the two
slug species: A. rufus slugs were significantly heavier than
A. vulgaris at the beginning of the experiment (2.2 + 0.1 and
1.7 £ 0.2 mg, respectively; Fy 5 = 4.3, P = 0.048). For plants
infested by A. vulgaris, we found negative associations be-
tween caterpillar survivorship and initial slug weight
(R’ =0.23, Fi13 = 5.2, P =0.03), and between caterpillar
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different letter are significantly 30
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o =0.05, IMP 9) 201
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survivorship and leaf damage (R2 =0.19, Fy 13 = 4.3,
P =0.05; Fig. 3a, b), and we found a positive association
between initial slug weight and leaf damage (R* = 0.53, F 1.
13=16.7, P<0.001). These associations were absent in plants
infested by A4. rufiss (Ps > 0.05; Fig. 3c, d).

Olfactometer Tests When testing the effects of separate slug
herbivory, parasitoids showed a similar pattern of preferences
with both slug species: with 4. rufiss, P. brassicae-infested
plants were by far the most attractive treatment
(81.4 + 8.7 % attractiveness) followed by slug-damaged plant
(17.4 £4.9), undamaged plant (1.2 + 1.2), and empty arm (F5,
16 = 46.7, P < 0.001); with A. vulgaris, P. brassicae-infested
plants were again the most attractive treatment (71.0 + 6.6),
whereas slug-infested plant (16.7 + 4.9), undamaged plants
(9.6 + 3.6), and empty arm (2.6 = 1.9) did not significantly
differ (F5 16 = 27.9, P <0.001; Fig. 4 a, b). When testing the
effects of simultaneous slug herbivory, parasitoids showed the
following patterns of preferences: with A. rufus, P. brassicae-
infested plants were the most attractive treatment (53.3 £ 6.8),
and plants damaged by slugs and caterpillars (14.3 + 4.1),
undamaged plants (18 + 4.6), and empty arm (14.3 + 4.9)
did not differ in attractiveness (£ = 5.4, P < .01). With
A. vulgaris, P. brassicae-infested plants were again the most
attractive treatment (44.4 £ 5.1), and plants damaged by slugs
and caterpillars (21.7 + 3.7), undamaged plant (16.2 £ 3.2),
and empty arm (17.6 + 3.2) did not differ in attractiveness (F5,
36 = 3.8, P=10.02; Fig. 4 ¢, d). In other words, the presence of
slugs on the same plant as P. brassicae reduced its attractive-
ness to parasitoids by 73.1 % in the case of 4. rufus, and by
51.1 % in the case of A. vulgaris. Finally, olfactometer tests
with slug traces gave the following results: C. glomerata
wasps equally preferred plants infested by P. brassicae
(42.1 £7.6) and plants infested by P. brassicae with the addi-
tion of 4. vulgaris traces (38.2 = 9.6), whereas undamaged
plants (11.8 £ 4.9) and empty arm (7.8 + 3.4) were the least
attractive treatments (F3 16 = 4.1, P = 0.02).
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Chemical Analyses Five categories of compounds were con-
sistently found and identified in the samples: alkanes (5 com-
pounds), aromatics (1), glucosinolate breakdown products
(isothiocyanates and nitriles, 3), green leaf volatiles (GLVs,
4), and terpenoids (1; Table 1). Total volatile emission was the
highest for plants infested by P. brassicae 1st instars
(19.3 £ 5.9 pg internal standard equivalents, mean + SE),
was lower for plants infested by caterpillars and slugs simul-
taneously (9.9 + 2.6), and was the lowest for undamaged
plants (1.9 £ 1.0), bottles containing slugs alone (0.1 = 0.1),
and empty bottles (0.4 + 0.4; Table 1, Fig. S1). In other words,
volatile emission was reduced by 49.0 % in plants infested by
both slugs and caterpillars compared to plants infested only by
caterpillars. This pattern was consistent for green leaf volatiles
(64.7 % reduction) and glucosinolate breakdown products
(69.1 % reduction), but less obvious for the other three cate-
gories of compounds measured (Table 1). Differences in indi-
vidual compounds revealed the same trends, with the majority
of'individual glucosinolate breakdown products and green leaf
volatiles compounds being produced in substantially larger
amounts by Pieris infested plants than by dually infested
plants (Table S1). In particular, the nitrile methallyl cyanide
was found to be produced over 6 times more in Pieris-infested
plants than in dually infested plants (1.3 £ 0.6 vs 0.2 £ 0.1,
Table S1). The only volatiles that were found in bottles con-
taining slugs only were traces of green leaf volatiles that also
were present in empty bottles, and therefore are considered to
be contaminants.
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Discussion

It is well accepted that terrestrial molluscs play a fundamental
role in various aspects of soil and vegetation ecology, includ-
ing but not limited to: direct effects on plant fitness
(Buschmann et al. 2005; Fritz et al. 2001; Moshgani et al.
2014), seedling herbivory (Hanley and Sykes 2009; Hulme
1996), seed dispersal (Tiirke et al. 2010), litter decomposition
and nutrient cycles (Theenhaus and Scheu 1996). However,
their effects on insect-plant interactions have rarely been ex-
amined. Here, we discovered not only that the presence of two
species of slugs on B. rapa directly affects the survivorship of
P, brassicae caterpillars, but also that slugs indirectly affect
the caterpillars by interfering with the attraction of their main
natural enemy, the parasitoid C. glomerata, through changes
in herbivore-induced plant volatiles.

There was a strong negative effect of slug presence on
caterpillar survivorship in both predation experiments after
one or a few days of coexistence within the same arena
(Fig. 2). Caterpillar cadavers rarely were found on the plants,
suggesting that the missing caterpillars were consumed, but
predation was not directly observed. Both Arion species used
in the study as well as other species of terrestrial molluscs are
known to be omnivorous, and the presence of insect material
in excrements commonly occurs in nature (Barker 2001).
Direct predation of molluscs on live insect material has been
observed for a range of insects, including: egg masses of the
lepidopteran Homona magnanima (Kosugi 2011), aphids
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(Fox and Landis 1973), grubs of the turnip gall weevil (Fox
and Landis 1973), and paper wasp larvae (Furuichi 2014).
Some of these observations may be simple cases of “acciden-
tal” predation, but some cases seem indicative of active pre-
dation targeted at live insects (e.g., predation on paper wasp
larvae within a nest). In our system, both accidental and active
predation may have occurred. A third possibility is that cater-
pillars died in slug mucus and that their corpses were later
consumed by slugs, but video recorded observations revealed
that P. brassicae 1st instars can survive the passing of a slug
without getting caught in mucus (Fig. S3). In the case of
A. vulgaris, larger slugs fed more on B. rapa leaves, and also
caused higher caterpillar mortality (Fig. 3): a possible inter-
pretation of this result is that young caterpillars were ingested

while the slug was feeding on plant material, hence supporting
the idea of accidental predation. An alternative explanation
could be that slugs that fed more were simply more active
and also more prone to prey upon live insects to supplement
their diet. However, these correlations were absent for
A. rufus, and more precise observations are required to deter-
mine the exact circumstances of slug-induced mortality of
P. brassicae caterpillars. Overall, the invasive 4. vulgaris
had a greater effect on caterpillar survivorship than the native
A. rufus, although this effect was less obvious in the first
predation experiment. Arion vulgaris is considered an inva-
sive species in several European countries, displacing native
slug species such as 4. rufus and affecting plant communities
in a variety of environments (Kozlowski 2007, 2012). The
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Table 1  Volatile organic compounds (mean = se, pg internal standard
equivalents/5 hour collection) emitted by undamaged Brassica rapa
plants, plants infested by Pieris brassicae, plants infested by P. brassicae

and Arion vulgaris simultaneously, A. vulgaris alone (without a plant),
and empty odor sources (blank)

Compound class F-value F43, P-value B. rapa A. vulgaris  Blank
Undamaged P, brassicae P, brassicae £ A. vulgaris

Aromatics 34 0.01 00+00b 03+03a 02+02ab 00+00b 00+00Db
Green leaf volatiles 7.1 <.001 0.1 £0.1b 65+20a 23+£05b 0.1+£01b 04+04D
Glucosinolate breakdown products 3.6 0.01 03+03b 55+24a 17+0.7ab 00+00b 00+00b
Terpenoids 24 0.06 0.0=+0.0 08 +04 1.7+05 0.0 +0.0 0.0+0.0
Alkanes 16.5 <.001 1.6 £0.7b 59+08a 43+07a 00+00b 00+00b
Total compounds 14.1 <.001 19+1.0bc 193+£59a 99+26Db 01+01c 04+04c

Compounds with significant differences among treatments are indicated in bold. Means followed by a different letter within a same line are statistically
different (One-Way ANOVA, Tukey-Kramer HSD all-pairwise comparison, & = 0.05, JMP9)

observed greater impact of A. vulgaris on native insect popu-
lations may add to the harmfulness of this invader under nat-
ural conditions.

First instar P, brassicae caterpillars are very small and their
mobility is limited (Fig. 1): vulnerability to slugs certainly
decreases as caterpillars develop and get larger and more mo-
bile. Results of our first predation experiment seem to support
this hypothesis, as most of slug-induced caterpillar mortality
occurred within the first three days of the experiment.
However, the short temporal window corresponding to the
Ist larval instar, which typically lasts no more than 48 h, is
critical because it corresponds to the period of peak suscepti-
bility to parasitism by C. glomerata (Benrey and Denno
1997).

Results of our olfactometer tests show not only that plants
infested by slugs are not attractive to parasitoids but also that
plants co-infested by caterpillars and slugs are remarkably less
attractive than plants infested only by caterpillars (Fig. 4).
This result cannot be explained by the presence of odors as-
sociated with slug traces (mucus + excrements), which, when
added to Pieris-infested plants, did not affect parasitoid attrac-
tion. Odors originating from the slugs themselves could po-
tentially have played a role (Schroeder et al. 1999), although
none were consistently detected in our volatile collection bio-
assays. Remarkably, the presence of slugs had a drastic effect
on the production of plant volatiles: co-infested plants suffered
on average four times more damage but released only half the
amount of volatile compounds of plants only infested by
Pieris caterpillars (Table 1, Fig. S1, Table S2). This decrease
was particularly significant for two classes of compounds,
green leaf volatiles and glucosinolate breakdown products,
which are known to play a role in the attraction of natural
enemies (Allmann and Baldwin 2010; Desurmont et al.
2014; Pichersky and Gershenzon 2002), including parasitoids
from the Cotesia genus (Mumm et al. 2008). Green leaf vol-
atiles are compounds known to be released by a wide range of
plants upon cellular damage (Matsui 2006). The fact that these

@ Springer

compounds were released in lesser amounts in co-infested
plants is surprising considering that co-infested plants had
much higher amounts of leaf damage than Pieris-infested
plants. Furthermore, the suppression of glucosinolates break-
down products, including the nitrile methallyl cyanide
(Table S2) is of particular importance for the attraction of
Cotesia parasitoids. Pieris caterpillars are able to form nitriles
instead of toxic isothiocyanates upon the ingestion and break-
down of glucosinolates due to a larval gut protein, designated
nitrile-specifier protein, which appears to be a specific key
biochemical counteradaptation to plant defenses (Wittstock
et al. 2004). Nitriles are highly volatile and have been hypoth-
esized to be a reliable indicator of the presence of Pieris cat-
erpillars for Cotesia parasitoids (Mumm et al. 2008). The
strong reduction in emission of both green leaf volatiles and
glucosinolates breakdown products following slug herbivory
may thus have caused decreased attraction of C. glomerata
parasitoids to co-infested plants.

How does slug herbivory affect volatile emission? It is
possible that the mucus deposited by slugs at the sites of feed-
ing has proprieties that impact the emission and dispersion of
plant volatiles. Alternatively, it may be that slugs affect plant
responses to herbivory in ways that alter the production of
plant volatiles. The effects of slug herbivory on direct defenses
have received increasing attention (Falk et al. 2014; Fritz et al.
2001; Kastner et al. 2014). Falk et al. (2014) showed that
application of A. vulgaris mucus on Arabidopsis thaliana
leaves elicits the induction of the jasmonic acid (JA) defense
pathway, which is a typical plant response to leaf-chewing
herbivores such as Pieris caterpillars. Glucosinolates, which
are JA-mediated defensive compounds, were shown to affect
herbivory from gastropods in the field. The association be-
tween glucosinolate levels and resistance to slug herbivory
was also demonstrated by Moshgani et al. (2014). These find-
ings suggest that gastropod mucus should induce the JA path-
way in B. rapa and, consequently, that the emission of vola-
tiles associated with the JA pathway should increase in co-
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infested plants. However, results of our volatile collection bio-
assays seem to indicate the opposite trend. Direct measure-
ments of JA levels and JA-associated metabolites in B. rapa
leaves before and after slug herbivory would help clarify the
defensive pathways induced by slugs in B. rapa. Interestingly,
a comparative study of the mucus composition of several snail
and slug species revealed that the mucus of the slug Deroceras
reticulatum contains salicylic acid (SA), an elicitor of the SA
defensive pathway in plants, which may interfere with the JA
pathway through cross-talk (Kistner et al. 2014). This finding
shows that terrestrial mollusks may have complex ways of
manipulating plant induced defenses.

Our results imply that caterpillars on slug-infested plants are
less detectable to parasitoids, and will suffer reduced parasitism
rates compared to caterpillars present on slug-free plants under
natural conditions, although reduction in plant attractiveness
does not necessarily mean complete disruption of parasitoid
attraction (Fatouros et al. 2012; Pangesti et al. 2015). This adds
to the body of studies documenting parasitoid preferences in
presence of plants infested by multiple herbivores, which pres-
ent contrasting effects of non-hosts herbivores ranging from
attraction to non-host infested plants to deterrence (de Rijk
et al. 2013). Avoidance of slug-infested plants may have an
adaptive value for C. glomerata: by preferentially choosing
plants where slugs are absent, parasitoids may reduce slug-
induced mortality for parasitized caterpillars, and therefore max-
imize their own fitness. From the insect herbivore’s perspective,
the fitness cost imposed by increased mortality in presence of
slugs may be counterbalanced by the benefit of escaping para-
sitic wasps. Additional studies in more realistic settings, includ-
ing field experiments in slug-rich and slug-poor environments,
are needed to further explore the ecological and evolutionary
significance of these interactions. In addition to predation risk
on young caterpillars, predation risks on P. brassicae eggs also
should be examined, as cases of terrestrial mollusks predating
on insect eggs have been documented (Kosugi 2011).

In summary, the study constitutes a first step to integrate
terrestrial molluscs in the general picture of insect-plant inter-
actions. Results show for the first time that the presence of
slugs poses a direct threat to the survivorship of young insect
caterpillars and that slug presence also affects the third trophic
level and interferes with the foraging behavior of parasitic
wasps. Studies of plant-insect interactions and plant-
molluscs interactions have historically often been treated as
separate entities, but the interactions between these two types
of herbivores do commonly occur in nature, and their impor-
tance should not be underestimated. The effects of herbivores
on plant defenses and their indirect consequences at the third
trophic level have mostly been investigated with insects, but
the prevalence of terrestrial molluscs and the multiple ways
they can affect communities in terrestrial habitats make them a
possible key player in multitrophic interactions in native
foodwebs.
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