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How slug herbivory of juvenile hybrid willows alters chemistry, growth
and subsequent susceptibility to diverse plant enemies
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† Background and Aims Selective feeding by herbivores, especially at the seedling or juvenile phase, has the po-
tential to change plant traits and ultimately the susceptibility of surviving plants to other enemies. Moreover,
since hybridization is important to speciation and can lead to introgression of traits between plant species, dif-
ferential feeding (herbivore-induced mortality) can influence the expression of resistance traits of hybrids and
ultimately determine the consequences of hybridization. While it would be expected that herbivore-induced mor-
tality would lead to greater resistance, there may be trade-offs whereby resistance to one herbivore increases sus-
ceptibility to others. The hypothesis was tested that the exotic slug, Arion subfuscus, causes non-random survival
of hybrid willows and alters plant: (1) susceptibility to slugs; (2) secondary and nutritional chemistry, and
growth; and (3) susceptibility to other phytophages.
† Methods Two populations of plants, control and selected, were created by placing trays of juvenile willows in
the field and allowing slugs access to only some. When ≤10 individuals/tray remained (approx. 85 % mortality),
‘selected’ and undamaged ‘control’ trays were returned to a common area. Traits of these populations were then
examined in year 1 and in subsequent years.
† Key Results The selected population was less palatable to slugs. Surprisingly, foliar concentrations of putative
defence traits (phenolic glycosides and tannins) did not differ between treatments, but the selected population
had higher foliar nitrogen and protein, lower carbon to nitrogen ratio and greater above-ground biomass, indicat-
ing that vigorously growing plants were inherently more resistant to slugs. Interestingly, selected plants were
more susceptible to three phytophages: an indigenous pathogen (Melampsora epitea), a native herbivorous
beetle (Chrysomela knabi) and an exotic willow leaf beetle (Plagiodera versicolora).
† Conclusions This exotic slug changed the population structure of F2 hybrid willows in unanticipated ways.
Defence expression remained unchanged, while nutritional and growth traits changed. These changes caused
plants to be more susceptible to other plant enemies. Other exotic herbivore species are anticipated to have
similar direct and indirect effects on native plant populations.
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INTRODUCTION

It is well established that herbivores are important agents of
mortality, that plant secondary metabolites often determine
patterns of susceptibility and that differential survival leads
to differential chemical expression in plants (Rosenthal and
Janzen, 1979; Orians and Ward, 2010). One important
source of chemical variation in plants is generated via hybrid-
ization (Orians, 2000). Overall, natural hybridization is in-
creasingly being recognized as a creative process that
produces greater genetic variation and potentially novel geno-
types and may ultimately lead to the origin of new species,
subspecies or local races (Arnold, 1992; Rieseberg, 1995;
Rieseberg et al., 1996; Arnold, 1997; Nagy, 1997; Orians,
2000). Whether hybridization provides novel genetic combina-
tions for new adaptations or produces only evolutionary dead-
ends depends upon the fitness of hybrids (Emms and Arnold,

1997; Kimball et al., 2008). Exogenous selective agents,
such as pathogens and herbivores, are important determinants
of fitness and thus have the potential to shape patterns of resist-
ance and subsequent evolutionary dynamics (Anderson and
Hubricht, 1938; Anderson, 1949; Heiser, 1973; Rieseberg
and Wendel, 1993). Coustau et al. (1991) showed that high
parasitism by the trematode, Prosorhynchus squamatus,
causes intense selection, via castration, favouring the spread
of Mytilus galloproveinialis genes into M. edulis populations.
Stutz and Thomas (1964) suggested that selection by grazers
favoured introgression of defensive traits from unpalatable
Cowania stansburiana into populations of Purshia tridentata
(bitterbrush), a heavily grazed plant in the western USA. In
addition, introgression of jack pine resistance traits appears
to explain the geographical variation in susceptibility of lodge-
pole pine to several insects and diseases (Wu et al., 1996), and
introgression of red spruce into black spruce resulted in
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reduced susceptibility to spruce budworm (Manley and
Fowler, 1969).

While native herbivores can select for changes in resistance
traits in hybrids, the ever-increasing abundance of invasive
herbivores is expected to exert strong effects on native plant
populations. In this study a selection experiment was under-
taken to determine if herbivory by an exotic slug, Arion sub-
fuscus (Mollusca: Arionidae), would lead to (1) greater
survival of F2 hybrid willows with high concentrations of de-
fensive chemicals; and (2) altered susceptibility to other
enemies. Selection experiments are powerful tools to aid in de-
termining the course of selection and its consequences on
other traits. One approach to performing selection experiments
is to apply artificial selection favouring an increase or a de-
crease in one or a suite of traits in a population, and then
examine the fitness of the resulting population in relation to
a non-selected population for the expression of the evolved
trait and correlated traits (e.g. Stowe, 1998). The strength of
this approach is that selected traits can be specifically identi-
fied. An alternative approach is to generate genetically variable
progeny, subject these progeny to phenotypic selection for a
period of time and then compare selected phenotypes with a
non-selected population. For example, using F2 crosses of sub-
species of Gilia capitata, Nagy (1997) found that selection
favoured multiple traits of the native subspecies in their
native habitats. The strength of this approach is that it demon-
strates the strength and direction of natural selection. This
second approach was used in our study.

Natural selection may be particularly important at the seed-
ling or juvenile stages because they are more susceptible to her-
bivores than are older plants (Fenner et al., 1999). If natural
selection by a herbivore alters genetic variation in a seedling
population, then traits expressed in the adult population may
also be altered (Stratton, 1992). Terrestrial molluscs are major
herbivores in many plant communities, and herbivory by slugs
often affects plant productivity, plant distribution and commu-
nity composition (Hanley et al., 1995a; Rodriguez and Brown,
1998; Bruelheide and Scheidel, 1999; Hanley and Sykes,
2009). Importantly, slugs typically completely consume small
plants and thus alter recruitment into plant communities
(Hanley et al., 1995b; Rodriguez and Brown, 1998). Slugs
often exhibit strong feeding preferences among plant genotypes
and among species (Fenner et al., 1999); olfactory cues (Hanley
et al., 2011), plant chemistry (e.g. Glen et al., 1990) and growth
rate (Albrectsen et al., 2004) play an important role in plant ac-
ceptability. Thus slugs and snails are suspected to have influ-
enced the evolution of defences in several plant species
(Horrill and Richards, 1986; Westerbergh and Nyberg, 1995).
Provided that heritable genetic variation exists, differential sur-
vival may cause trait evolution within a single generation
(reviewed in Geber and Griffen, 2003).

Arion subfuscus (Mollusca: Arionidae) is an exotic slug
species in North America that causes seedling mortality in
two native willow species (Salix eriocephala and S. sericea)
and their hybrids (Fritz et al., 2001). Arion subfuscus preferen-
tially feeds on young plants of S. eriocephala (a species with
high concentrations of condensed tannin in adult plants and
older juveniles) over those of S. sericea (a species with high
levels of phenolic glycosides in adult plants and older juve-
niles), and has an intermediate preference for F1 hybrid

plants (Fritz et al., 2001). Phenolic glycosides, defensive com-
pounds found in leaves of S. sericea (but not in the leaves of
S. eriocephala), appear to be responsible for resistance of
young S. sericea seedlings to slugs. Condensed tannins,
which occur in high concentrations in the leaves of
S. eriocephala, also appear to deter slug damage in older juve-
niles (Orians and Fritz, 1995; Fritz et al., 2001; Albrectsen
et al., 2004). As seedlings grow, their levels of defensive
chemicals in leaves increase, and this increase is correlated
with a reduction in damage caused by slugs (Fritz et al.,
2001; Orians et al., 2010). Based on these findings, herbivory
by A. subfuscus was expected to cause a selection differential
favouring plants with higher concentrations of defensive che-
micals. More specifically, F2 hybrid plants that survived slug
herbivory were predicted: (1) to have higher phenolic glyco-
side and condensed tannin concentrations compared with
control plants; (2) to express reduced growth and nutrient
chemistry because of expected trade-offs between growth
and defensive chemistry; (3) to have decreased susceptibility
to A. subfuscus; and (4) to have decreased susceptibility to
other phytophages because of increased levels of chemical
defences. Hardig et al. (2000) found that plants phenotypically
similar to pure S. eriocephala had genetic markers of
S. sericea and expressed phenolic glycosides in their leaves,
concurring with the prediction that the above pattern of intro-
gression of secondary chemicals was likely.

MATERIALS AND METHODS

Study species

This study was performed at our field site 3 km west of
Milford, New York, USA (42831′N, 75841′W) where the
willow species Salix sericea, S. eriocephala and hybrids (F1,
F2 and backcrosses) occur naturally. Salix sericea Marshall
is a 0.5–4 m high shrub, while S. eriocephala Michx.
reaches 6 m in height. These two willow species are broadly
sympatric, co-occurring in swamps and along streams through-
out their range. These species commonly hybridize at sites
where they co-occur (Argus, 1986) and have a history of hy-
bridization (Hardig et al., 2000).

Arion subfuscus is one of 15 species of slugs that have been
introduced to North America from Europe since 1840
(Chichester and Getz, 1969). Arion subfuscus, which is most
common in wooded areas, was first reported in the USA in
Massachusetts in 1842. Since that initial record, this species
has been found in Pensylvania since 1940, in New York
since 1941, in New Hampshire since 1962 and in Maine,
Vermont and Connecticut since 1969. Now, A. subfuscus has
become widespread and very abundant in eastern North
America, causing significant damage in native habitats, as
well as disturbed areas and agricultural fields (Chichester
and Getz, 1969; Robinson, 1999). This species is virtually
the only slug present at the field site, with rare occurrences
of Deroceras laeve.

Selection experiment

An experimental population of F2 hybrids was used for the
phenotypic selection experiment. This hybrid class represents
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the most common type of adult hybrid willows at our field site
(Hardig et al., 2000), and our experimental F2 population has,
as expected, increased genetic variation (Hochwender et al.,
2000; Lexer et al., 2003; Orians et al., 2010). Fifteen different
full-sib F2 families were created in June 2000 using unrelated
F1 male and female plants. F1 hybrids had been created by
crossing male S. eriocephala with female S. sericea – the re-
ciprocal cross does not produce viable seeds (Mosseler and
Papadopal, 1989). F1 hybrid plants had been growing in a
breeding garden for at least 2 years before F2 crosses were
created. Seeds of all F2 crosses were mixed, germinated in
Scott’s Metromix 360w potting soil and transplanted to indi-
vidual cells in 72-cell trays after 10 d.

Seedlings were maintained with water and nutrients (6 g
L21 Peter’s Professional NPK 20:20:20) in open-ended green-
houses until they reached the 4–5-leaf stage (i.e. until 5 weeks
of age). At this early developmental stage, willow seedlings
are highly susceptible to slug herbivory, and variation in sec-
ondary chemistry is likely to result in non-random susceptibil-
ity to slugs (Fritz et al., 2001). Sixty trays (4320 F2 seedlings
in total) were placed in the field among naturally occurring
willows in areas where slugs were abundant. Five additional
control trays of F2 seedlings were placed in the field and
kept free of slugs by placing trays on inverted plastic pots in
trays filled with water, thereby creating a moat. Five additional
control trays were kept in the greenhouse to ensure that we had
control plants available in case the control trays in the field
experienced herbivory or unexpected mortality.

Slug herbivory occurs primarily at night when humidity is
high (R.S.F. and C.G.H. pers. obs.). Herbivory on seedlings
in each tray was monitored daily. Each tray was removed
from the field when ≤10 seedlings remained (i.e. when mor-
tality reached approx. 85 %). This level was chosen because
it provided a very intensive level of potential phenotypic selec-
tion but still left enough surviving seedlings for subsequent
studies. All trays were removed from the field within 7 d. Of
the 408 seedlings that survived slug herbivory, many lost
some leaf tissue, suggesting that slugs sampled and rejected
them. Surviving seedlings from slug-selected trays were com-
bined into full trays of 72 seedlings. Both control and slug-
selected (those exposed to herbivory by slugs where the surviv-
ing plants were avoided) seedlings were allowed to continue
growing in the greenhouse for 5 weeks. All seedlings were
transplanted to 3.7 L pots in a mixture of topsoil, vermiculite
and peat moss (4:1:1) and allowed to overwinter within a
fenced-in plot at the field site. In the spring of 2001, overwin-
tered plants were transplanted into 7.8 L pots with the same
soil mixture and fertilized with 13 g of Osmocotew N:P:K
10:10:10 per pot. Some plants were used to evaluate susceptibil-
ity to differing phytophages (see below), while other plants con-
tinued to grow in our fenced area with irrigation and periodic
fertilization.

Chemical analyses

Leaf samples for chemical analyses were collected from
seedlings before the experiment, 5 weeks following the experi-
ment (August 2000) and in the following year (June 2001).
Induction in willows tends to be weak (Fields and Orians,
2006), and thus herbivores cannot cause a plant that produces

low phenolic glycoside to produce high concentrations.
Moreover, sampling across 2 years allows us to determine if
the relative differences between the two populations were
able to be evaluated for consistency over time. Samples were
returned to the laboratory, vacuum dried, and ground into
powder using a Wiley Mill with size 30 mesh. The concentra-
tions of tannins, phenolic glycosides and protein were mea-
sured for all samples. Additionally, carbon and nitrogen were
measured using samples from June 2001.

Condensed tannins were analysed using standard techniques
(Orians, 1995; Hunter and Forkner, 1999; Albrectsen et al.,
2004). Briefly, tannins were extracted from ground leaf mater-
ial (approx. 10 mg), and then analysed using the n-butanol
assay for proanthocyanidins (Hagerman and Butler, 1989)
using purified tannin standards (0.2–2.0 mg mL21). Tannin
concentration was calculated as mg g21 dry leaf weight.
Phenolic glycosides were analysed using standard methods
(Lindroth and Koss, 1996; Albrectsen et al., 2007). Briefly,
the phenolic glycosides salicortin and 2’-cinnamoylsalicortin
were extracted from ground leaf material (approx. 15 mg)
and analyzed by high-performance thin-layer chromatography
(HPTLC).

A standard curve for salicortin (0.2–4.0 mg mL21) and
2′-cinnamoylsalicortin (0.05–1.0 mg mL21) was also spotted
onto each plate. Chromatograms were analysed with Camag
TLC software (CATS 3.11). Salicortin and 2′-cinnamoylsalicortin
concentrations were calculated as mg g21 dry leaf weight and the
two were summed to give a single value for phenolic glycosides.
These compounds are the only phenolic glycosides found in
S. sericea or their interspecific hybrids with S. eriocephala
(Orians, 2000).

Standard techniques were also used for analysis of protein
concentration (Albrectsen et al., 2007). Briefly, ground dry
leaf material (0–0.2 mg) was extracted in 1.5 mL of 0.1 M

NaOH for 2 h at 100 8C. The protein extracts were combined
with the BioRad reagent (Coomassie Brilliant Blue) in
96-well microtitre plates and their absorbances measured at
595 nm. Bovine serum albumin (BSA) was used as a standard
to calculate %BSA equivalents per mg dry leaf mass.

Carbon and nitrogen concentrations were determined using
a CE Elantech NC 2500 Element Analyzer. For each plant,
12–15 mg of leaf powder was weighed into a 8 × 5 mm tin
weighing capsule (EMAL Tech, Inc.). Samples were then com-
busted at 1000 8C with helium as the carrier gas. Total C and N
were measured as released CO2 and N2.

Quantification of biomass

In early March 2002, ramets were created from cuttings of
112 slug-selected plants and 108 control plants. Ramets were
planted in Cone-tainersw in the greenhouse (Fritz et al.,
2003). Prior to planting, cuttings were weighed to provide a
covariate in statistical analyses. After about 6 weeks of
growth, plants were transplanted into 7.8 L pots with standard
soil mixture. Potted plants were placed randomly in a common
garden (1 × 1 m spacing), irrigated, and sprayed with both
fungicide (PlantVax PlantVAX75W; Uniroyal Chemical
Company, Inc., Middlebury, CT, USA) and carbaryl, a non-
systemic insecticide, to prevent rust and insect damage. In
August 2002, we harvested and dried (48 h at 60 8C) the
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above- and below-ground parts of these plants to determine
shoot and root biomass. To determine whether selection treat-
ment affected shoot biomass, root biomass or the shoot/root
ratio, data were analysed using analysis of covariance
(ANCOVA), with initial cutting size included as a covariate.
All statistical tests here and below were performed using
JMPw 3.2.2 (SAS Institute, 1997). All data were tested for
equality of variances and normality of errors, and statistical
tests were performed on untransformed data if these assump-
tions were met. Otherwise, non-parametric statistics were used.

Susceptibility to phytophages

A common garden experiment (2001) and controlled Petri
dish assays (2002) were used to compare the susceptibility
of selected and control populations to diverse phytophages
(slugs, rust fungi and beetles).

Field experiment: rust fungi. The incidence of leaf rust,
Melampsora epitea, which forms orange uredinia on the
leaves of willows (Roche and Fritz, 1998), was quantified on
60 slug-selected and 60 control plants randomly arranged in
a common garden. Five long shoots (.10 cm long) were ran-
domly chosen on each plant and scored for infection level.
These shoots were scored repeatedly on five dates (29 June,
and 3, 6, 12 and 18 July). For each shoot, each of four
leaves was scored for level of infection using a modified
Schreiner scoring system (0, 1, 5, 10, .25 uredinea per
leaf ) (Roche and Fritz, 1998); scores were summed for each
shoot and averaged across the five shoots. Mean scores for
the five shoots per plant were also used to test for significant
differences between slug-selected and control plants using
repeated measures ANOVA.

Petri dish assays: slugs and beetles. Slugs (A. subfuscus)
(.2.5 cm long) were collected at night when active and kept
in groups of ten in 470 mL plastic containers lined with
moist paper towels and fed with an artificial diet (Whelan,
1982; Albrectsen et al., 2004). One leaf disc (area ¼
2.2 cm2) from the first fully expanded leaf was obtained
from haphazardly chosen pairs of slug-selected and control
plants. Leaf discs from one slug-selected plant and from one
control plant were placed in a Petri dish lined with moist
filter paper (14.5 cm diameter). A slug was added to the
centre of each Petri dish perpendicular to the axis between
the leaf discs, with the direction alternated as dishes were pre-
pared. Petri dishes were kept on tables in an open-ended green-
house overnight. The following morning (about 8 h later), leaf
discs were scored for area removed by slugs using a transparent
grid cut to the shape of a leaf disc. We predicted that slugs
would prefer control plants over slug-selected plants (i.e.
plants that had previously undergone phenotypic selection by
slugs 2 years prior to this experiment), so a one-tailed paired
t-test was used to evaluate whether differences were signifi-
cantly different from zero.

To test the susceptibility of slug-selected and control plants
to beetles, two leaf discs were cut from the first fully expanded
leaf from each slug-selected and control plant (area ¼
1.6 cm2). From these two leaf discs per plant, we made two
replicates, such that one Petri dish (10 cm diameter) contained

one leaf disc from a slug-selected plant and one leaf disc from
a control plant; a second Petri dish contained the remaining
leaf disc from each leaf. Adult Plagiodera versicolora
beetles, an exotic species (n ¼ 90), were collected from
willow plants at the field site. One beetle was added to the
centre of each Petri dish. Plates were placed on tables in a
shaded, open-ended greenhouse. Beetles were allowed to
feed for 24 h, and damage was scored using a transparent
grid. To evaluate beetle preference, we analysed the differ-
ences in damage between the two discs in each Petri dish for
the two replicate sets of leaf discs. Data were non-normally
distributed, so a two-tailed, Wilcoxon matched-pairs,
signed-rank test was used to analyse the data. Using the
same methods described for P. versicolora, we collected 90
adult Chrysomela knabi beetles, a native species, from
willow plants at the field site and evaluated their preference
for slug-selected vs. control leaves. Data were normally dis-
tributed in this second analysis, so data were analysed using
a two-tailed, paired t-test to determine whether beetle
feeding preference occurred.

RESULTS

Secondary chemistry

Before phenotypic selection occurred, F2 hybrid plants were
variable in chemical defences. They displayed a 2- to 3-fold
difference in phenolic glycoside and condensed tannin concen-
trations. In a sample of plants, phenolic glycoside concentra-
tion ranged from 40 to 120 mg g21 and condensed tannin
concentration ranged from 58 to 132 mg g21. The mean con-
centration of phenolic glycosides was 78.64+ 6.13 mg g21

(+ s.e.; n ¼ 17), while the mean concentration of condensed
tannin was 86.92+ 4.92 mg g21 (n ¼ 17).

Slugs did not select for higher concentrations of constitutive
chemical defensives. Five weeks after phenotypic selection
had taken place, slug-selected and control plants did not
differ significantly in phenolic glycoside concentrations.
Also, no differences occurred for either salicortin or
2’-cinnamoylsalicortin when tested alone (data not shown).
Slug-selected plants had a mean concentration of 79.8+
4.7 mg g21 (n ¼ 75), while control plants had a mean concen-
tration of 81.1+ 4.8 mg g21 (n ¼ 75; t ¼ 0.20, P ¼ 0.84). For
tannin concentrations, slug-selected plants had a mean concen-
tration of 146.2+ 12.0 mg g21 (n ¼ 28), while control plants
had a mean concentration of 145.1+ 11.5 mg g21 (n ¼ 28;
t ¼ 0.07, P ¼ 0.94).

Similarly, 1 year following phenotypic selection by slugs,
no significant differences between selected and control plants
were observed for either tannins or phenolic glycosides
(Table 1). Overall, variation in concentrations of phenolic
glycoside and condensed tannin spanned the range between
the means of the parental species in the case of both treatments
(Fig. 1A, B). Phenolic glycoside concentration in control F2

plants ranged from 0 mg g21 (as observed in S. eriocephala
leaves) to 162.8 mg g21 (nearly the mean concentration
found in mature plants of S. sericea; Fig. 1A). Condensed
tannin concentration in control F2 plants ranged from
20.1 mg g21 (less than the mean concentration found in

Orians et al. — Cascading effects of an exotic slug on hybrid willows760



S. sericea leaves) to 345.1 mg g21 (greater than the mean con-
centration observed in S. eriocephala leaves; Fig. 1B).

Nutrient chemistry and plant size

Although slugs did not alter defensive chemistry, nutritive
chemistry was affected by slug selection. Even 5 weeks after
selection (August 2000), protein levels were significantly
higher in slug-selected plants (175.4+ 2.20) than in control
plants (165.4+ 2.79; F1,72 ¼ 7.90, P ¼ 0.006). In June 2001
(1 year after selection), the concentration of protein was still
higher in the selected population (Table 1). Percentage nitro-
gen and percentage carbon were also higher, while the C/N
ratio was lower (Table 1). In addition, for plants measured in
2002, shoot biomass and the shoot/root ratio were significantly
greater for slug-selected plants than for control plants
(Table 1). However, root biomass did not differ significantly
between slug-selected and control plants (Table 1).

Susceptibility to phytophages

Slug-selected plants were more susceptible to naturally dis-
persed spores of M. epitea; slug-selected plants had signifi-
cantly higher infection levels compared with control plants
at each of the sampling times (Fig. 2). Although infection
levels increased significantly over time for both control and
selected plants (F4,105 ¼ 80.1, P , 0.001), infection levels
were significantly higher on selected plants compared with
controls (F1,108 ¼ 4.82, P ¼ 0.03). No significant interaction
between treatment and time was detected (F4,105 ¼ 1.689,
P ¼ 0.158).

Plants that survived the selection experiment in 2000 were
still less susceptible to slugs in the 2002 leaf disc choice
assay (Fig. 3A). In contrast, susceptibility to the two beetle
species was greater for slug-selected plants than for control
plants; using leaf discs, both the native C. knabi (Fig. 3B)
and the exotic P. versicolora (Fig. 3C) preferred slug-selected
plants over control plants. However, for the exotic Japanese
beetle. damage scores did not differ significantly between slug-
selected plants (0.24+ 0.03, n ¼ 61) and control plants (0.21+
0.03, n ¼ 57) grown in a common garden (t ¼ 0.676, P ¼ 0.25).

DISCUSSION

Contrary to our hypothesis, the concentrations of phenolic gly-
cosides, a known deterrent of slugs and other herbivores

TABLE 1. Comparison of chemical defence, growth and nutrient attributes of selected and control plant populations: mean+ s.e. (n)

Trait Control Selected Statistic P-value

Phenolic glycosides 57.2+5.2 (62) 59.6+5.3 (62) F ¼ 0.11 0.74
Condensed tannin 181.5+20.0 (52) 177.4+17.8 (51) F ¼ 0.03 0.87
Protein 138.4+2.33 (62) 150.8+2.44 (62) F ¼ 13.56 ,0.0001
% Nitrogen 3.24+0.06 (62) 3.51+0.04 (62) t ¼ 3.6 0.0004
% Carbon 47.39+0.12 (62) 48.12+0.11 (62) t ¼ 4.5 ,0.0001
C/N ratio 14.94+0.29 (62) 13.85+0.17 (62) t ¼ 3.3 0.0013
Shoot biomass 25.16+0.90 (108) 29.45+0.88 (112) F ¼ 9.11 0.0028
Root biomass 8.22+0.59 (108) 7.04+0.44 (112) F ¼ 2.32 0.129
Shoot/root ratio 5.02+0.43 (108) 6.40+0.51 (112) F ¼ 10.70 0.0012

Comparisons of concentrations (mg g21) of phenolic glycosides (sum of salicortin and 2’-cinnamoylsalicortin), condensed tannins and protein of selected
and control plants 1 year after the two populations were created (June 2001). The percentage of nitrogen (N) and carbon (C) and the C/N ratio of the first fully
expanded leaves of selected and control plants sampled in June 2001. Biomass (g) of shoots and roots and the shoot/root ratio of selected and control plants
established from cuttings and grown in pots in 2002. Significant differences were tested with ANOVA, with cutting size (g) used as a covariate.
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(Orians et al., 1997; Fritz et al., 2001), were not higher in the
selected population. This is despite that fact that the levels of
defences in these plants were such that they could have de-
terred the slugs (Fritz et al., 2001). Rather, phytochemical
responses involved shifts in plant nutritive and growth traits.
Slug-selected plants had higher levels of protein, nitrogen
and carbon, and a lower C/N ratio than control plants.
Slug-selected plants also produced more shoot biomass and
had a higher shoot/root ratio than control plants.
Interestingly, selection by the exotic slug, A. subfuscus,
caused changes in susceptibility in an F2 seedling population;
the surviving plant population became less palatable to
A. subfuscus. Selection also led to correlated responses; slug-
selected plants were more susceptible to three phytophages,
i.e. a native pathogen, a native beetle herbivore and an intro-
duced beetle species.

These differences reflect real differences in growth rate; all
cuttings were planted synchronously, and shoot and root
biomass were corrected for cutting size, so any difference in
size was based on differences in the intrinsic growth of
control and slug-selected plants. Differences were not due to
environmental differences since all plants had been grown
from cuttings, had been kept in a common garden and had
been sprayed to prevent herbivore damage. Thus, our findings
demonstrate that clones of plants that survived phenotypic se-
lection (i.e. plants that survived slug herbivory as seedlings)
were physiologically and nutritionally superior compared
with control plants.

Overall, we expected plants to be better defended and of
lower nutritional value. The fact that surviving plants were nu-
tritionally superior was quite unexpected. Perhaps develop-
mental changes that occur in chemical defence of willow
seedlings can help explain why nutritive chemistry changed

in response to selection by slugs. Although slugs prefer to
feed on willow seedlings with low phenolic glycoside concen-
trations (S. eriocephala) over those with high concentrations of
phenolic glycosides (S. sericea), all seedlings are susceptible
to slugs when they are small (Fritz et al., 2001). In this
system, as well as for other species, older (and larger) seed-
lings are less susceptible to herbivores (Fritz et al., 2001;
Albrectsen et al., 2004; Goodger et al., 2007; Elger et al.,
2009). Moreover, in our system, fast-growing seedlings often
produce higher concentrations of secondary chemicals
(Albrectsen et al., 2004; Orians et al., 2010). Therefore, selec-
tion during this early window of vulnerability could have been
on traits associated with plant growth rate and, indirectly,
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defence. Specifically, we hypothesize that faster growing
hybrid willow seedlings reached a size threshold where they
could produce higher concentrations of defences (tannins,
phenolic glycosides and other unmeasured traits) or greater
concentrations of deterrent volatiles [Hanley et al. (2013)
report variation in mollusc olfactory selection of plants from
different ontogenetic stages]. Importantly, this hypothesis
does not require that the final constitutive levels of defence
in mature plants differ between the more rapidly maturing
seedlings and the more slowly maturing ones. If this hypoth-
esis is correct, the result would be greater consumption of
the smaller, slower growing seedlings that had lower levels
of defences or less volatile emission. Although still untested,
further study in this and other systems to determine whether
subtle differences in size can be responsible for the differential
seedling survival deserves evaluation.

A consequence of selection favouring higher nutritional
quality of surviving plants was that they were more attractive
to other herbivores. Although leaves of plants from the
selected population were less susceptible to slugs (as might
be expected since these were avoided in the selection), they
were more susceptible to the rust fungus and the two beetle
species. The physiological changes caused by slug selection
may explain the increased damage caused by other phyto-
phages. Beetle feeding (Wait et al., 1998; Orians and Fritz,
1996) and Melampsora infection (Desprez-Loustau and
Wagner, 1997) are often greater on plants with greater
vigour. Because both Melampsora and Chysomela beetles
can cause reduced fitness in willows and poplars (Roche and
Fritz, 1998, and references therein; Andersen and Nelson,
2002), changes caused by slug herbivory seems to be detri-
mental to these plants by increasing their susceptibility to
other herbivores.

Taken together, these results are consistent with previous
work demonstrating that selection on seedlings can dramatical-
ly alter the genetic structure of a population (reviewed by
Stratton, 1992; Linhart and Grant, 1996). Herbivory has been
shown to reduce a seedling’s ability to compete, thereby indir-
ectly causing seedling mortality and changing the genetic
structure of the population (Prittinen et al., 2003). Although
seedlings can experience strong selection (e.g. Stratton,
1992; Hanley et al., 1995a; Fritz et al., 2001), seedlings are
generally not considered in estimates of selection in plant
populations (Bennington and McGraw, 1995). Provided that
physiological changes caused by slug selection are heritable
in this willow system, a rapid change in the genetic structure
could occur in response to this exotic herbivore species.
Selection by this slug at an early stage in plant development
may therefore play a significant role in changing the genetic
structure of F2 hybrids, ultimately affecting patterns of
introgression.

These results also add to the increasing evidence for the im-
portance of exotic herbivores to native plant species. We found
that this exotic slug is acting as an important selective force.
Moreover, cascading effects are anticipated in response to in-
vasion (Sakai et al., 2001). The extent of the response of these
F2 willow seedlings to a single bout of phenotypic selection by
an exotic herbivore underscores the potential evolutionary
impact exotic species can have on native species. In addition,

trade-offs are common in response to specific genetic changes,
and can be related to limiting resources, ecological in nature or
due to genetic constraints (Strauss et al., 2002; Orians and
Ward, 2010). Selection can, as shown here, increase suscepti-
bility to native phytophages, and can result in changes in
physiological adaptation to abiotic environmental factors.
Each of these could lead to lower plant fitness and reduced
competitive ability in natural communities. Finally, selection
by exotic herbivores could reduce the genetic diversity of
native species.

In conclusion, the present study shows that the exotic slugs
clearly changed the population structure of the F2 hybrid
willows. However, the findings were quite unexpected in
terms of defence expression. We find it striking that this herbi-
vore changed the nutritional and growth traits of the plant
population and caused it to become less well adapted to
other herbivores. This result is even more interesting in light
of the fact that the herbivore is an invasive exotic species.
The potentially maladaptive consequences of a response to se-
lection by an exotic species have not previously been
observed. Given the recent increase in species invasions in
ecosystems around the world, this detrimental outcome may
commonly occur in many natural environments, and this
deserves more careful analysis.
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