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Abstract

This study investigated the effect of slug grazimghe establishment and longer-term
development of 26 species of North American prdotes and grasses used in sown or planted
naturalistic communities in urban greenspace. Kpeiment was designed to provide slugs with
the opportunity to choose between the plant spersed, to mirror the situation that prevails in
landscape practice. Baiting with metaldehyde dedbht frequencies was used to manipulate
mollusc numbers. Seedlings of prairie species weyee palatable to slugs than adults.
Establishment of seedlings was significantly reducemost species by slug grazing, with only 7
species showing no significant increase in estalvlent in response to baiting with metaldehyde.
In many species successful establishment was lmastee combination of moderate or greater
unpalatability and very large or fast growing seegi. Adult prairie plants were typically more
able to withstand slug damage as their shoots exdengspring, and once they reached a certain
size, grazing greatly reduced. This was not howauerof the most highly palatable species,
which even as adults were eventually eliminatediayzing in the absence of baiting. Phenology
seems to play an important role in the survivaddilts, with early emerging species potentially
subject to severe damage due to the limited avhijabf alternate food plants. As a group, prairie
forbs are typically highly palatable to slugs, dnhelir establishment and long-term development is

likely to be significantly impaired in slug-richridscapes.
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I ntroduction

There is increasing evidence that in temperatensgivith seasonally moist climates, mollusc
herbivory is a significant factor affecting the ééaspment and composition of semi-natural
vegetation (Bruelheide and Scheidel 1999; Wilby Bralvn 2001; Holland et al. 2007). At the
landscape scale, it can profoundly affect the ithistion of plant species and the composition of
semi-natural plant communities. For examplica montana, a rare perennial forb occurring in
heathland and acidic grassland, is restrictednimatane altitudinal band by the increasing density
of molluscs at lower altitudes (Bruelheide and $ilel 999). However, whilst mollusc grazing
may be catastrophic for individual species, it patentially benefit community diversity by
restricting the productivity of more palatable commty dominants that would otherwise out-
compete less competitive species (Buschmann 20a5).

Seedlings are typically more palatable than adahtg, as they tend to i) contain lower
concentrations of secondary metabolites (Hanley. €t995; Fenner et. al 1999), and ii) possess
fewer hairs and other morphological structures tedtice palatability (Scheidel and Bruelheide
1999). Irrespective of palatability, seedlings,dese of their smaller size, also tend to be more
seriously damaged by slug grazing than adult pldtasvever, in spring, adult herbaceous
perennials, while regenerating shoots and leawes buds located at the soil surface, are also
potentially vulnerable. By contrast, woody speceggenerating from buds above the soil surface
are generally much less vulnerable as adults thaeadlings (Nystrand and Granstrém 1997).

Grasses tend to be unpalatable (Briner and Fra@&;Fenner et al. 1999), possibly due to
the common occurrence of fungal endophytes andhleogenerally high silica content of grass
leaves, both of which are known to reduce palatghtd other herbivores (e.g., Gali-Muhtasib et
al. 1992; Clay et al. 1993; Massey et al. 2006)tl@nother hand, because of their morphology,

and high silica content, grass seedlings often\dsae leaves to slug grazing due to decapitation



10

15

20

at the base of the flag leaf (Hulme 1994). Theydwever retain high potential for recovery from
the basal meristem even when grazed down to thewdéace (Dirzo and Harper 1980).

The palatability of forbs varies substantially beem species (Fenner et al. 1999). Work by
Hulme (1994) suggests that species-specific difiegs in seedling size and / or in seedling
chemistry may affect a species’ vulnerability togsl grazing its seedlings. Species with larger
seedlings were more likely to be encountered byssin Hulme’s (1994) study. This may have
been because larger seedlings might be more apggargings, however, whilst less frequently
encountered by slugs, small seedlings are likelettess able to recover after grazing. Given the
strong correlation between seed size and initiadliieg size (Hanf 1973; Baskin and Baskin
1998), seed size may therefore indicate both Kediliood of individual species being grazed by
slugs and the likely outcome of this interaction.

Established plant strategy may also affect howenalble a species is to slug grazing.
According to CSR strategy theory, slow-growingess-tolerant forb species from unproductive
habitats invest a relatively larger part of theisaurces into morphological structures and chemical
compounds that reduce palatability than do morepstitive species, and are thus likely to be less
palatable to generalist herbivores, such as sl@gsg 2001). The impact of mollusc grazing on
forb seedlings can be severe; entire seedling t®lbba species can be eliminated (Bruelheide
and Scheidel 1999; Hitchmough 2003). This may douite to rarity or the patchy distribution of
species, for exampl®ulsatilla vulgaris (Wells and Barling 1971) antrollius europaeus
(Hitchmough 2003). Less palatable species mayseigiazing, but be disadvantaged by the
defoliation experienced amplifying the shading amat competition posed by other, less

palatable, species in a community (Sessions anlg R@02; Hitchmough and de la Fleur 2006).
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Although mollusc occurrence is often positivelyretated with the degree of urbanization in a
landscape (Holland et al. 2007), the disciplined ttesign and manage urban vegetation have
historically been little concerned with mollusc ieory. Over the past 50 years, the lower strata
of designed planting have often consisted of mohoi@s of highly unpalatable shrub species
(Thoday 2004). More intensively maintained areagreénspace may contain garden-like
plantings of perennial forbs that are potentiallynerable when their shoots emerge in spring. In
these plantings, forbs are planted at wide spac¢hgseduce competition for resources
(Schwinning and Weiner 1998), and are regularlydeeeor mulched to restrict weed cover. This
maintains a relatively open ground-level stratuat th less favourable to molluscs (Dowling and
Linscott 1985), reducing the damage experienced byenighly palatable species. This, in
combination with the nocturnal and largely invisilamage to very young shoots, is reflected in
the ambiguity shown in the horticultural literatuoethe importance of mollusc grazing as an
ecological factor (Jelitto et al. 1990; Rice 2006).

In the past two decades interest has grown in uesggned, species-rich herbaceous
vegetation that mimics semi-natural stereotypek sisaneadow and prairie, as an alternative to
monocultural woody and herbaceous plantings (KinggB004). This has often been driven by
the belief that this vegetation requires lower ugse inputs for establishment and management
than traditional plantings (Oudolf and Kingsbury08pwhilst providing superior habitat for native
fauna (Baines 2000) and colourful seasonal disppajlewers that are attractive to urban people
(Dunnett and Hitchmough 2004). Such planting is\seemore sustainable, and adaptive to
environmental change.

What has not been appreciated, is that the appsaadithis vegetation and the persistence
and recruitment of individual species, is potehtiakavily influenced by selective mollusc

grazing. In naturalistic herbaceous planting, highlant densities result in shadier and moister
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conditions at ground level, resulting in more irgemgrazing for longer, and consequently higher
levels of damage (Friedli and Frank 1998; HitchnmoA003). Nystrand and Granstrom (1997)
found a three-fold increase in seedling predatibemthe soil surface was moistened.
Hitchmough (2009) found that the robust f@é&phalaria alpina, a species regarded as
unpalatable in garden cultivation (Rice 2006), elminated by spring slug grazing when planted
in managed urban meadow grassland.

An additional factor that necessitates a re-apafaisthe effects of molluscs on designed
herbaceous vegetation is the increasing use ofseeithgin situ (e.g. Luscombe and Scott 2004)
to establish naturalistic herbaceous vegetatiors fitactice greatly increases the risk that thetmos
palatable species will be eliminated soon afterrgerece (Frank 2003), resulting in an initial loss
of diversity as described for urban meadow veganaty Hitchmough et al. (2008). For designed
naturalistic plantings to be sustainable in theyirterm there is a need for component species that
are not extremely long-lived to be capable of r#nrent from self-sown seed (Hitchmough and de
la Fleur 2006).

The impacts of molluscs on these processes aramy wases more profound in designed
urban vegetation than in rural habitat restoratignfenvironmental schemes (Wilby and Brown
2001; Buschmann et al. 2005), as with common nafpeeies there is the possibility that these
will eventually re-colonize from populations outsithe sown area during periods of reduced
mollusc activity. This is highly unlikely for nonative species used in urban contexts to provide
seasonal colour effects or physical structuresahanot possible with native species alone
(Hitchmough and Dunnett 2004). The former is exgnmportant in maintaining public support
for vegetation in these contexts (Hands and Bro@@22Todorova et al. 2004). Hitchmough and
de la Fleur (2006) have found that it is possiblprevent the elimination of attractive but

palatable species through the application of a 5Gnuich of coarse sand. Where resource
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shortfalls do not permit such approaches, knowleddke relative palatability of different species
at various stages of development to molluscs igired to inform the design of sustainable,
naturalistic plant communities. There are onlywa priblished studies commenting on mollusc
predation of seedling and adult plants in desigreggetation (Hitchmough, et al. 2004;
Hitchmough and de la Fleur 2006). Inclusion of infation on palatability in horticultural texts,
for example Rice (2006), is inconsistent at best.

This study looked at 26 species of North Americeairfe forbs and grasses commonly
used as components of summer and autumn flowegragje-like herbaceous plantings in North
Western Europe (Schmidt 2004a,b,c; Kiihn 2005a,tghifiough and de la Fleur 2006), and in
North America (Ahern and Boughton 1994). These iggeare also an important food and habitat
resource for many invertebrates and contribut@edtgh native invertebrate richness that has
been recorded in designed urban landscapes inndatieope (Owen 1991; Smith et al. 2006).
The overall aim of the study was to rank theseisgean terms of seedling and adult palatability to
slugs under conditions that mimic those prevailigen such plant communities are i) established
in practice by sowing seed situ, and ii) during the emergence of adults shootspimg.

Specific objectives were to study how: i) palatiypvaried between seedlings and adult
plants, ii) manipulation of slug abundance reldtedbserved levels of plant damage, iii) patterns
of slug grazing varied between seedlings and gdaitts, and iv) seed and adult plant

characteristics influenced the outcome of slugigaz

Materials and methods

Study species
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Twenty four species of prairie forb and two pragrasses (Table 1) were selected for use in this
study. All of the species have attractive flowend/ar growth habit. The species were also chosen
to include a wide range of seed sizes, to teshypethesis that larger-seeded species are less
prone to fatal damage from slug grazing at thelsegdtage. They also represent strongly
contrasting levels of potential productivity, téoa testing of the hypothesis that stress-tolerant
species from unproductive habitats are typicalbglsusceptible to generalist herbivores than more

competitive species from productive habitats (Gr081).

#Table 1 approximately here#

Field methods
Rather than offering captive slugs leaf disks afledlants under laboratory conditions to generate
a palatability index (Fenner et al. 1999; Hendrétsal. 1999), we carried out a two-year field
study. Wild-living slugs were offered a free choafeco-occurring seedlings in a “cafeteria” style
experiment of the tested prairie species in thengpmf year one. In spring of year two they were
offered the emerging young shoots and foliage efalants that had survived seedling herbivory
in the first year. This design more realisticaligarporates factors that affect herbivore choice
under field conditions, such as density (Weiner3l¥hgan and Bishop 2000) and spatial
arrangement of individual plant species, phenol@ngadmore and Kirk 1998), morphology
(Scheidel and Bruelheide 1999), plant growth (8&heidel, and Bruelheide 2005), size (Hanley
et al. 1995) and the total range of plant spediesgnt in a particular habitat (Hendriks et al.
19909).

The chosen study site was located within an arekexdlict vegetable growing allotments

in Walkley, Sheffield (5324’'N, 1°30'W, altitude 54m a.s.l.) that supported high dlées of
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slugs. The experiment was surrounded on all sigesimown grassland (dominated Hglcus
lanatus, Arrhenatherum elatius andLolium perenne) that represented an excellent habitat for
slugs. The soil type was a clay loam, pH 6.2, anildfertility was high (plant available N = 110
mg/L, P = 65 mg/L, K = 500 mg/L). In both yearstioé study, May rainfall in the Sheffield area
was close to the long-term average, whereas Agirifall was substantially higher, particularly in
2000 (Table 2). Mean air temperatures exceedebbtigeterm average in spring 1999, but were

meteorologically average in spring 2000 (Table 2).

#Table 2 approximately here#

Between autumn 1998 and early spring 1999, founlide x 7m long sowing strips (henceforth
referred to as strips A,B,C, and D) were spraydti tie herbicide glyphosate to create a plant-
free surface into which replicate blocks of the@xmpental species were sown. Slug density was
manipulated in these strips by applying slug pel&tdifferent time intervals. Sown strips ran in
parallel in a north-south direction and were sejgarérom neighbouring strips by 5m wide bands
of the previously described unmown grassland. thedrip, six replicate blocks of 1.9m x 0.75m
were set up within which the twenty six speciesensawn in parallel monocultural rows of
600mm length, with neighbouring rows being separate70mm guard strips. The assignment of
species to rows was randomized. A more conventi@malomized block design was not possible
given the need to achieve independence betwedmeats within a finite experimental area
whilst also applying metaldehyde pellets to maraprithe slug density across the four sowing
strips.

Given the experimental design employed, nocturhl00pm) slug density was assessed

before and during the experiment to provide andaiitbn of how this varied across the site and of
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how efficient different regimes of slug pellet apption were in creating a gradient in slug
grazing pressure. Within each sowing strip, foudriéh Petri dishes containing 50g of a 1:1:4
mixture of “Somerfield Supermeat with beef’catfdm@n:water as a bait were placed on a grid at
approximately 1.5m spacings. At each density ass&ss slugs within a 300mm radius of the
dish were counted and identified.

Slug density was manipulated in 1999 by applyingeB&slug and Snail pellets (active
ingredient: metaldehyde at 3.5% w/w) to the sowipstt 100 pellets/frat differing frequencies,
including no baiting (control, strip A), baiting o (May 2% strip B), baiting twice (May™ and
May 16" strip C), and baiting continuously (at approxinhaweek intervals during May-
September, Strip D). The role of strip D was priilgdp preserve a predation-free population of
seedlings that could be used in the following y2800, to assess slug damage to the emerging
shoots of adult prairie plants.

As the seeds of many of the species used havdliagihequirement for germination, seed
were pre-chilled in packets of moist sand in agfeicit 4C for varying durations to ensure that
their chilling requirements were sufficiently séigsl to achieve temporally uniform germination

of all species across the experiment. Commenciﬁ‘gAMil, within each replicate one hundred

cold-stratified seed of each species was sownsigparate 600 mm rows. The first emergents were

recorded on the 3DApril.

Within each sown row, emerged seedlings were cdumteMay 2° May 7" and then at 7-
day intervals until May 28 From May ', seedlings were apportioned to one of three caitego
no visible damage; some damage; complete defatiakitay 1999 was unusually warm with
average rainfall and seedlings grew very rapidlytti end of May, surviving seedlings were

large enough to escape intense predation, andsassesof slug damage ceased at that point.

10
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Surviving seedlings were thinned out to a maximdrh@seedlings per sowing row between June
14" and 28" 1999 to minimize self-thinning and thus increalsmpsize uniformity for year two of
the study. On March 152000, all rows of species in the sowing strips teal been pelleted once
(strip B), twice (strip C) and continuously durih§99 (strip D), were assessed and scored in
terms of their bud phenology-development. Strip #&swexcluded from consideration as many
species had been eliminated from the replicataatepse slug grazing in 1999. Strip B was
reassigned for 2000 as the control (no metaldepgtiets applied), Strip C as pelleted once
(March 23" 2000) and Strip D as pelleted twice (Marci'2éid April 14" 2000). Nocturnal slug
numbers were monitored as previously described96©, from March 18to May 5" 2000.

The degree of defoliation of all emerging shootalimows was assessed from Marcf{'15
at approximately 7-day intervals. Individual plantsre assigned to one of 4 defoliation
categories: <10%; 10-40%; 40-70%; >70%. At the same, the stage of development of the
emerging shoots was also assessed, using a fourfmoninal scale (bud/leaf rosettes absent;
bud/leaf rosettes present but no active growth;esmitial stem-leaf growth; active stem and leaf

growth).

Data analysis

Slug fauna and seedling establishment in thefirst year

Seedling establishment in relation to baiting regjimas analyzed using the data on establishment
collected on 28 May 1999. By then, the spring pgeatug density had already passed, and the
plants established from the sown seed had growanginim be considered past the critical stage.
Also, at that point in time, sowing strips C andtil had a similar history of slug-pellet

application. Data collected from these two stripd 999 was therefore analyzed as being from the

11
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same baiting regime, and in the context of thesdyaas, strips C and D were treated as one
individual sowing strip (CD) containing twice thember of sown rows and twice the number of
Petri dish stations to assess slug numbers, cochpatbe other two sowing strips that were baited
only once or not at all.

Using repeated-measures ANOVAs, we tested forrdiffees in slug numbers between
sowing strips subjected to different metaldehydérgaregimes both prior to the first baiting on 2
May 1999, using slug count data from four samptiates between 16 April 1999 and 1 May
1999, and after baiting had commenced, using daia three sampling dates between 7 May
1999 and 20 May 1999, i.e. prior to the final assemt of seedling establishment on 28 May
1999. Again, data from sowing strips C and D wegel@d, as up to then, their baiting regimes
were identical. All slug count data were square-toansformed prior to analysis to improve data
distributional properties. Time was treated aswithin-subjects factor, and baiting regime as a
between-subjects factor. In case of significamivieen-subjects effects we used a Games-Howell
post-hoc test, which is known to handle unequaligrsizes of data well, to establish pairwise
differences in slug density between baiting treattisieThe sphericity assumption specific to
repeated measures analysis was reasonably wdlefifior both analyses, and therefore statistical
testing of within-subjects effects was based orowected F-ratios.

Analyses of seedling establishment were basedesuimmed proportion of seedlings
established from the sown seed showing either ntada or only some damage on 28 May 1999,
excluding those seedlings that were completelyl@déal. To test for differences in seedling
establishment between treatments, we analyzedspadies separately with one-factor analyses of
variance. Prior to analysis, the data was arcserestormed. ANOVAs were based on type IlI
sums of squares, and baiting regime was treatdtedsced factor. In case of significant treatment

effects, we carried out post-hoc comparisons usiagl ukey-Kramer method devised to deal with

12
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unequal group sizes. To characterize the relatiseeptibility of the different species to fatal
damage by slug grazing, we calculated the perdéatehce in mean numbers of undamaged plus
slightly damaged seedlings in the twice pelletedtinent, compared to the numbers achieved in
the control treatment. To test the hypothesisttimseedlings of small-seeded species were more
susceptible to fatal damage by slugs, we thenezhout a Spearman rank correlation of these
percent difference values vs. mean seed weighttgated from the Kew Gardens Seed
Information Database (Liu et al. 2008), of the p&ges that successfully established. As we had a
specific hypothesis regarding the sign of the rehesthip, we tested its significance using a one-
sided test. Using relative adult growth producyiyvds specified in Table 1, as a surrogate for
competitivenessensu Grime (2001), we also tested the hypothesis tleséedlings of more
competitive species are more susceptible to sldg\wy, again using Spearman rank correlation
and significance testing using the one-sided Eesally, to gain some indication of the probability
for each species of getting attacked by slugs,al@utated the relative proportions of undamaged

seedlings vs. moderately damaged seedlings.

Slug fauna, plant emer gence phenology, and slug-related damagein the second year

As with the slug data collected in 1999, repeatedsures ANOVA was used to test for

differences in slug numbers between baiting regiméise second year of the study, 2000.
However, as fewer slug censuses were carried &@00, with only one prior to the first

application of slug pellets, the data was not spli pre-baiting data and post-baiting data, but
jointly analyzed. The analysis was carried outim $ame way as the analyses of the data collected
in 1999. Again, the sphericity assumption was llelfi and the testing of within-subjects effects

was based on uncorrected F-ratios.

13
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Emergence phenology for the second-year plantsagssssed visually by drawing a
phenology diagram based on qualitative data, twate which of the phenological stages of a
species, as defined in the Field Methods secti@neresent at a particular point in time. Only
data from strip D, which was most regularly pelieterere used for the drawing of this diagram, as
in the less frequently pelleted strips, grazinglugs may have delayed the emergence of some
species (personal observation by J. Hitchmough}h&sassessment was based on qualitative
data, we could also include those species that@basis of their low emergence were excluded
from the analysis of seedling establishment.

In many instances, several of the ten plants kftspwing row for the second year trial
died between the last census in the first yean@ktudy and the resumption of censuses in the
following spring. Thus, the number of one-year plants available for the second year of the
study varied strongly among sowing rows. This \@rain numbers of plants among replicate
sowing rows precluded us from performing standéatistical analyses of proportions of plants
defoliated, as this would invariably have lent menegght to plants in sowing rows with only few
plants, compared to sowing rows with many surviyplants. We thus decided to explore
proportions of slug-damaged plants visually, basegooled data from all sowing rows per
species and baiting treatment. Throughout the de#egmperiod in the second year of the study,
2000, only a few of the individual plants damaggalug grazing experienced more than 40%
defoliation during any given census. Therefore didenot look at individual damage categories
separately, but instead at summed proportionsasitplexhibiting >10% defoliation. Slug-related
plant damage in the second year was thus explaied bar charts showing for each census date
the proportion of emerging shoots exhibiting >108totlation in the various slug baiting
treatments. In addition to the five species thag th poor seedling emergence, could not be

included in the first-year analyses, three addél@pecies -Asclepias tuberosa, Coreopsis

14
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lanceolata, andMonarda fistulosa, were also excluded from this graphic explorabbsecond-
year slug damage. In the casédofuberosa, slugs feeding on the fleshy white rhizomes of thi
species caused considerable mortality over wiatgd,of the few individuals that emerged at the
very end of the census period, those in sowingsii and C experienced high levels of
defoliation (J. Hitchmough, personal observatidmthe other two specie€, lanceolata andM.
fistulosa, only a few individuals were left at the end of thinter, thus rendering an accurate

characterization of second-year slug damage indhieus baiting treatments impossible.

Results

First-year results

Slug fauna

The four most abundant slug species, in desceraiohgy, weréArion subfuscus > Arion hortensis

> Arion ater > Deroceras reticulatum, with the first two species being approximatelyrftimes
more abundant than the latter tiiomax flavus andMilax budapestensis were encountered only
occasionally. Overall slug numbers per Petri disltian for individual counts are indicated in Fig.
1.

Slug numbers prior to baiting on Ma{f'2Table 3) did not differ significantly between the
sown strips A, B, and CD (Baiting regime: P = 0.09®r did they change differently among
strips (Time x Baiting regime: P = 0.795), althoulare were large and highly significant
treatment-independent differences in slug numbetsden individual count dates (Time:

P < 0.001; Fig. 1). These differences between cdatds seemed to depend on soil moisture and
air temperature at the time of the count, withhtghest counts on warmer, wet nights. There were

similarly significant differences in slug numberstiween count dates after the initiation of slug

15
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baiting (Fig. 1, grey bars), as indicated by theuhs of a second analysis covering this latter
period (Time: P < 0.001; see Table 3). At the séime, in this latter period there were highly
significant differences in the number of slugs dedron sowing strips characterized by different
baiting frequencies (Baiting regime: P < 0.001)hwthe size of these differences differing
between counts (Time x Baiting regime: P = 0.083mes-Howell post hoc testing indicated that
slug numbers in this latter period were signifibatdwer in the baited sowing strips B and CD,
compared to the unbaited sowing strip A (B vs. A ©.004; CD vs. A: P <0.001), but failed to

discern any significant differences between strign8 strip CD (P = 0.932).

#Table 3 approximately here#

#Figure 1 approximately here#

Seedling establishment

Levels of seedling emergence were very low in 6¥éhe sown plant species.(aevis, C.

tripteris, E. purpurea, L. pycnostachya, S. heterolepis), not exceeding 5% of the sown seeds in any
of the baiting treatments. Results for these sgatienot allow the drawing of any conclusions
regarding the susceptibility of their seedlingshay grazing, and are thus not presented in more

detail. First-year results for the other speciessiwown in Fig. 2.

#Figure 2 approximately here#

We found significant differences in seedling estdithent between different baiting regimes in 14

out of 21 analyzed species. In 13 species, batitiyslug pellets resulted in an increased
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proportion of sown seeds that successfully estagdisas seedlings. In eight of these 13 species —
Asclepias tuberosa, Cacalia atriplicifolia, Coreopsis lanceolata, Echinacea pallida, Helianthus
mollis, Liatris aspera, Monarda fistulosa andRatibida pinnata — both baiting once and baiting
twice resulted in a significant increase in estdbrhent compared to no baiting, but baiting twice
did not result in a significant further increasengared to baiting only once. In a further five
species -Aster oolentangiensis, Eupatorium maculatum, Solidago rigida, Solidago speciosa and
Veronicastrum virginicum — baiting twice did result in a significant inceeain the number of
seedlings established, whereas baiting once didAnwlly, in one specie§chizachyrium
scoparium, significantly higher proportions of sown seedaassfully established as seedlings in

the strips baited twice than in the strip baitedegralthough neither of these treatments

significantly differed from the unbaited contrat&tment. In seven species, seedling establishment

was not significantly influenced by the baitingirag. This group of species included all four
Slphium species$ integrifolium, S. laciniatum, S. perfoliatum, andS. terebinthinaceum),
Solidago ohioensis, and also two species with a small but non-sigaift increase in seedling
establishment in response to baitiRgdbeckia subtomentosa andBaptisia australis, the latter

being the only legume species included in the study

#Figure 3 approximately here#

While Figure 2 illustrates the effect of baiting @eedling establishment within each species,
Figure 3, by showing for each species the perdemi@e in numbers of seedlings established
when baited twice, compared to the treatment withaiting, illustrates relative effects between
the species as a whole. The most pronounced positigct was found fdriatris aspera, with an

increase in seedling establishment of 660 % whé&mbawice, compared to no slug baiting.
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Other species that benefited from baiting withraarease in seedling establishment of between
250 % and 500 %, includeghcalia atriplicifolia, Monarda fistulosa, Asclepias tuberosa, and
Veronicastrumvirginicum. By contrast, seedling establishment in all fasteédS1phium species
was much the same on the strips baited twicewaaston the unbaited strip. While no statistically
significant effects of baiting were found in thesea ofBaptisia australis andRudbeckia
subtomentosa, seedling establishment in these two species tieless was 46 % and 78 %,
respectively, higher in these species when baitémkf compared to no baiting.

A negative Spearman rank correlatiog €r-0.43) that was significant according to the
one-sided test (P = 0.026; see Figure 4a) indidaid in line with our hypothesis, there may be a
negative relationship between seed weight andubeeptibility of a species’ seedlings to slug
grazing. A hypothesized positive relationship b&twa species response to baiting and relative
adult growth productivity could not be confirmelgtnegative correlation coefficient suggested
that if any relationship existed this would mokesly to be negative (Spearmay=-0.32, one-

sided test: P = 0.076; see Figure 4b).

#Figure 4 approximately here#

Without any slug control measures, all speciedh #ie possible exception 8thizachyrium
scoparium, are attacked by slugs (Figure 5). Without ang slontrol the large-seeded test species,
such aBaptisia australis andS1phium species, have a larger proportion of damaged segli

than many small-seeded test species, suugatorium maculatum, Monarda fistulosa, Solidago

ohioensis andVeronicastrum virginicum.

#Figure 5 approximately here#
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Second-year results

Slug fauna

In 2000, the slug fauna at the experimental site eaninated by the same four species as in
1999. However, in 200@eroceras reticulatum made up about 50% of all individuals recorded in
2000, and was thus far more prominent than thethren species, which were, in descending
order, A. subfuscus > A. hortensis > A. ater. In addition, a few individuals dlilax budapestensis
were also recorded.

As in 1999, slug numbers differed strongly betweeunts, depending on weather
conditions at the time of the counts (Time: P <0Q;Gee also Fig. 6). There also were highly
significant differences in slug numbers betweefedgnt baiting frequencies (Baiting regime:

P = 0.008), with post hoc Games Howell tests irdigathat slug numbers were significantly
lower in the twice-baited sowing strip D, compatedhe unbaited sowing strip B (P = 0.033).
There were however no significant differences betweither of these two strips and strip C that
was only baited once (B vs. C: P = 0.102; D vsP&:0.343). There was a slight, but non-
significant tendency for these differences amongirsg strips to vary between counts (Time x

Baiting regime: P = 0.089).

#Figure 6 approximately here#

#Table 4 approximately here#

Plant emergence phenology and levels of slug-related defoliation
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At the time of the first second-year field censnsl@ March 2000, five specieshster laevis, A.
oolentangiensis, Coreopsis lanceolata, Monarda fistulosa, andSolidago rigida — were already
actively growing, and active growth in several othgecies had just started (Figure 7).
Nevertheless, in a group of seven speciesatris aspera, L. pycnostachya, Helianthus mollis,
Schizachyrium scoparium, Baptisia australis, Eupatorium maculatum, andAsclepias tuberosa —

no active growth was observed until several weates | Within this latter groujs scoparium

began active growth relatively early, but then gtogtopped during a cold spell and only resumed

a few weeks later.

#Figure 7 approximately here#

Figure 8 indicates for individual test speciesghaportion of plants exhibiting >10% slug-related
defoliation in the various baiting regimes at thepdant census dates in year 2. Defoliation levels
generally were much lower on the plots that weiigedawice than on the plots that remained
unbaited or were only baited once. High levelsafblation were observed Ratibida pinnata,

in particular at the first two census dates. Lewéldefoliation were slightly lower i€acalia
atriplicifolia, but in this species marked levels of defoliatigre observed throughout the census
period. InAster oolentangiensis, one of the test species with a very early emerg@henology,
marked defoliation was only observed during théyea@nsuses, whereas in the late emerger
Liatris aspera, levels of defoliation peaked during the latersteses (Figure 8). By contrast, the
majority of species, including all test&dlidago andSIphium species, but alsB. australis, E.
pallida, E. maculatum, H. mollis, R. subtomentosum, S. scoparium andV. virginicum, were

generally not heavily defoliated (Figure 8).
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#Figure 8 approximately here#

Discussion

Thedlug fauna

Prior to baiting, slug numbers were relatively onifi across the experimental site, and dominated
by Arion species. Snails were extremely rare. Nocturng ahundance varied considerably across
census dates, and, as with previous studies (BamkegVeil 1945; Crawford-Sidebotham 1972),
was highest, and damage greatest (Nystrand and®an1997), when the soil surface was
moist. Slug numbers at the stations declined od eghts, due to a reduction in slug activity
commonly associated with temperatures beloWwG @hite 1959). In 1999, baiting once with
metaldehyde was sufficient to significantly redlige slug numbers, no significant further
reduction was achieved by a second applicatiorcdyrast, in 2000, two applications of
metaldehyde were required for a significant reductf slug numbers, baiting only once did not
significantly reduce slug numbers compared to ntnga

These differences between the two years regartimefficacy of a single application may be due
to the spring of 2000 having been markedly wettantthe spring of 1999 (Table 2), and this may
have reduced the duration of action of a singleaidehyde application in 2000 and necessitated a
second application. Also, due to these differemeeainfall, whilst slug numbers in 2000 overall
were similar to those recorded in 1999, slugs weobably able to forage for longer and hence
cause more damage in 2000. Duration of foraging naag been further facilitated by the dense
cover of prairie plants in 2000; in 1999 these fdarere still seedlings and less of the soil s@fac

was shaded. A preference of shaded microhabit&tson for a number of slug species (Sturm
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2007), and may provide one explanation for slugatgrbeing greater in more shaded conditions
(Liang and Stehlik 2009), and is also in agreemetit our own observation that under shaded
conditions, slugs seemed to feed for longer periofien throughout the day, rather than being

restricted largely to after dark (J.Hitchmough,soeral observation).

Seedling establishment in the first year

Seedling size, adult growth productivity, and palatability

The results of our study demonstrate that seedbh{grge-seeded species, whilst being more
likely to be grazed by slugs, were less likely éokidled as a result than seedlings of small-seeded
species. Seed size tends to correlate closelyimttal seedling size (Baskin and Baskin 1998),
suggesting that this is not because seedlings l@oge-seeded species are less palajadlee,

but because their above-ground parts are lesy likdde removed in a single feeding event,
enabling them to maintain a supply of carbohydraddsel recovery. Accordingly, the seedlings
of the small-seeded. virginicum, a species that appears unpalatable as an aduoigly

benefited at the seedling stage from slug baitifigure 3). Similarly, the five largest-seeded
species in our study SHphium laciniatum, Sintegrifolium, Sterebinthinaceum, B. australis, and

S perfoliatum (see Table 1 for seed weights) — were all in tioeig of seven species whose
establishment from seed was not significantly eobdrby baiting (Figure 2). The seedlings of all
of these species were obviously palatable to skgsyvidenced by the large proportions grazed in
the absence of slug baiting (Figure 5). For spasigssmall to medium-sized seeds,
unpalatabilityper se seems to be a prerequisite for ensuring surviviié presence of slugs. The
remaining two species whose establishment wasmartoived by baitingRudbeckia

subtomentosa, 0.94mg andSolidago ohioensis, 0.21mg) are clearly unpalatable. Conversely ghre
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of the species whose establishment was most imgroydaiting Liatris aspera (2.1mg),Cacalia
atriplicifolia (2.42mg), andhsclepias tuberosa (6.8mg) have much larger seed and seedlings but
are nevertheless susceptible to slug grazing. Agiivie species, irrespective of size and growth
rate, are highly unpalatable as young seedlingsupnably because of high silica (Blackman
1971), as in the case &thizachyrium scoparium, or secondary metabolite content (Albrectsen
2004) for exampleSolidago ohioensis.

Contrary to our hypothesis, there was no evideacsgecies characterized by lower adult
growth productivity, that might invest more resasén defence instead of growth, being less
palatable at the seedling stage than more produsgiecies. Defence against herbivores as
postulated by CSR strategy may be more applicakéeltilt plants than to seedlings. Levels of
secondary metabolites acting as herbivore defezem $0 be particularly low in young seedlings,
and increase steadily with plant age through tdthdod (Albrectsen et al. 2004; Elger et al
2009). Structural defence mechanisms such as spried®mes, or sclerophylly, also tend to be
poorly developed in seedlings (Hanley et al. 1985phay therefore not be so surprising that a
known link between adult growth rate and adult faddaity (Grime, 2001) does not extend to adult
growth rate and early palatability. Instead, seegjuvenile growth rate tends to be a much better
predictor of seedling palatability to slugs (Kedlgd Hanley 2005). In our study, dense coverings
of epidermal hairs were evident on the first tre@vies/petioles/stems of seedlings of species
whose establishment was significantly reduc&stiepias tuberosa, Echinacea pallida, Helianthus
mollis) and not significantly reduced by slugélphium laciniatum andS. ter ebinthinaceum).
Contrary to our initial hypothesis, the more prailteespecies in this study were typically better
able to survive slug herbivory, presumably throbging able to escape the most vulnerable stages
more quickly. Across the study it was evident thdividuals that were not attacked by slugs grew

faster than those that were. This is not surprigimgn the known role of nutrient reserves in
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cotyledons in boosting seedling growth (Milberg aagnont 1997; Hanley et al. 2004).
Theoretical classifications on the basis of plandpctivity may be less meaningful for plants
growing in cultivation under more productive comatits, which may restrict the degree to which
means of defence develop. Accordingly, it has begrothesized that many invertebrate
herbivores may preferentially feed on more vigorplasts, compared to plants growing in
stressful conditions (Price 1991). There is evidethat this also applies to the seedling stage of
plants, as Albrectsen et al. (2004) found thaefagtowing fertilized seedlings were more
palatable, although they also reached the sizshbté to deter slug herbivory, and the
physiological threshold for producing defensivecsetary metabolites, sooner than slower
growing seedlings. In support of this line of argnt) the more stress-tolerating species in our
study, for exampldsclepias tuberosa, andEchinacea pallida, show marked morphological
differences in their wild habitat (J. Hitchmouglergonal observation), compared to in cultivation
in the UK, with much tougher stems and leaves,@ssibly higher levels of defense compounds.
Nutrient levels in the topsoil of the experimersié indicate high levels of site productivity (N =
110mg/L, P = 65mg/L, K = 500mg/L). This is consialy higher than comparable values for a
productive North American prairie silt loam (N= 18, P= 50mg/L, K=250mg/L), and much
higher than values measured for the infertile sagailg that support more stress tolerating prairie

species (N=10mg/L, P=3mg/L, K=60; see Bradshaw &dwick 1980).

Effects of baiting on individual species

Based on the percent change in seedling establigtcaased by two applications of slug pellets
compared to the unbaited control treatment, speeiee grouped into three categories: (1)
species whose establishment from seed is onlytsfigtiluenced by slug baiting; (2) species

whose establishment can be significantly, but stltitively moderately improved by the
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application of slug pellets; and (3) species forahlsuccessful establishment from seed is highly
dependent on control of slug populations (Fig).the basis of long experience in practice
(Hitchmough 2004), North American prairie specieaagroup are considerably more palatable to
molluscs than are for example, European meadowlaithough the literature is rather
fragmentary, slugs appear to be minor herbivorgsairie ecosystems in North America and

hence natural selection pressure to evolve speatgfiences is presumed to be limited.

Slugs and adult plantsin the second year
Adult prairie plants were typically less severegnthged by slugs than were seedlings of the same
species. Similar results have been described bygdfeat al. (1999) and Hitchmough (2003).
However, three species in the present stu@yatriplicifolia, L. aspera, andR. pinnata sustained
pronounced slug-related damage as adults, indgchtgh levels of adult palatability. Although
not included in the analysis due to its very lateesgence, where not baitekclepias tuberosa

was also seriously damaged (J.Hitchmough, persibsarvation). Observation of many of the
species discussed in this paper over a five yaawga sown prairie plant communities in
Northern England (Hitchmough and de la Fleur 2G@)gests that in the absence of slug control
measuresA. laevis, E. pallida, E. purpurea, andM. fistulosa are likely to be eliminated or greatly
reduced in number by slug herbivoBaptisia australis, C. lanceolata, H. mollis, R.

subtomentosa, S. integrifolium, S. integrifolium, Solidago ohioensis andV. virginicum generally

exhibit little damage as adults (Hitchmough andedi€leur 2006).

In common with other studies (Bruelheide and Saei§99; Albrectsen et al. 2004), plant

phenology and morphology markedly influenced thgrée of slug damage experienced by adult
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prairie plants. Nocturnal slug densities, whilsaviey affected by soil moisture, are typically

lower in March than later in spring. Early emergimgybaceous plants may therefore encounter
fewer molluscs, but in the case of palatable sgdtis advantage may be negated by being the
only “food on the table’Monarda fistulosa overwinters as miniature leaf-rosettes and these w
continually grazed between autumn and spring, tepditimately to elimination of this species.

The early-leafindRatibida pinnata was almost completely defoliated by slug grazinthatfirst

two census dates but even when not baited, wadwalgnable to recover. This may have been
due to a decline in grazing pressure as more fptidres became available. Another factor that
may potentially have played a role may be a dedhrgalatability of this species as it passed peak
spring growth and started to allocate more ressu@elefence mechanisms (Elger and Barrat-
Segretain 2004), but this has to remain speculatsoan investigation of this aspect was beyond
the scope of this study. Later-emerging species flae scenario of higher densities of slugs that
are able to feed for longer as emergent shooteasershading at the soil surface. The larger range
of food plants present does not seem to resulr@daction of the grazing pressure experienced by
the most palatable speci€Zacalia atriplicifolia appeared to actively attract slugs to feed on it
even in the baited treatments.

Many of the species eventually grew tall enoughtieir growth points and leaves to
escape intense herbivory (Rathcke 1985). Slugsagrable of climbing into the canopy
(Albrechtson, et al. 2004) but generally choosetooSpecies that are palatable and maintain most
of their leafage in a basal rosette or on the |Iqueetions of their stem close to the ground, for
exampleA. tuberosa, E. pallida, E. purpurea, L. aspera, R. pinnata, andS. rigida, continue to be
subject to heavy grazing. In potentially palatadgecies with tall leafy stems, suchEas
maculatum, R. subtomentosa, andS. speciosa slug grazing is typically restricted to early srias

shoots emerge from the soil. Young shootB.adustralis are often heavily browsed as they
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emerge from the soil but then adopt a thrustingpshehaviour (Grime 2001) and elongate rapidly
out of the reach of most slugs. This mechanisrousd in a number of highly successful clonal
colonizing herbaceous species and whilst oftenghbaf primarily as a means of pushing through
litter and foliage canopies to intercept light (Wdinson and Fitter 1996), it also provides a

successful means of escaping spring slug predation.

Conclusions

This study provided an evaluation of the effecslofy predation on North American prairie plants
under conditions that closely approximated to thse in naturalistic plantings in landscape
practice, where slugs are simultaneous offerechgeraf different species to feed upon, initially as
seedlings but then as adults. As seedlings, prsjeeies varied considerably in palatability.
Palatability interacted with physical size and gifowate of seedlings to determine capacity to
establish in the presence of slug grazing. Pakatsisécies that did not have very large, or fast
growing seedlings were generally eliminated frorbaited plots. Some of the species whose
establishment from seed was significantly redugedliog grazing were able to withstand grazing
as adults in the second year of the study, althodlgimost highly palatable species, for example
Cacalia atriplicifolia, were largely eliminated by the end of the secozat yn the absence of
baiting. This study suggests that, in line withergcfindings on the negative effect of native
generalist herbivores on the success of invasiomdoynative plants (Levine et al. 2004; Parker et
al. 2006), the risk of North American prairie sgscescaping beyond the planting site may be low
in slug-rich temperate European climates, and rkajyl be restricted to relatively few species
that have either atypically large seed, rapid ghosrtunusually low palatability. On the other

hand, the findings of our study also suggest #mhypothesized by Maze (2009), high densities
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of introduced European slugs may have the potetatiatfect population and community
dynamics of prairie plants in their native randéhaugh findings from Australia where European
slugs have also been introduced suggest that #ysmnost likely be the case near urban

settlements (Holland et. al 2007).
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Table 1. Prairie forbs and grasses used in the ghamenclature follows; www.efloras.org/flora)

Specie Family Seed weigh Relative adul Typical soil
(mg) growth productivity moisture regime
in habitat
Asclepias tuberosa Asclepiadaces 6.€ low dry-mesic
Agter laevis* Asteraceas 0.31 mediun mesic
Agter oolentangiensis® Astelacea 0.17 mediun mesi¢
Baptisia australis Fabacee 18 mediun mesi¢
Cacalia atriplicifolia © Asteracea 2.4z high mesic-wet
Coreopsis lanceolata Asteracea 1.8 mediun dry-mesic
Coreopsistripteris Asteracea 2.5¢€ high mesic-wet
Echinacea pallida Astelacea 5.6€ low dry-mesic
Echinacea purpurea Asteracea 2.4z mediun mesic-wetl
Eupatorium maculatum Asteracea 0.2¢ high wetl
Helianthus mollis Asteracea 4.7 mediun-high dry-mesic
Liatrisaspera Asteracea 2.1 low dry
Liatris pycnostachya Asteracea 1.€ low-mediun mesic-wet
Monarda fistulosa Lamiacea 0.4 mediun dry-mesic
Ratibida pinnata Asteracea 0.87 mediun mesic
Rudbeckia Asteracea 0.94 mediun-high mesic-wet
subtomentosum
Schizachyrium scoparium Poaces 1.t low dry
Slphium integrifolium Astelacea 30.6¢ mediun-high dry-mesic
Slphium laciniatum Asteracea 78.0¢ mediun-high dry-mesic
Slphium perfoliatum Asteracea 6.8t very higt wetl
Slphium Asteracea 25.¢ mediun-high mesic-wet
ter ebinthinaceum
Solidago ohioensis Asteracea 0.21 mediun wet
Solidago rigida Asteracea 0.¢ mediun dry-mesic
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Solidago speciosa Asteracea 0.z low-mediun dry-mesic

Soorobolus heterolepis Poaces 1.€ low dry-mesic
Veronicastrum Scrophulariace: 0.07 mediun wetl
virginicum

A = gymphyotrichum laeveis the revised name féxster laevis. The latter isretained here as

Symphyotrichum is not widely used outside the USA.
B = Symphyotrichum oolentangiense is the revised name féster oolentangiensis.

© = Arnoglossum atriplicifolium, is the revised name f@acalia atriplicifolia.

Table 2. Weather during the main period of slugig@gin the spring of the study years 1999 and

2000, as compared with the long-term average 1900-2Met Office 2008a,b).

Weather parameter Month 1999 2000 1971-2000
Total rainfall [mm] April 91.6 153.3 62.5

May 51 63.9 55.5
Mean temperature [°C]April 9.6 8.0 8.0

May 13.2 12.0 11.4
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Table 3. Results of repeated measures analysésgafismbers in 1999.

Within-subjects effects

Between-subjects effects

Period Source di F P Source d F P

Prior to first Time 3 29.07 <0.001 Intercept 1 181.58 <0.001

baiting Time x Baiting regime 6 0.51 0.795 Baiting regime 2 2.79 0.098
Error 39 Error 13

Between first Time 2 18.03 <0.001 Intercept 1 398.56 <0.001

baiting and final Time x Baiting regime 4 3.50 0.020 Baiting regime 2 21.32 <0.001

seedling census Error 26 Error 13
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Table 4. Results of a repeated measures analysisgphumbers in 2000.

Within-subjects effects Between-subjects effects

Source df F P Source df F P
Time 4 7.98 <0.001 Intercept 1 1336.74 <0.001
Time x Baiting regime 8 191 0.089 Baiting regime 2 8.65 0.008
Error 36 Error 9
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Figure 1. Number of slugs per Petri dish statiothadifferent slug baiting regimes in 1999.
Back-transformed mean values * standard errorsharen for the seven counts carried out prior
to the final seedling assessment. The dates ofpsligt applications are indicated by black

arrows.

Figure 2. Effects of slug baiting on seedling eksaiment in 21 prairie plant species one month
after the onset of seedling emergence. Values sept@aumber of seedlings in the “no damage” to
“some damage” categories on May"2B99 expressed as a percentage of the total nushber

sown seeds. Back-transformed mean values * staedans are shown.

Figure 3. Percent difference in the number of uraiged or only slightly damaged seedlings that
were established on strips C and D that were pellgtice at the time of the seedling census on

28 May 1999, compared to the numbers of seedlis@gbkshed on the untreated control strip A.

Figure 4. Relationship between the relative respamseedling emergence of a species to slug
baiting, expressed as percent difference in thebeurof undamaged or only slightly damaged
seedlings established on 28 May 19999, and (a)wegght, (b) relative adult growth

productivity. As the seed weight distribution inralata setw as strongly skewed, with a large
number species having relatively small seeds, ahdasmall number of species characterized by
large seeds, graph (a) shows log-transformed seeghts for a better illustration of the

relationship.

Figure 5. Relative proportions of undamaged anderaidly damaged seedlings in 21 prairie plant

species.Values are based on numbers of seedlitig® icatregories on the May 28999 census.
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Figure 6. Number of slugs per Petri dish statiothadifferent slug baiting regimes in 2000.
Back-transformed mean values * standard errorsharen for the five counts carried out prior to
the final plant defoliation assessment. The datatug pellet applications are indicated by black

arrows.

Figure 7. Phenology diagram showing the relatinertg of emergence of plants in year 2 of the
experiment. The diagram is based on phonologicau®data collected in the field between 17
March 2000 and 31 May 2000. It shows for 24 ofgben test species which of the four
phenological stages were present at a particutesusedate, but does provide an indication of the

actual percentage of shoots falling into a paréicehtegory.

Figure 8. Effects of slug baiting on spring defoba levels in spring in 18 prairie plant species

one year after sowing. Values represent the peagerdf emergent shoots with a defoliation

>10%. In five species, defoliation never exceed@ df any shoot.
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(Figure 2)
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(Figure 5)
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(Figure 7)

Aster laevis

Aster oolentangiensis
Coreopsis lanceolata
Monarda fistulosa
Solidago rigida

Ratibida pinnata
Solidago ohioensis
Silphium integrifolium
Silphium perfoliatum
Rudbeckia subtomentosa
Silphium laciniatum
Veronicastrum virginicum
Echinacea purpurea
Solidago speciosa
Cacalia atriplicifolia
Echinacea pallida
Silphium terebinthinaceum
Liatris pycnostachya
Liatris aspera

Helianthus mollis
Schizachyrium scoparium
Baptisia australis
Eupatorium maculatum

Asclepias tuberosa

s

_

[ ] No above-ground parts Initial leaf growth
Buds/leaves present, no growth . Active leaf growth

51



(Figure 8)
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