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Abstract

Enemy release is frequently posed as a main driver of invasiveness of alien species. However, an
experimental multi-species test examining performance and herbivory of invasive alien, non-
invasive alien and native plant species in the presence and absence of natural enemies is lacking.
In a common garden experiment in Switzerland, we manipulated exposure of seven alien
invasive, eight alien non-invasive and fourteen native species from six taxonomic groups to
natural enemies (invertebrate herbivores), by applying a pesticide treatment under two different
nutrient levels. We assessed biomass production, [iSIDINOICIIMNAREE 2nd the major herbivore taxa
on plants. Across all species, plants [Sllllgll significantly greater biomass under pesticide
treatment. However, invasive, non-invasive and native species did not differ in their biomass
response to pesticide treatment at either nutrient level. The proportion of leaves damaged on
invasive species was significantly lower compared to native species, but not when compared to
non-invasive species. However, the difference was lost when plant size was accounted for. There
were no differences between invasive, non-invasive and native species in herbivore abundance.
Our study offers little support for [ISHBINMOEE release as a driver of plant invasiveness, but suggests

that future enemy release studies should account for differences in plant size among species.

Key-words: exotic, herbaceous plants, natural enemies, naturalisation, phytophagous insects,

resource availability.

Page 2 of 47



Page 3 of 47

47

48
49
50
51
52
53
54
55
56
57
58
59

60

61
62
63
64
65
66
67
68

69

Oikos

Introduction

The enemy release hypothesis (ERH) is one of the most widely invoked mechanisms used to
explain why some alien plant species become invasive in their introduced ranges (see reviews of
(Colautti et al. 2004, Liu and Stiling 2006, Chun et al. 2010). Plant species introduced to a new
range may escape natural enemies, such as pathogens and herbivores (Keane and Crawley 2002)|
SO AISHeeY 2y increase plant performance compared to the native range,
and also relative to native plant species in the new range as the latter should still suffer from their
full suite of natural enemies (Colautti et al. 2004). Under the ERH, alien plant species that are
SISO IC S IAEES to increase performance and fitness, may greatly
increase their populations and become invasive. In contrast, aliens that undergo less release from
enemy damage do not have the same performance advantage, and are less likely to outcompete
native species and become invasive (Keane and Crawley 2002). Thus, for the ERH to be a
general rule, only invasive alien, but not non-invasive alien species should benefit through a

reduction in enemy damage, which results in greater performance, relative to native species.

A number of studies have compared damage from herbivory on alien and native plant
species in the introduced range (Agrawal and Kotanen 2003, Colautti et al. 2004, Agrawal et al.
2005, Chun et al. 2010, Funk and Throop 2010). Others have compared the level of damage by
natural enemies on native, non-invasive alien and invasive alien species (Liu et al. 2007, Parker
and Gilbert 2007), or investigated the relationship between viral/fungal pathogen release and
invasiveness of alien plant species (Mitchell and Power 2003, van Kleunen and Fischer 2009).
These approaches test the ERH partially, in that reduced attack and damage of invasive alien
species does not necessarily result in increased plant performance relative to native species, or

non-invasive aliens. To fully test the ERH, plant performance in the absence and presence of
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enemies has to be assessed, which only few studies did so far (Parker and Gilbert 2007, Chun et

al. 2010).

Further, the identity of the herbivores may determine the outcome of the ERH (Cripps et
al. 2006, Ando et al. 2010, Alba et al. 2012), as it assumes release from specialist herbivores
(Keane and Crawley 2002, Mitchell et al. 2006). However, many alien species ECURMMMMIDaEN
EE RSBy SCROOSINRES it is likely that most herbivores are generalists (Niemeld et al.
2011). Whether release from generalist herbivores also contributes to plant invasion remains
open: while some studies show that also generalist herbivores avoid Jlil@ll and alien invasive
plant species (Jogesh et al. 2008, Tallamy et al. 2010, Schaffner et al. 2011), others did not find

this pattern (Parker and Hay 2005).

Plants growing under higher nutrient levels are likely to be more susceptible to herbivory
due to greater tissue nutrient content (Mattson 1980, Butler et al. 2012). Therefore, plant species
that grow in high-nutrient environments and benefit most from increased nutrient availability

may suffer greater levels of herbivory than species in low nutrient environments (Coley et al.

1985, Dostal et al. 2013, Lind et al. 2013). [ EHSONICESSHENCICASCIyDONES SIS

We tested the ERH by manipulating exposure of native, alien invasive and alien non-
invasive herbaceous plant species in Switzerland to invertebrate herbivores. If invasive species
already benefit from natural enemy release, they should benefit less strongly from

experimentally reduced herbivore exposure compared to native and non-invasive alien species.
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Study species

Seeds of 29 species were collected in 2008 and 2009 from plants in wild populations throughout
Switzerland (Table 1). These 29 species included fourteen native, eight non-invasive alien and

seven invasive alien species within Switzerland, and represent six taxonomic confamilial groups

(S, ]
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(Table 1). Species belonging to the Plantaginaceae, Phrymaceae and Scrophulariaceae, which
until recently all belonged to the Scrophulariaceae, were considered one group, and the
Asteraceae species were split into two groups (Bidens genus and non-Bidens species). Except for
five native species, all other species occur in nitrophilous plant communities (Landolt et al. 2010;
see Table S1). For the non-Bidens Asteraceae group, the native Solidago virgaurea was used to
assess herbivory damage, while the natives Gnaphalium luteoalbum and Artemisia vulgaris were

used to assess biomass responses to pesticide and nutrient addition treatments (see below), due to

limited numbers of plants available. [ SEIONNAINCIONSS SO CECI SO OR]

Expert opinion from the National Data and Information Centre of the Swiss Flora, and the
associated Info Flora website (http://www.infoflora.ch/de/flora/art-abfragen.html) were used in
order to assign species status as native, alien invasive or alien non-invasive, with invasive

species generally being more widespread in Switzerland according to Atlas records (Table S1).

Experiment set-up

Seeds were planted as individual seed families collected from mother plants, in a 1:1
mixture of seedling compost and sharp sand in the third week of April 2010 in a greenhouse.
After germination, individual seedlings were transplanted to separated compartments within
trays, filled with a 1:1 mixture of alluvial soil and sharp sand. These seedlings were then grown

for a further 4-5 weeks until the end of June 2010.

We set up a common-garden experiment in a 1000 m? field in Bern, Switzerland,

surrounded by short grassland and gardens (i.e. the type of habitat where many plant invasions
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have started). Eight experimental blocks were set up (in a four by two configuration), and each
block was split into two halves (Fig. 1). Plants in each block were represented by one seed
family per species. to minimise the contribution of genetic differences to variation among plants
RS IBINERY. Onc half of each block was later randomly assigned to the
herbivore exclusion treatment (see below), HGINCIDIOCRNANCNCIC eIz Fach

block-half contained seven sub-blocks (Fig. 1), and sub-blocks were paired according to their
position across the block-halves. One pair of sub-blocks was randomly assigned a taxonomic
group per block (Fig. 1; the non-Bidens Asteraceae group was split into two plots, giving seven
instead of six sub-blocks in total, see Table 1). Two plants per species per sub-block were
planted individually in 3-L pots, with the same soil as the seedling trays. Pots within each sub-
block had either no nutrient addition or nutrient addition HplCIONCCIDNIONICIDIARGNE (12 g of
slow-release NPK fertiliser pellets; Osmocote™ Exact Standard, N:P:K 16:9:12 + 2MgO + trace
elements). The soil had a nitrogen content of 1.79 g kg™ of dry weight substrate (5.83 g N pot™),
and nutrient addition resulted in a 33% increase in nitrogen concentration. These plants were

used for assessment of plant performance in response to herbivore exclusion and nutrient

addition (hereafter referred to as the performance set). [NIGIONGIDIENNDCHSDCCICncacH
AR RO HMRGGIEeN. These plants were subsequently used to record rates of herbivore

damage and invertebrate herbivores (hereafter referred to as the herbivory set). The total
numbers of performance plants without nutrient addition and with nutrient addition, and plants
used for measuring herbivory per sub-block, are indicated in Fig. 1. Pot positions within each

sub-block were randomised.
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160 (giving 416 plants in total). For measuring plant biomass in response to pesticide and nutrient
161 addition treatments, there were also 8 plants per species for cach pesticide/nutrient treatment
162 (ORI IR D uring the experiment, some plants died, and others
163  were lost due to complete consumption by molluscs before the enemy exclusion experimental
164 treatment started. Thus, 200 complete pairs of pesticide/non-pesticide treated plants remained of
165  those for measuring herbivory (paired according to block, 400 in total), and 382 pairs remained
166  for measuring nutrient/pesticide effects on biomass (764 in total). Table S1 shows final sample
167 sizes (numbers of plants) per species per treatment.

168 Two weeks after planting (to allow plants to overcome transplant stress), one block-half
169  per block was randomly assigned to the herbivore-exclusion treatment. A belowground pesticide
170  was applied in pellet form (Cortilan®, Maag/Syngenta Agro AG, 1.5 % Chlorpyrifos) once to
171 each pot individually, at a rate of 5 g per m” (0.16 g per pot). An above-ground pesticide

172 (Perfekthion®, Maag/Syngenta Agro AG, 500 g per L dimethoate) was applied as a fine mist
173 spray with a concentration of 1 ml per L of water, and was repeated two weeks later at the

174  beginning of August, and in the last week of August. Sl IICINCHSCICpPIComea
175  [CHEAMGYGENS As a control, a fine mist spray of water was applied to the plants in the non-
176 pesticide treatment. [ IONIGINCMDDICANONIONDESHCIOCIUIDIOCCONNCONIOISONNENATES!
177 plants, the treatments were carefully applied at a constant rate to each plant individually at close
178 _ Anti-mollusc pellets (Mioplant®

179  Schneckenkdrner, Migros AG, active ingredient: Metaldehyde) were applied liberally on the
180  ground surrounding the pots in the enemy exclusion block-halves at the end of July and in the
181  third week of August. Whilst it is unlikely that all herbivores were excluded by the pesticide

182  treatment, the abundance of invertebrate herbivores on plants was reduced compared with plants

183  with no pesticide applied (see results). To encourage colonisation by invertebrate herbivores,
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grassland was allowed to grow in strips separating and bordering the blocks||iNNCAICHARSING

SR RIS The plants were grown for 12 weeks until 22

September 2010, giving a period of 10 weeks for the herbivore exclusion treatment.

Herbivory and performance measurements

On the herbivory set of plants, we collected herbivores once every two weeks, for a total of six
times throughout the experimental period between 9 am and 4 pm (6 - 9 am for molluscs), under
sunny and calm weather conditions. Most insects were sampled through removal. For aphids,
however, we counted the number of individuals on the plants, and we removed only a few
individuals for identification. This was done to avoid artificially decreasing aphid abundance
through harvesting over time. Molluscs and aphids were identified to species level, while other
invertebrates were identified to family or order level. Aphids, molluscs, orthopterans and
thysanopterans were the most abundant herbivore groups, and thus further analysed. On a species

level, aphids and molluscs were classified as generalists or specialists according [ NOSDIGNE

B eSO NE N IDPIEEeS The abundance of aphids on each plant was

summed across all survey times. Damage sustained by the herbivory set of plants was recorded
as the proportion of leaves on plants that were damaged, at the end of the experiment. Leaf
chewing, gall formation and leaf mining were all considered forms of damage, but only leaf
chewing was present. For plants with few leaves, all leaves were surveyed for signs of damage.

For branched plants with many leaves, one branch per plant was randomly chosen and surveyed.
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For the performance set of plants, we harvested aboveground and belowground biomass
of surviving plants after 12 weeks, and dried it at 80-85 °C for at least 72 hours prior to
weighing. After 12 weeks, we also harvested, dried and weighed the aboveground biomass of the

herbivory set of plants, for use as a covariate in subsequent analyses.

Analysis

Mixed effects models were used for all analyses, [ilNSDOCICSMESIGENN t2xonomic group, and

block added as random effects throughout. An identity variance structure modelling different
variances per species was included in all linear mixed effects models [ISNCHNCENANGCHN
RS CIRID eI (p!us an additional identity variance structure according to
nutrient treatment for biomass models) to meet error normality and homoscedasticity
assumptions. For non-pesticide treated plants from the herbivory set, we analysed aphid
abundance (In(x+1) transformed) with a linear mixed model, and the proportion of leaves
damaged and the presence of other herbivores using binomial generalized linear mixed models.
In each case, species status was a fixed effect. We also re-analysed the proportion of leaves
damaged with aboveground biomass (square-root transformed) and the number of leaves per

plant (natural-log transformed) as covariates, to account for differences in plant size (both

centred to the mean and scaled to one standard deviation, [SIONICSHMGICSIONITICICHees
among invasive, non-invasive and native species to be calculated for the average-sized plant).

The three Poaceae species had no plants with damaged leaves and were excluded from analyses

of leaves damaged to avoid zero-inflation.

10
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As measures of experimental enemy release, we calculated the difference in the
proportion of leaves damaged and the difference in aphid abundance between pairs of plants of a
species treated and not treated with pesticide for each block (giving up to eight values per
species, one per block). Linear mixed models were used to analyse these two variables, with
In(x+22) transformation for the difference in aphid abundance, because the most negative
difference between paired plants was -21 (21 aphids fewer on the non-pesticide plant than the
pesticide-treated plant). Species status was a fixed effect. The difference in proportion of leaves
damaged was reanalysed with average biomass (natural-log transformed) and the difference in

the number of leaves between plants in each pesticide/non-pesticide pair added as covariates
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To quantify the effect of experimental enemy release on plant performance, we analysed
total biomass [EICIOONNANSIONNEd of the performance set of plants using a linear mixed
effects model. Only data points representing complete pairs were used, where both the ‘enemy-
excluded’ and ‘enemy-exposed’ plants were present and surviving in a block per nutrient

treatment.

PERIOIRAREE A 1! analyses were conducted in R version 3.0.2 (R Core Team 2013). We used the
11
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function ‘Ime’ in the package ‘nlme’ (Pinhiero et al. 2013) for linear mixed effects models, and
the function ‘glmer’ in the package ‘lme4’ (Bates et al. 2013), for generalised linear mixed

effects models.

Results
Herbivore damage

In the treatment without pesticides, 20% of leaves on native species (n=10) were damaged on
average, compared to 13% and 7 % on invasive alien species (n= 6) and non-invasive alien
species (n=7), respectively; the proportion of leaves damaged on invasive species was
significantly lower compared to native species, but not to non-invasive species (Figure 2a; Table
2). However, the significant difference was lost when plant biomass and total number of leaves
per plant were accounted for (IHRCHNOOMMANONES: °=2.37, df=2, p=0.306; Table 2). There was
a significant reduction in proportion of leaves damaged as both biomass (y’=16.10, df=1,

p<0.001) and the number of leaves increased (y*=19.34, df=1, p<0.001; Table 2).

The proportion of leaves damaged on non-pesticide-treated plants was significantly
greater than on pesticide-treated plants across all species, on average (mean increase in
proportion of leaves damaged on non-pesticide treated plants= +0.041, SE= 0.008, t=5.238,
p<0.001). The difference in proportion of leaves damaged between treatments was significantly
smaller for invasive species (+0.0095 £0.026%) compared to non-invasive alien species (+0.077
+0.021%;), but only marginally compared to native species (+ 0.056 +0.026%; Figure 2b, Table
2). When plant-size covariates were included, differences according to status were no longer
significant (y*=2.119, df=2, p=0.347; Figure 1b, Table 2). The difference in proportion of leaves

12
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damaged between non-pesticide plants and pesticide-treated plants decreased significantly with
increasing average biomass (x*=7.01, df=1, p=0.008) and difference in the number of leaves for

each plant pair (x*=9.16, df=1, p=0.003; Table 2).

Herbivore abundance

All eight species of aphid found on the plants were considered generalists [ EDIIS0);
Aphis frangulae (Kaltenbach), Aphis fabae (Scopoli), Aulocorthum solani (Kaltenbach),

Macrosiphum euphorbiae (Thomas), Myzus persicae (Sulzer), Rhophalosiphum nymphaeae (L.),

R. padi (L.) and Sitobion avenae (F.). S0 INGNORCDC R0 )N CI e
e PR SHNOISASHIaNG) On 2vcrage, 21 aphids were found per plant

on native plant species (n=11) without pesticide treatment, compared with 24 and 21 for invasive
(n=7) and non-invasive (n=8) species, respectively; these differences were not significant (Table
3). There were significantly more aphids on non-pesticide treated plants than on pesticide-treated

plants, across all species (mean difference in aphid abundance= +22.34, 95% CI= 7.63 — 44.37).
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However, the difference in aphid abundance between treatments was similar for invasive, non-

invasive and native plants (Table 3).

Four species of mollusc were found; Arion vulgaris (Moquin-Tandon), Deroceras

reticulatum (Mueller), Succinea putris (L.) and Xerolenta obvia (Menke). [iilCHDCICICHAN

OSSR ECRMOISRESHNG 1 o!1uscs and orthopterans were no more likely
to be present on native species, than on invasive or non-invasive alien species, while
thysanopterans were marginally [HIONSICRMMCARIN |css likely to occur on native than on

invasive species (DIGISON

Effect of pesticide and nutrient treatments on biomass

There was an overall significant effect of pesticide treatment (y’=14.55, df=1, p<0.001),
with significantly more biomass on average for plants treated with pesticide than compared to
plants not treated with pesticide (mean difference in biomass= 1.092 g, 95% CI=0.210 — 1.974).
Responses of individual species were variable (Fig. S2). Invasive, non-invasive and native
species did not significantly differ from one another in their responses to pesticide treatment (2-
way interaction: (x*=2.97, df=2, p=0.227; Fig. 3a). The effects of pesticide treatment on biomass

also did not significantly differ according to nutrient treatment (2-way interaction: (x°=0.88,
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and 28.92 g for non-invasive species without and with nutrient addition, respectively. There was

no significant three-way interaction between pesticide treatment, nutrient treatment and species

status affecting plant biomass (x°=0.69, df=2, p=0.708).

Discussion

Evidence for the enemy release hypothesis (ERH) [iNOINIMEICIDINONE would require a

smaller response to experimental [ISHBINONE cxclusion for invasive alien species than for native

and non-invasive alien species (Keane and Crawley 2002). In our study, invasive species

species, but not for invasive species, which would partially support the ERH. [loweyer. the

differences between invasive and other species were lost after accounting for plant size,
indicating that differences in enemy attack may be confounded by plant size (i.e. larger plants

have a tendency to suffer herbivory on a smaller proportion of their leaves). [ ICIGHINEEHR

response for invasive but not native/non-invasive species to pesticide treatment when accounting
for size might reflect the influence of larger invasive species, such as Bidens frondosa, suffering
BSOS Unfortunately, tests of the ERH [NGINIMCINCIDINOISS rarcly
consider the effects of variation in plant size among compared species on enemy attack, -
A D DO OO NNONTesHIs i n dicate that it should be taken into account
in such studies. In FGIMOM there were no differences among invasive, non-invasive and native
species in herbivore presence and abundance, or in their biomass responses to pesticide
treatment. This is similar to a recent review of the few studies comparing herbivore abundance

and damage in introduced and native ranges of invasive species, showing that plants in the

15
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introduced range suffer less herbivory overall, but the magnitude of difference was small (Liu

and Stiling 2006). When using a phylogenetically controlled multi-species approach the enemy

release hypothesis [NCININCHINCHCDIAICHICIDINOIES docs not appear to be a general mechanism
explaining the invasiveness of plant species. [ GRNONICUBENONEVSHIAINCICASCUOIONEH

Measures of herbivory and enemy damage commonly used to test the ERH may not
A OB PR ONMAREeISAeeH - vcn though Parker & Gilbert (2007) found that

herbivore damage and pathogen infection were lower on alien compared to native plant species
in North America, this did not translate into greater survival of alien compared to native species,
or of invasive alien compared to non-invasive alien species. Also, a recent study on Artemisia
ambrosiifolia, in its native range, found that enemy exclusion reduced damage on adult leaves,
but did not result in increased growth or reproduction (MacDonald and Kotanen 2010).
Moreover, a meta-analysis of enemy-release studies that manipulated the presence of natural
enemies found no consistent differences in plant-performance responses to enemy exclusion
between invasive species and native comparators (Chun et al. 2010). The lack of clear evidence

for reduced plant damage resulting in greater plant performance may be a consequence of

differing abilities among plant species to tolerate herbivory. JiGHONMGRIGTIONIONEDEsHeIE

essential if we want to adequately assess the relevance of enemy release to plant invasions. Other

16
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ICDIRCHORROSE A0 Nonctheless, our results and others mentioned suggest it is

unlikely that release from herbivory alone can increasc [EiOMIM performance of invasive

compared to native plants.

Nutrient addition did not affect the differences in total biomass between pesticide and
non-pesticide treated plants, and also did not affect the differences among native, non-invasive
and invasive species. This result appears to suggest that while plants obviously increased

biomass with nutrient addition, overall, the absolute difference in biomass with enemy exclusion

did not vary greatly. which runs counter to the prediction of the resource-enemy release
SIS EIERIAIE0EN A s e only assessed herbivore damage and herbivores on a

subset of plants that did not include a nutrient-addition treatment, we were not able to verify that

the number of leaves damaged by herbivores or the abundance of herbivores found on nutrient-

treated plants remained the same as on non-nutrient treated plants. [NTNITISIARGIISINIS] Wik

\’ ‘
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A potential limitation of our study (and garden experiments in general), could be that

BBEBBIRE <xplains the invasion success of a plant species might not only depend on the species
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Conclusions

To the best of our knowledge, this is the first multi-species experiment that assessed
herbivore loads and herbivore damage as well as performance with and without herbivore

suppression of invasive alien, non-invasive alien and native species. We found equivocal support

for enemy release [NGININEIINCHEDIICIICIDINOIES 25 2 mechanism explaining invasion success

of alien plant species in our study. The species of herbivores |G rc EONScId

generalists, and plant size was an important variable explaining variation in herbivory in our
multi-species approach. In addition, our study suggests that increased resource availability may
not necessarily increase the extent to which species benefit from enemy release. The degree of
BBEBIBNE rclcasc experienced by alien plant species under varying resource availability would be
better considered relative to plant size, and under a plant community context with manipulation

of different herbivore guilds.
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Appendices

Table S1 Sample sizes of pesticide effects per species per nutrient treatment, and per response

variable in the study.

Table S2 Mean (and standard error) abundance of aphids and proportion of leaves damaged per

plant per species, treated either without or with pesticide in the experiment.

Table S3 Parameter estimates (and standard errors in parentheses) for linear mixed models of
aboveground biomass (square root transformed) in relation to proportion of leaves damaged, for

the herbivory set of plants

Table S4 Modelled intercept and slope estimates per species (as random effects), from linear
mixed models assessing the relationship between aboveground biomass and proportion of leaves

damaged for plants without and with pesticide treatment.

Table SS Information on host plant families, genera and species, distribution and native status of

aphid and mollusc species identified in the study.

Table S6 Parameter estimates (and standard errors in parentheses) for binomial generalised
linear mixed models of mollusc, orthopteran and thysanopteran presence on non-pesticide treated

plants.

Figure S1 Relationship between aboveground biomass and proportion of leaves damaged on
plants without and with pesticide treatment, showing overall fitted relationship (thick line) and

individual fitted lines for the 23 species.
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Figure S2 Mean total biomass (square-root scale) of plants with pesticide treatment (circles) and
without pesticide treatment (squares), without nutrient (unfilled symbols) and with nutrient

addition (filled symbols). Error bars represent + 1 SE.
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Figure 1. Schematic plan of the experimental set-up. Each of the eight blocks was split in half,
and one half was randomly assigned the pesticide application treatment. Each half-block
contained seven sub-blocks, with one of the seven taxonomic groups randomly assigned to each
of them. Each sub-block contained plants belonging to the designated taxonomic group. The
numbers shown in each sub-block represent the total number of plants (across species) per sub-

block without nutrients added/with nutrients added/used for assessing herbivory levels. [EEIONg

Figure 2. a) Mean proportion of leaves damaged on pesticide-treated plants and b) mean
differences in proportion of leaves damaged on pesticide versus non-pesticide treated plants, for
native, invasive alien and non-invasive alien plant species. Error bars represent & 1 standard
error. In both a) and b), means are shown from models excluding and including plant-size
covariates. The dashed line in b) signifies zero difference in proportion of leaves damaged

between non-pesticide and pesticide-treated plants.
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608 above the x axis represent mean biomass without pesticide treatment in a), and without nutrient
509 addition inb).

610
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Table 1. The 29 species used in this study, their status, and the corresponding code per species
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shown in the figures. Numbers in parentheses for Asteraceae species arc SHDSBIOSN groupings for

this family. *Species used in leaf damage analyses. 1 Species used in analysis of herbivore

presence/abundance. The Phrymaceae, Plantaginaceae and Scrophulariaceae species were

considered as one taxonomic group

Species Family Status
Bidens radiata*t Asteraceae (Bidens) Native
Bidens tripartita*Y Asteraceae (Bidens) Native

Bidens bipinnata*¥

Bidens frondosa*t
Artemisia borealis *t
Artemisia vulgaris

Cirsium montanum*t
Gnaphalium luteo-album
Inula helvetica

Solidago virgaurea*f
Aster lanceolatus*t
Rudbeckia hirta*y

Conyza canadensis*t
Senecio inaequidens*t
Solidago canadensis*t
Oenanthe lachenalii*{
Eryngium giganteum™y
Heracleum mantegazzianum*¥
Veronica anagallis-aquatica™*t
Veronica peregrina™t
Veronica persica™f
Brachypodium sylvaticum?t
Eleusine indicat

Panicum capillaret
Rumex maritimus*t
Rumex obtusifolius*¥
Persicaria orientalis*t
Scrophularia nodosa™¥
Mimulus guttatus*t

Asteraceae (Bidens)
Asteraceae (Bidens)
Asteraceae (1)
Asteraceae (1)
Asteraceae (2)
Asteraceae (1)
Asteraceae (2)
Asteraceae (2)
Asteraceae (2)
Asteraceae (1)
Asteraceae (2)
Asteraceae (1)
Asteraceae (2)
Apiaceae
Apiaceae
Apiaceae
Plantaginaceae
Plantaginaceae
Plantaginaceae
Poaceae

Poaceae

Poaceae
Polygonaceae
Polygonaceae
Polygonaceae
Scrophulariaceae
Phrymaceae

Alien non-invasive
Alien invasive
Native

Native

Native

Native

Native

Native

Alien non-invasive
Alien non-invasive
Alien invasive
Alien invasive
Alien invasive
Native

Alien non-invasive
Alien invasive
Native

Alien non-invasive
Alien invasive
Native

Alien non-invasive
Alien invasive
Native

Native

Alien non-invasive
Native

Alien non-invasive
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Table 2. Parameter estimates (and standard errors in parentheses) from models of
differences in proportion of leaves damaged between pesticide and non-pesticide treated
plants, and the proportion of leaves damaged on non-pesticide treated plants only.
Models were analysed with and without covariates of plant size, and with species status
as fixed effects. Values given for random effects are standard deviations. Significant

estimates (P<0.05) are shown in bold.

Variable Proportion of leaves damaged on non-pesticide plants
Excluding covariates Including covariates
sqrt (biomass) -0.628 (0.141)
In (number of leaves) -0.492 (0.104)
Intercept -2.623 (0.432) -2.198 (0.399)
Non-invasive 0.738 (0.476) 0.419 (0.472)
Native 1.240 (0.443) 0.707 (0.440)
Random effects
Block 0.445 0.382
Family 0.168 0.267
Species 0.592 0.760
Difference in proportion of leaves damaged
Excluding covariates Including covariates
In (biomass) -0.030 (0.012)
Difference in number of leaves -0.021 (0.001)
Intercept 0.001 (0.026) 0.036 (0.016)
Non-invasive 0.077 (0.021) 0.023 (0.026)
Native 0.056 (0.026) 0.038 (0.021)
Random effects
Block 2.97x 107 4.97x 107
Family 0.033 0.014
Species 224x10° 3.096 x 10™
Residual 0.201 0.176
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Table 3. Parameter estimates (and standard errors in parentheses) from models of differences in
aphid abundance between pesticide and non-pesticide treated plants, and the number of aphids
on non-pesticide treated plants only. Fixed effects included species status. Values given for

random effects are standard deviations. Significant estimates (P<0.05) are shown in bold.

Variable Aphid abundance on non-pesticide Difference in Aphid abundance
plant [In(x+1) transformed)] [In(x +22)-transformed]

Intercept 3.820 (0.227) 3.129 (0.618)

Native -0.054 (0.138) 0.341 (0.696)

Non-invasive 0.002 (0.155) 0.463 (0.754)

Random effects

Block 6.596 x 10° 8.099 x 10°°

Family 0.511 0.586

Species 0.209 1.252

Residual 1.562 1.170
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643  Table 4. Parameter estimates (and standard errors in parentheses) from full and minimum models
644  explaining total biomass of native, non-invasive and invasive plant species, under pesticide and
645  non-pesticide treatments, and with or without nutrient addition. Values given for random effects
646  are standard deviations. Significant estimates (P<0.05) are shown in bold.

647

Model
Variable Full Minimum adequate
Intercept 5.479 (0.965) 5.412 (0.963)
Native -1.757 (0.918) -1.722 (0.912)
Non-invasive -1.183(1.010) -1.106 (1.004)
Nutrient addition 1.871 (0.158) 1.911 (0.111)
Pesticide absent -0.364 (0.157) -0.231 (0.059)
Native : Nutrient addition 0.385 (0.209) 0.352 (0.147)
Non-invasive : Nutrient addition -0.839 (0.211) -0.758 (0.150)
Native : Pesticide absent 0.068 (0.207)
Non-invasive : Pesticide absent 0.152 (0.209)
Nutrient addition : Pesticide absent 0.075 (0.223)
Native : Nutrient addition : Pesticide absent -0.058 (0.295)
Non-invasive : Nutrient addition : Pesticide absent 0.165 (0.298)
Random effects
Block 1.727 x 107 0.0008
Family 1.372 1.372
Species 1.884 1.884
Residual 0911 0914
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Table S1. The 29 species used in this study, their status, the number of Skm x Skm grid cells

in Switzerland occupied, and first date alien species were recorded as naturalised in Central

Europe (Klotz et al. 2002). Numbers in parentheses for Asteraceae species are sub-subplot

groupings for this family. {From Hegi (1954). Habitat codes follow Landolt et al (2010): 1-

Water bodies, banks and ditches; 2- Eutrophic terrestrial vegetation; 3- Outcrops, screes,

sandy/gravel habitats; 4- Water sources and streams; 5- Mires; 6- Grasslands and meadows;

7-Dwarf shrub and tall herb communities; 8- Shrubland.

Characteristics Biomass Herbivory
Species Status @
T‘ﬁ = - ?0 =3 @0
Ble |s2 |2|g|8|sg|z
& o < & 8 S| 8§58 | ©
R S 2 Z 21553 ¢
21 7% |z |7|:|58|¢
g o 3 A E =
Z
Artemisia borealis Native 6 3,7 3 4 8 8 8
Artemisia vulgaris Native 253 | 2,7 8 | 8 | _ B B
Aster lanceolatus Non-invasive | 17 2,7 1850 8 7 7 7 8
Bidens bipinnata Non-invasive | 4 23,7 1754 1 8 8 | 7 7 8
Bidens frondosa Invasive 45 | 1,2,9 1736 8 8 7 7 8
Bidens radiata Native 3 1,2 3 313 3 5
Bidens tripartita Native 57 1,2 7 6 6 6 8
Brachypodium sylvaticum Native 4941 7.9 7 8 | _ _ 8
Cirsium montanum Native 1 5,789 6 4 | 4 4 7
Conyza canadensis Invasive 140 2 1646-
1880 7 7 | 8 8 8
Eleusine indica Non-invasive | 21 2 1900 8 8 _ _ 8
Eryngium giganteum Non-invasive | 4 2 Unknown | ¢ 6 8 8 8
Gnaphalium luteo-album Native 29 1,2 7 71 B B
Heracleum mantegazzianum Invasive 420 2,7 1890 8 8 8 8 8
Inula helvetica Native 40 | 2,5,7,9 6 6
Mimulus guitatus Non-invasive | 23 | 12,4 | 1824 s | s | s8] 8 |g
Oenanthe lachenalii Native 8 1,6 6 5 |18 8 8
Panicum capillare Invasive 136 2 1867 8 8 B B 8
Persicaria orientalis Non-invasive | 4 2,7 | Unknown | 4 4 | 4 4 4
Rudbeckia hirta Non-invasive | 27 2,7 1860 5 5 5 5 8
Rumex maritimus Native 1 2 3 g | 8 8 8
Rumex obtusifolius Native 602 | 2,6 g8 | 8 | 8 8 8
Scrophularia nodosa Native 358 29 ] 7 8 8 8
Senecio inaequidens Invasive 121 2,3 1889 8 7 8 8 8
Solidago canadensis Invasive 491 1,2 1736 8 8 | 7 7 8
Solidago virgaurea Native 207 | 79 B B 8 8 8
Veronica anagallis-aquatica Native 131 1,24 8 8 8 8 8
Veronica peregrina Non-invasive | 57 2 1760 8 7 8 8 8
Veronica persica Invasive 458 2 1805 7 7 | 8 8 8
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Table S2. Mean (and standard error) abundance of aphids and proportion of leaves damaged per plant per species, treated either without or with

Oikos

pesticide in the experiment. *- Species treated as ‘Scrophulariaceae’ taxonomic group; however Mimulus guttatus is in the Phrymaceae, and
Veronica spp. are in the Plantaginaceae.

Species Family Status Aphid abundance | Aphid abundance | Proportion of Proportion of
without pesticide | with pesticide leaves damaged leaves damaged
without pesticide with pesticide
Artemisia borealis Asteraceae Native 14.00 (5.73) 1.88 (0.95) 0.180 (0.040) 0.065 (0.059)
Aster lanceolatus Asteraceae Non-invasive 31.43 (8.75) 9.29 (3.00) 0.280 (0.051) 0.125 (0.061)
Bidens bipannata Asteraceae (Bidens) | Non-invasive 61.71 (14.71) 18.43 (3.82) 0.053 (0.012) 0.012 (0.029)
Bidens frondosa Asteraceae (Bidens) Invasive 1.29 (0.29) 1.71 (0.29) 0.024 (0.048) 0.070 (0.024)
Bidens radiata Asteraceae (Bidens) Native 178.00 (57.46) 60.33 (16.05) 0.178 (0.058) 0.106 (0.178)
Bidens tripartita Asteraceae (Bidens) Native 2.33 (0.21) 2.00 (0.37) 0.015 (0.032) 0.046 (0.015)
Brachypodium sylvaticum Poaceae Native 1.63 (0.84) 0.38 (0.26) 0.000 (0.000) 0.000 (0.000)
Cirsum montanum Asteraceae Native 73.25 (28.30) 7.75 (3.52) 0.544 (0.096) 0.302 (0.096)
Conyza canadensis Asteraceae Invasive 43.13 (15.17) 4.50 (1.27) 0.062 (0.013) 0.027 (0.023)
Eleusine indica Poaceae Non-invasive 6.50 (0.82) 0.75 (0.41) 0.000 (0.000) 0.000 (0.000)
Eryngium giganteum Apiaceae Non-invasive 17.50 (7.64) 1.88 (0.95) 0.155 (0.055) 0.102 (0.080)
Heracleum mantegazzianum Apiaceae Invasive 116.38 (15.10) 41.63 (13.13) 0.213 (0.055) 0.106 (0.088)
Mimulus guttatus Scrophulariaceae* Non-invasive 75.00 (12.89) 20.75 (8.42) 0.189 (0.036) 0.124 (0.059)
Oenanthe lachenalii Apiaceae Native 42.75 (15.85) 6.50 (2.11) 0.344 (0.066) 0.147 (0.119)
Panicum capillare Poaceae Invasive 4.00 (0.80) 1.25(0.41) 0.000 (0.000) 0.000 (0.000)
Polygonum orientale Polygonaceae Non-invasive 80.75 (31.47) 33.50 (12.98) 0.346 (0.08) 0.159 (0.028)
Rudbeckia hirta Asteraceae Non-invasive 36.40 (16.77) 6.40 (5.42) 0.212 (0.031) 0.118 (0.059)
Rumex maritimus Polygonaceae Native 228.50 (82.89) 66.75 (19.49) 0.202 (0.059) 0.235 (0.050)
Rumex obtusifolius Polygonaceae Native 216.88 (30.90) 67.75 (10.12) 0.257 (0.063) 0.153 (0.087)
Scrophularia nodosa Scrophulariaceae* Native 51.13 (12.53) 14.75 (3.26) 0.108 (0.050) 0.063 (0.037)
Senecio inaequidens Asteraceae Invasive 11.88 (5.34) 3.13 (1.32) 0.063 (0.028) 0.034 (0.035)
Solidago canadensis Asteraceae Invasive 26.57 (8.78) 1.57 (0.87) 0.057 (0.011) 0.017 (0.015)
Solidago virgaurea Asteraceae Native 1.88 (1.60) 0.38 (0.18) 0.418 (0.033) 0.081 (0.112)
Veronica anagallis-aquatica Scrophulariaceae* Native 91.50 (19.77) 7.63 (1.08) 0.249 (0.089) 0.184 (0.045)
Veronica peregrina Scrophulariaceae* Non-invasive 85.38 (10.40) 14.25 (3.80) 0.063 (0.008) 0.011 (0.022)
Veronica persica Scrophulariaceae* Invasive 182.50 (64.06) 38.50 (19.18) 0.193 (0.060) 0.141 (0.068)
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Table S3. Parameter estimates (and standard errors in parentheses) for linear mixed models of
aboveground biomass (square root transformed) in relation to proportion of leaves damaged,
for the herbivory set of plants that were either a) not treated with pesticide, or b) had pesticide
treatment. Significant estimates (P<0.05) are shown. Values for random effects represent
standard deviations.

Variable a) without pesticide | b) with pesticide
Fixed Effects Intercept 2.760 (0.449) 2.930 (0.499)
Proportion of leaves damaged -0.892 (0.294) 0.450 (0.998)
Random Intercepts | Family 0.868 0.966
Species 1.000 1.126
Random Slopes Family 0.209 1.906
Species 0.825 1.319
Residual 0.291 0.365
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Table S4. Modelled intercept and slope estimates per species (as random effects), from linear
mixed models assessing the relationship between aboveground biomass and proportion of
leaves damaged for plants without and with pesticide treatment. Note that the intercepts and
slopes were calculated from taxonomic group and species-level random effects.

Without pesticide With pesticide
Family Species Intercept Slope Intercept | Slope
Apiaceae Eryngium giganteum 0.609 -0.143 0.898 -0.801
Apiaceae Heracleum mantegazzianum 1.660 -0.451 3.071 -3.572
Apiaceae Oenanthe lachenalii 2.690 -2.588 4377 2.588
Asteraceae Artemisia borealis 1.660 -1.439 6.339 4.143
Asteraceae Aster lanceolatus 3.266 -1.504 3.218 1.931
Asteraceae Bidens bipannata 2.732 -1.341 3.485 2.509
Asteraceae Bidens frondosa 4.033 -1.713 1.811 -0.992
Asteraceae Bidens radiata 1.440 -0.858 2.156 -2.140
Asteraceae Bidens tripartita 1.881 -1.010 0.692 -0.657
Asteraceae Cirsum montanum 3.643 -0.540 1.932 -0.021
Asteraceae Conyza canadensis 3.758 -0.825 3.371 -0.046
Asteraceae Rudbeckia hirta 3.076 0.087 2.522 -1.517
Asteraceae Senecio inaequidens 4.585 -1.236 5.815 2.459
Asteraceae Solidago canadensis 3.658 -0.550 1.820 -1.753
Asteraceae Solidago virgaurea 2.691 -0.083 3.551 1.584
Polygonaceae Polygonum orientale 4.990 -0.992 1.727 1.699
Polygonaceae Rumex maritimus 3.360 -0.528 2.967 0.264
Polygonaceae Rumex obtusifolius 1.710 -0.019 3.069 -1.425
Scrophulariaceae | Mimulus guttatus 3.207 -0.989 2.025 -1.299
Scrophulariaceae | Scrophularia nodosa 2.772 -1.022 0.999 -1.044
Scrophulariaceae | Veronica anagallis-aquatica 3.173 -1.086 3.206 0.323
Scrophulariaceae | Veronica peregrina 1.268 -1.021 1.620 0.050
Scrophulariaceae | Veronica persica 2.443 -0.468 2.642 0.020
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Table S5. The identified aphid and mollusc species in the study, with details of main host plant species, other families, genera and species used as
host plants, other food types, presence in Switzerland, distribution and alien status in Switzerland. Sources are as follows- 1: Lampel, G. & Meier,
W. (2007) Hemiptera Sternorrhyncha - Aphidina. Centre Suisse de Cartographie de la Faune, Neuchatel. 2: Boschi, C. (2011) Die Schneckenfauna
der Schweiz, Haupt Verlag. 3: Fromming, E. (1954) Biologie der mitteleuropdischen Landgastropoden. Duncker & Humblot, Berlin. 4: Turner, H.
(1998) Atlas der Mollusken der Schweiz und Liechtensteins. Centre Suisse de Cartographie de la Faune, Neuchatel. 5: Wittenberg, R. & Schweiz
Bundesamt Fiir Umwelt. (2006) Invasive alien species in Switzerland an inventory of alien species and their threat to biodiversity and economy in

Switzerland. Federal Office for the Environment FOEN, Berm.

Species Main host' | Other host familes' Host genera' Host species' ™~ Records in Distribution™* | Alien?’
Switzerland'"!
Aphis frangulae Frangula Brassicaceae, Lamiaceae, Onagraceae, several, for Solanum tuberosum | 13 palearctic, N-
(Kaltenbach) alnus Convolvulaceae, Lythraceae, example Capsella, American
Plantaginaceae, Rhamnaceae, Solanaceae | Epilobium,
Galeopsis,
Ipomaea, Lamium,
Lysimachia,
Veronica
Aulocorthum solani Extremely polyphagous, but no grasses; Cichorium endivia, 16 cosmopolitan,
(Kaltenbach) certain strains mainly on Solanum Cirsium acaule, probably
tuberosum; Asteraceae, Euphorbiaceae, Euphorbia exigua, originally
Rosaceae E.stricta, Potentilla European
grandiflora,
Sanguisorba
officinalis
Aphis fabae Euonymus | Celastraceae, Fabaceae, Chenopodiaceae Vicia faba, 7 Eurasian, N-
(Scopoli) europaea Phaseolus spp., American
Chenopodium spp.,
Beta vulgaris
Macrosiphum Extremely polyphagous, important Solanum tuberosum, | 28 cosmopolitan, | yes,
euphorbiae families are Asteraceae and Solanaceae Beta vulgaris, nearctic origin | origin N-
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(Thomas) Lactuca sativa America
Rhophalosiphum Prunus sp. | Acoraceae, Alismataceae, Butomaceae, several, Acorus, 12 cosmopolitan
nymphaeae (L.) Araceae, Callitrichaceae, Alisma, Butomus,
Hydrocharitaceae, Juncaceae, Calla, Callitriche,
Menyanthaceae, Haloragaceae, Echinodorus,
Nymphaceae, Poaceae, Polygonaceae, Elodea, Glyceria,
Potamogetonaceae, Ranunculaceae, Hippuris,
Cyperaceae, Sparganiaceae, Typhaceae, Hydrocharis,
Lythraceae Juncus, Lemna,
Menyanthes,
Myriophyllum,
Nelumbo, Nuphar,
Nymphaea,
Nymphoides,
Pistia, Polygonum,
Potamogeton,
Ranunculus,
Sagittaria,
Schoenoplectus,
Scirpus,
Sparganium,
Stratiotes, Trapa,
Typha, Wedelis,
etc.
Myzus persicae Prunus sp. | In CH: Amaranthaceae, Apiaceae, 29 cosmopolitan yes,
(Sulzer) Asteraceae, Boraginaceae, Brassicaceae, probably
Caryophyllaceae, Chenopodiaceae, from
Convolvulaceae, Cucurbitaceae, Asia
Malvaceae, Orobanchaceae, Poaceae,
Polygonaceae, Rosaceae, Rubiaceae,
Scrophulariaceae, Solanaceae,
Tamaricaceae, Violaceae
R. padi (L.) Prunus sp. | Rosaceae. Also possible on: Cyperaceae, several Poaceae, Capsella bursa- 28 cosmopolitan

Juncaceae, Typhaceae, Iridaceae, Poaceae,
Brassicaceae

including
Agropyron,

pastoris
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Agrostis,
Arrhenatherum,
Avena, Bromus,
Calamagrostis,
Cynosurus,
Dactylis,
Deschampsia,
Festuca, Glyceria,
Helictotrichon,
Holcus,
Hordelymus,
Hordeum, Melica,
Phalaris, Phleum,
Poa, Triticum, Zea,
etc.

Sitobion avenae (F.)

several, but often on Poaceae,
Amaranthaceae, Asparagaceae

Amaranthus,
Aspargus, Avena,
Calamagrostis,
Glyceria,
Hordeum,
Lagurus, Lolium,
Molinia, Phalaris,
Poa, Secale,
Setaria, Triticum,
Zea

36

cosmopolitan,
probably origin
westpalaearctic

Arion vulgaris higher plants but also faeces and carcasses abundant, pest yes,

(Moquin-Tandon) origin
unknown

Deroceras higher plants, prefers fresh plants; eats abundant, pest

reticulatum also fungi and carcasses

(Mueller)

Succinea putris (L.) higher plants, in particular herbs; algae abundant

Xerolenta obvia higher plants, several herbs abundant
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| (Menke)
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Table S6. Parameter estimates (and standard errors in parentheses) for binomial generalised
linear mixed models of mollusc, orthopteran and thysanopteran presence on non-pesticide
treated plants. Results are shown for models including all species (n= 26), and only the
nitrophilous species (n=21). Values for random effects represent standard deviations.
Significant estimates (P<0.05) are shown in bold.

Variable Mollusc Orthopteran | Thysanopteran
Fixed Effects Intercept -1.782 (0.556) | -1.744 (0.590) -0.255 (0.794)
Native 0.217 (0.647) | -0.797 (0.620) -1.226 (0.697)

Non-invasive 0.291 (0.688) | -0.505 (0.627) -0.474 (0.741)
Random effects | Block 0.615 0.311 <0.0001

Family 0.018 0.943 1.495

Species 0.915 0.401 0.976
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