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Introduced populations of the garden lupine are adapted
to local generalist snails but have lost alkaloid diversity
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Abstract Intraspecific variation in growth and

defence among plant populations can be driven by

differences in (a)biotic conditions, such as herbivory

and resources. Introduction of species to novel envi-

ronments affects simultaneously herbivory encoun-

tered by a plant and resource availability both directly

and via altered competitive environment. Here, we

address the question of how growth (leaf mass per area

(LMA), plant size) and resistance traits (leaf alkaloids,

leaf trichomes, resistance to a generalist snail) vary

and covary between native and introduced populations

of the garden lupine, Lupinus polyphyllus. We focused

specifically on evolved differences among populations

by measuring traits from plants grown from seed in a

common environment. Plants from the introduced

populations were more resistant against the generalist

snail, Arianta arbustorum, and they had more leaf

trichomes and higher LMA than plants from the native

populations. The composition of alkaloids differed

between native and introduced populations, with the

native populations having more diversity in alkaloids

among them. Resistance was positively associated

with plant size and LMA across all populations. Other

trait associations differed between native and intro-

duced areas, implying that certain trade-offs may be

fundamentally different between native and intro-

duced populations. Our results suggest that, for the

introduced populations, the loss of native herbivores

and the alterations in resource availability have led to a

lower diversity in leaf alkaloids among populations

and may facilitate the evolution of novel trait optima

without compensatory trade-offs. Such phytochemical

similarity among introduced populations provides

novel insights into mechanisms promoting successful

plant invasions.

Keywords Herbivory � Specialised plant

metabolites � Trade-offs � Resistance � Lupinus
polyphyllus

Introduction

Herbivory of plant tissues is an ordinary sight that,

nonetheless, can have substantial negative effects on

the growth and fitness of an individual plant (Belsky

1986; Turcotte et al. 2014). Because of these negative

effects, herbivores can select for traits that protect
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plants from being eaten, such as chemical and physical

defences (Agrawal et al. 2012; Kessler and Kalske

2018). As a result of their negative fitness impacts,

herbivores are recognised as major drivers of plant

genetic and phenotypic diversity at different levels of

biological organisation, from among species to among

and within populations (Futuyma and Agrawal 2009;

Gloss et al. 2013). For example, spatial variation in

herbivory can explain intraspecific patterns in herbi-

vore defences among populations (Toju and Sota

2006; Muola et al. 2010). However, plant defence

allocation can be limited or modified by abiotic

factors, as postulated by the plant resource availability

hypothesis (Coley et al. 1985). Therefore, the negative

impact of herbivory on a plant depends not only on the

amount or type of damage, but also on resource

availability (Hawkes and Sullivan 2001). Variation in

both herbivory and resources can thus interact to

determine the spatial patterns of intraspecific variation

in plant defence phenotypes and genotypes (Woods

et al. 2012; Burghardt 2016).

Plant traits do not evolve independently of one

another, but often exhibit patterns of covariation.

Genetically based trait associations among popula-

tions can represent adaptive trait complexes where

selection has favoured combinations of genetically

independent traits (Armbruster and Schwaegerle

1996). Alternatively, trait covariation may arise from

genetic constraints, if the same gene affects multiple

traits simultaneously (pleiotropy) (e.g., Arnold 1992).

The direction (positive/negative) of the among-popu-

lation covariance can depend on large-scale patterns of

environmental factors, in which, for example, varia-

tion in latitude and/or altitude determine broad-scale

differences in the direction of selection (Jonas and

Geber 1999; Anstett et al. 2016). To determine which

trait associations are more flexible, and which are

more fixed, it is necessary to explore trait associations

among populations that experience considerably dif-

ferent environmental conditions.

When species spread to novel areas, multiple facets

of the environment are in flux, from ecological

interactions to the abiotic environment and, hence,

resource availability (Alpert et al. 2000). Therefore,

compared to native conspecifics, introduced popula-

tions can experience selection that favours novel trait

optima and alters longstanding trait associations

(Blossey and Notzold 1995). The direct herbivory

encountered by an introduced plant often decreases, as

novel environments typically lack most of the spe-

cialist herbivores that are adapted to feed on a species

(Keane and Crawley 2002). Introduced species are

thus hypothesised to experience selection to decrease

their investment in defences and instead allocate those

resources for growth-promoting traits, giving them an

advantage in competition against native species (evo-

lution of increased competitive ability; EICA; Blossey

and Notzold 1995). Improved competitive ability

could then allow them to acquire a larger share of

the available resources compared to competitors,

potentially further reducing the investment in defence

(Goldberg 1996). Alternatively, larger plants may be

able to invest more in defence, or an effective defence

could yield the plant a competitive advantage, which

would result in a positive association between defence

and plant size (Hahn et al. 2019). Finally, the effects of

species introductions to novel areas on selection for

defence can depend on the type of herbivory: plants in

the introduced populations may encounter more

generalist herbivory than in the native populations,

leading not to loss of defence, but instead a shift

towards higher defence to generalist herbivores

(shifting defence hypothesis; Müller-Schärer et al.

2004; Joshi and Vrieling 2005).

In this study, we explore plant resource allocation

between growth and herbivore resistance traits in

native (USA) and introduced (Finland) populations of

the perennial herb Lupinus polyphyllus (Lindl.,

Fabaceae). We combined common-garden experi-

ments with field observations of herbivory to inves-

tigate the role of herbivores in shaping growth (leaf

mass per area and plant size) and putative resistance

traits (diversity/concentration of leaf alkaloids, den-

sity of leaf trichomes, and resistance to the generalist

land snail Arianta arbustorum, L.). Leaf mass per area

(LMA) describes a plant’s investment in leaves and

has been identified as a key trait in plant ‘leaf

economics’ (Wright et al. 2004), but it is also

sometimes related to leaf palatability to herbivores

(Schädler et al. 2003; Hanley et al. 2007). Quino-

lizidine alkaloids are specialised metabolites found

mostly within the Fabaceae family, which are gener-

ally thought to protect plants from herbivory (Wink

2019). Leaf trichomes have a function in leaf anti-

herbivore defences (Mauricio and Rausher 1997) as

well as in leaf ecophysiology and abiotic stress

tolerance through their modifications of the boundary
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layer of the leaf (Ehleringer et al. 1976; Sandquist and

Ehleringer 2003).

Our goal was to address the question: Do native and

introduced populations differ in 1) the level of

herbivore damage in situ, 2) resistance traits (leaf

alkaloids, leaf trichomes, resistance to a generalist

snail), 3) plant growth traits (LMA, plant size), and 4)

the trait associations between growth and resistance

traits? We measured growth and resistance traits in a

common environment allowing us to explore the

evolutionary divergence between native and intro-

duced populations in these traits. We predicted that

plants in the native populations would experience

higher levels of herbivore damage in situ than those in

the introduced populations. As the introduced plants of

L. polyphyllus are larger than those originating from

the native population (Ramula and Kalske 2020), we

predicted that—based on the growth-defence trade-

off—they would invest less in defences than the plants

from the native range. Because both leaf trichomes

and LMA typically increase with the intensity of solar

irradiation and temperature (Ehleringer et al. 1976;

Wright et al. 2004; Agrawal et al. 2009), we predicted

these traits would be higher in the plants from the

lower-latitude native range. Finally, in plants from the

introduced populations, we expected to find fewer

negative trait associations, i.e. trade-offs, because of

weaker selection pressure from herbivores.

Materials and methods

Study species

Garden lupine, Lupinus polyphyllus, is a short-lived

perennial herb native to western North America. It has

been introduced and has become invasive in Europe,

southern Australia, New Zealand, and Chile (Fremstad

2010; Meier et al. 2013). The species was brought to

Europe as an ornamental plant and in Finland it was

first recorded to have escaped from gardens in the late

1800s (Fremstad 2010). In Finland, it negatively

affects vascular plant diversity and species richness

across all habitat types where it occurs (Valtonen et al.

2006; Ramula and Pihlaja 2012) as well as reduces

total arthropod numbers by nearly 50% and alters their

community composition (Ramula and Sorvari 2017).

In its native range, L. polyphyllus grows in moist

meadows and riverbanks (Beuthin 2012), whereas in

Finland it commonly occurs in road verges, waste-

lands, and forest understories (Fremstad 2010). The

species hosts a diverse community of insect herbivores

in its native range, including aphids, leaf miners, true

bugs, fly larvae, and lepidopteran caterpillars (A.

Kalske, personal observation). In Finland, some

generalist insects are occasionally observed to feed

on it (i.e. the lepidopteran caterpillars Amphipyra

pyramidea and Vanessa cardui) but most damage is

typically inflicted by mollusc herbivores (S. Ramula,

personal observation).

We used the hermaphroditic land snail Arianta

arbustorum (Helicidae) as a generalist herbivore in

this study. The species occurs from central to northern

Europe (Terhivuo 1978; Buria and Stahel 1983) and

prefers habitats with rich and dense vegetation. It

feeds broadly on live and decaying plant material,

wilted flowers, mushrooms, arthropods, and soil

(Terhivuo 1978; Speiser and Rowell-Rahier 1991),

including fresh leaves of L. polyphyllus in Finland (S.

Ramula, personal observation). Arianta arbustorum is

sensitive to pyrrolizidine alkaloids and its feeding

tends to decrease with increasing pyrrolizidine alka-

loid content of the plant, at least when feeding on the

perennial plant Adenostyles alliariae (Speiser and

Rowell-Rahier 1991).

Field herbivory and seed collection

We collected seeds from 16 putative populations of L.

polyphyllus in its native range in the western United

States (CA, OR) and from 16 introduced populations

in Finland in the summer of 2018. However, DNA

barcoding confirmed the species identity for only 11 of

the native populations (Ramula and Kalske 2020). Due

to poor seed germination of the remaining populations

(see below), we were left with 6 native and 16

introduced populations (Online resource, Table S1).

Populations in the native range generally inhabited

lower latitudes and higher altitudes than the intro-

duced populations. Based on climate data from

1970–2000, mean annual precipitation is higher in

the native compared to the introduced range, but mean

annual temperatures do not differ between the popu-

lations in the two countries (Ramula and Kalske 2020).

The mean distance between the six remaining popu-

lations in the USA was 203 km (range 13–516 km)

and in Finland 213 km (range 1–441 km). In late July,

we collected seed pods separately from 20 individuals

123

Introduced populations of the garden lupine are adapted to local generalist snails but have lost…



and estimated herbivory on L. polyphyllus by exam-

ining herbivore damage on all the full-grown individ-

uals in three randomly placed 50 by 50 cm quadrats in

each population. For each plant in the quadrat, we

scored the plant damage level from 0 to 3, with 1

being\ 40% of leaves damaged, 2 being 40–60%

leaves damaged, and 3 being[ 60% leaves damaged.

The mean number of individuals assessed for herbi-

vore damage in each population was seven. We also

noted the presence of different types of herbivory,

which included leaf-mining, -chewing, and -sucking

herbivores, aphids, and snails, and counted the number

of snails found in each quadrat. Snails were only found

in the Finnish populations, whereas insect herbivores

were only observed in the native populations.

Growth and resistance traits

To assess the differentiation in growth and resistance

traits between native and introduced populations of L.

polyphyllus, we grew plants from seed from all the

populations in a common environment at the Ruissalo

Botanical Garden of the University of Turku, Finland

(N 60.43�, E 22.18�). In January 2019, seeds from each

maternal plant were scarified by nicking the seed coat

with a scalpel prior to planting in plug trays with

growth medium (brand Kekkilä, product Taimimulta).

We grew the plants in a temperature- and light-

controlled greenhouse with 16 h/8 h light and 15�/
12 �C temperature day/night cycle. At the cotyledon

stage, one seedling per maternal plant was moved to

8 9 8 cm pots filled with commercial potting medium

(brand Kekkilä, product Karkea ruukutusseos, mildly

fertilized with NPK). We excluded 5 out of 11 native

populations from further experiments because of poor

germination, despite efforts to germinate more seeds at

a later date (on average only five seedlings per

population survived) resulting in 6 native populations

included in the study.

We sampled leaves for analyses of quinolizidine

alkaloids starting at six weeks after planting, once the

first set of plants had three fully expanded true leaves.

We sampled up to 10–14 individuals per population

(mean = 13 plants, a total of 291 plants; Online

resource, Table S1), with each individual coming from

a different maternal plant. We checked the plants

weekly for three weeks and sampled them as they

reached the appropriate size. The time between the

first and last sampling date was two weeks, although

the majority of plants were sampled in the first two

sampling days (267 out of 291). Sampling date did not

affect the total leaf alkaloid content (F1,289 = 0.34,

P = 0.560). We excised the three largest adjacent

leaflets from each of the three open leaves with a sharp

blade, and stored them in paper bags at - 20 �C until

drying. We freeze-dried the leaves for 48 h, then

ground them to a fine powder with a ball mill and

weighed 10 ± 0.5 mg of the material into glass

sample tubes for alkaloid analyses (see below).

We measured leaf mass per area (mg cm-2; LMA)

and trichome density from a sample of three leaf discs

(diameter: 9 mm) per plant. We removed each disc

from a separate leaflet, close to the tip of the leaflet to

avoid the leaf vein; this was carried out at the same

time as sample collection for alkaloid analyses. We

dried and weighed the leaf discs to the nearest 0.1 mg

to obtain a measure of LMA and counted the number

of trichomes on the underside of the leaf disc. We used

the mean of the three discs for both traits in further

analyses. LMA values and trichome number were

transformed to correspond to leaf mass in mg per cm2

to enable comparison with other studies.

In May, we transferred the plants to larger 1-L pots

and moved them to an outside common garden. Plants

were watered regularly during the growing season, but

they did not receive any fertiliser. In late May, when

plants were still at the vegetative stage, we measured

plant height to the tip of the tallest leaf (cm) and

diameter at the base (cm) as an estimate of plant size.

Plant size in May correlated with plant size in June

(N = 286, r = 0.32, P\ 0.001) and in August

(N = 284, r = 0.33, P\ 0.001; N was smaller than

at the beginning of the experiment because not all

plants survived).

To estimate resistance to generalist herbivores, we

conducted a bioassay in June with A. arbustorum land

snails, which we had previously observed feeding on

L. polyphyllus in Finland. We collected full-grown A.

arbustorum locally two days prior to the bioassay.

Snails were kept at room temperature in 5-L plastic

buckets (ca. 100 snails per bucket) with dandelion

(Taraxacum sp.) leaves for food ad libitum. Twenty-

four hours prior to the bioassay, we selected the snails

to be used, measured their shell width, and placed

them in individual plastic containers (125 mL, diam-

eter 10 cm) without food, with a sheet of moist paper

towel for humidity. We kept the snails in a growth

chamber at 18 �C without light. In the bioassay, we
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excised one leaflet of a fully expanded, healthy leaf,

which we then offered to a snail, one leaflet per snail.

We allowed the snails to feed on the leaves for 6 h at

18 �C in darkness. To obtain a measure of the leaf area

consumed by each snail, we photographed the leaves

before and after the bioassay, measured their areas

(cm2) with LeafByte (Getman-Pickering et al. 2020),

and calculated the difference in leaf area, which we

then used as an inverse estimate of resistance. We

repeated the bioassay in August, but we were not able

to use as many plants as in June because of a heavy

infestation of powdery mildew. The results from the

two bioassays were highly correlated (Pearson corre-

lation between population averages of leaf area

removed in June and August n = 22, r = 0.692,

P = 0.001). Therefore, we used only the data obtained

in the June bioassay.

Alkaloid analysis

To extract alkaloids, we first added 5.0 mL chloro-

form to ground leaf powder. Samples were shaken at

260 rpm with a planar shaker for 10 min and macer-

ated overnight at ? 4 �C. After maceration, samples

were shaken at 260 rpm for 10 min, sonicated with a

Marshall Scientific (Hampton, NH, USA) Branson

5510 sonicator for 30 min, and centrifuged at

5000 rpm for 5 min. We pipetted 400 ll of extract

into an Eppendorf tube and evaporated it in vacuowith

an Eppendorf Concentrator plus (Eppendorf AG,

Hamburg, Germany). The residue was dissolved in

1500 ll of 5 mM HCl solution. All samples were

filtered using a PTFE syringe filter (4 mm, 0.2 lm,

Thermo Fisher Scientific Inc., Waltham, MA, USA)

and pipetted into a 96-well plate for UHPLC-DAD-

HESI-Orbitrap analysis. Samples were analysed using

an ultra-high performance liquid chromatograph cou-

pled with a photodiode array detector (UHPLC-DAD,

Acquity UPLC, Waters Corp., Milford, MA, USA)

and a hybrid quadrupole-Orbitrap mass spectrometer

(Q Exactive, Thermo Fisher Scientific GmbH, Bre-

men, Germany). We used a Waters Aquity UPLC

BEH phenyl column (1.7 lm, 2.1 9 30 mm, Waters

Corp., Wexford, Ireland). In the UHPLC, the mobile

phase consisted of acetonitrile (A) and 0.1% aq.

formic acid (v:v) (B) and the elution profile was as

follows: 0–0.1 min 3% A in B (isocratic), 0.1–3.0 min

3–45% A in B (linear gradient), 3.0–3.1 min 45–90%

A in B (linear gradient), 3.1–4.2 min columnwash and

stabilisation. Flow rate was 0.65 mL min-1. The

heated ESI source (H-ESI II, Thermo Fisher Scientific

GmbH, Bremen, Germany) was operated in positive-

ion mode. The parameters were set as follows: spray

voltage, ? 3.8 kV; sheath gas (N2) flow rate, 60

(arbitrary units); aux gas (N2) flow rate, 20 (arbitrary

units); sweep gas flow rate, 0 (arbitrary units);

capillary temperature, ? 380 �C. A full scan at range

m/z 90–500 and the TopN stepped normalised colli-

sion energy (NCE) method were used for quantifica-

tion and identification of alkaloids, respectively. In-

source collision-induced dissociation energy was

20 eV and collision energies of 20, 50, and 80 eV

were used in the higher-energy collisional dissociation

(HCD) cell. Mass spectrometric data were recorded

from 0 to 3.0 min. We identified alkaloids by

measuring the exact mass of compounds. We used

Xcalibur software to integrate extracted ion chro-

matograms (EIC) of knownm/z values of the identified

alkaloids. Integrated peak areas were converted into

concentrations (lg mL-1) using five external calibra-

tion compounds: sparteine by Sigma-Aldrich and

lupanine, tigloyloxylupanine, benzoyloxylupanine,

and cinnamoyloxylupanine purified from L. polyphyl-

lus leaves. Calibration curves were prepared by

making dilutions of known concentrations (sparteine

1.00–100.00 lg mL-1, lupanine

1.02–102.00 lg mL-1, tigloyloxylupanine

1.03–103.00 lg mL-1, benzoyloxylupanine

1.00–100.00 lg mL-1, and cinnamoyloxylupanine

1.02–102.00 lg mL-1). Altogether, we quantified 23

quinolizidine alkaloid compounds or compound iso-

mers from the leaves, in mg g-1 DW (Table 1; Online

resource, Figure S1, S2).

Data analyses

We conducted all analyses in R (R version 3.5.2; R

Core team 2018). We compared the level of herbivore

damage observed in situ between the two countries

based on population-level herbivore damage scores

from the field. We then tested the difference in

herbivore damage with a t-test (stats::t.test) with the

average damage score in each population (N = 22) as

a response variable and country as an explanatory

variable.

To examine differences in leaf alkaloid composi-

tion between the two countries, we first performed a

non-metric multidimensional scaling (NMDS)
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analysis with the 23 quinolizidine alkaloid compounds

or compound isomers (vegan::metaMDS; Oksanen

et al. 2019). We used a Bray–Curtis dissimilarity

matrix (vegan::vegdist), with Wisconsin double stan-

dardisation and two dimensions (stress = 0.171) for

the ordination. We tested whether country of origin

affected alkaloid composition with permutational

multivariate analyses of variance (PERMANOVA;

999 permutations, vegan::adonis) and determined

whether it affected alkaloid variability with a test of

multivariate group dispersion (vegan::betadisper).

This latter measure has been adopted as a measure of

beta diversity in community ecology (Anderson et al.

2006). Because it was not possible to control for the

non-independence of observations at the population

level, we then performed an NMDS (Bray–Curtis

dissimilarity, Wisconsin double standardisation, two

dimensions, stress = 0.053), a PERMANOVA (999

permutations), and a comparison of multivariate group

dispersion with population means. We again tested for

the effect of country on the composition and diversity

(multivariate group dispersion) of alkaloids. Finally,

we tested for the effect of country on the total

concentration of leaf alkaloids and alkaloid richness

with a linear mixed-effects model and restricted

maximum likelihood estimates (lme4::lmer; Bates

et al. 2015, and lmerTest::anova; Kuznetsova et al.

2017). Both variables were square-root transformed to

normalise residuals. We included country as a fixed

effect and population as a random effect in both

models. We estimated the degrees of freedom using

the Kenward-Roger method.

Similarly, to investigate the effect of country of

origin on growth and resistance traits, we constructed

mixed-effects models with restricted maximum like-

lihood, with country as a fixed effect and population as

a random effect. We used the leaf area eaten (cm2;

square-root transformed), density of trichomes on the

underside of the leaf (number of trichomes cm-2;

square-root transformed), LMA (mg cm-2), and plant

size (height 9 base radius in cm) as response vari-

ables. For the analysis of leaf area eaten, we included

snail size (shell width) as a covariate and excluded

snails that did not consume anything (63 snails,

remaining N = 232). For the analysis of plant size,

we included seed mass as a covariate. We then

quantified how much of the trait variability is

explained by country and population by calculating

marginal and conditional R2 values for each trait

(MuMIn::r.squaredGLMM; Bartón 2020). To ensure

that the differences between countries were not due to

the unbalanced numbers of populations, we obtained

bootstrapped means and 95% confidence intervals (CI)

for the two countries for each of the linear mixed

models, with 1000 replications using the percentile

method.

We then explored variation and covariation in

growth and resistance traits by conducting a series of

linear models. First, to obtain population-level values

describing leaf alkaloid composition, we conducted a

principal component analysis for all 23 quantified

alkaloids using the scaled population means of alka-

loid values (vegan::rda). We extracted the population

scores for the first principal component to be used in

the analyses (Alkaloid PC1). PC1 explained 39% of

the variation observed in alkaloid composition and

was most strongly positively associated with cin-

namoyloxylupanine 2 and 4, benzoyloxylupanine 2,

and tigloyloxylupanine 2, and negatively associated

with cinnamoyloxylupanine 1 and 3, angustifoline,

and hydroxylupanine 3 (Table 1). Other traits we

included in the analyses were population mean values

for resistance (calculated as 0-leaf area consumed, to

have increasing resistance with increasing trait val-

ues), LMA, leaf trichomes, and plant size (square-root

transformed). All independent variables except for

alkaloid PC1 were centred by subtracting the mean

value from the trait value. We initially used each trait

as a response variable with all the other traits as

explanatory variables (stats::lm, car::Anova). We also

included interactions of each trait with country to test

whether trait associations differ between the intro-

duced and the native populations. Because plant size

was confounded with country, we excluded it as an

explanatory variable from all analyses and only

modelled it as a response variable. We used backward

model selection based on comparison of AIC values

(stats::step) to determine the variables in the final

models.

Results

We first explored the differences in herbivory in situ

between native and introduced populations. Individ-

uals of Lupinus polyphyllus were more damaged by

herbivores in the native populations than in the

introduced populations (mean ± SE field herbivory
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score: US 2.52 ± 0.25; FI 0.81 ± 0.10; t = - 6.26,

df = 6.62, P = 0.001).

We then examined differences in leaf alkaloid

content as well as in other resistance and growth traits

between the two countries. All 23 quantified quino-

lizidine alkaloids or alkaloid isomers were present in

plants from both the native and introduced popula-

tions, although eight compounds that were present in

plants from the US were rare or only present in trace

amounts in the FI plants (Table 1; Online resource,

Figure S2). Leaf alkaloid composition differed

between countries both when modelled at the level

of individual plants (F1,289 = 22.9, P = 0.001,

R2 = 0.07; Fig. 1A) and based on population means

(F1,20 = 4.7, P = 0.007, R2 = 0.19). On average, con-

centrations of lupanine isomer 1 were higher in plants

from Finland compared to those from the US (Table 1),

and although lupanine isomers 2 and 3 were present in

higher concentrations in the plants from the US, total

concentrations of all three lupanine isomers combined

were higher in plants from Finland (US

6.77 ± 0.65 mg g-1, FI 7.95 ± 0.38 mg g-1). Other

compounds that were present in markedly higher

concentrations in plants from Finland compared to the

US were angustifoline, dehydrolupanine, hydroxylu-

panine isomer 4, and cinnamoyloxylupanine isomers 1

and 3 (Table 1). Both sparteine isomers 1 and 2 were

present in higher concentrations in plants from the US

than in plants from Finland (Table 1), and this

difference was mainly driven by high concentrations

of the compounds in US population 1 for isomer 1 and

population 5 for isomer 2 (Fig. 1B; Online resource,

Figure S2). Other compounds that were nearly unique

to plants from the US were benzoyloxylupanine

isomer 2, hydroxylupanine isomers 1 and 2, cin-

namoyloxylupanine isomers 2 and 4, and tigloylox-

olupanine isomer 2 (Table 1; Online resource,

Figure S2). Overall, alkaloid composition was more

diverse in the US plants compared to the Finnish plants

(multivariate group dispersion among individuals

F1,289 = 78.7, P\ 0.001; populations F1,20 = 31.6,

P\ 0.001). Total leaf alkaloid concentration

(F1,20 = 0.68, P = 0.419) and alkaloid richness

(F1,20 = 0.89, P = 0.355) did not differ between plants

from the US and Finland (Fig. 2A and B). Finnish

plants of L. polyphyllus were nevertheless more

resistant against the generalist snail A. arbustorum,

as measured by leaf consumption (F1,20 = 17.6,

P\ 0.001; Fig. 2C). They also had more leaf tri-

chomes (F1,20 = 47.9, P\ 0.001), higher LMA,

(F1,20 = 7.3, P = 0.013), and they were larger

(F1,27 = 16.5, P\ 0.001; Fig. 2D–F) than plants from

the US populations. Seed mass did not affect plant size

(F1,264 = 0.00, P = 0.954). Larger snails consumed

more leaves than smaller snails (F1,222 = 32.8,

P\ 0.001). Marginal and conditional R2 values

Fig. 1 NMDS ordination based on leaf alkaloid concentrations

in individual plants of Lupinus polyphyllus in the greenhouse.

Differences (A) between native (US) and introduced (FI)

populations and (B) among US populations. Panels are based

on the same ordination, but only plants and populations from the

US are displayed in B because plants from FI populations cluster

on top of each other. Ellipses display 95% confidence intervals

for countries (A) and for US populations (B). Arrows indicate
compound scores for the NMDS. Eight compounds that were

near the centre have been removed for clarity. Abbreviations for

compound names in panel B): LU lupanine, SP sparteine, CL
cinnamoyloxylupanine, TL tigloyloxylupanine, HL hydroxylu-

panine, VL vanilloyloxylupanine, BL benzoyloxylupanine
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revealed that population explained a notable propor-

tion of the variation in most of the traits, but especially

in alkaloid richness (Online resource, Table S2). Non-

overlapping 95% CIs from the bootstrapped data

confirmed the differences in growth and resistance

traits between countries (Online resource, Figure S3).

Finally, we explored the differences in trait asso-

ciations among populations. There was an overall

positive association between plant size and resistance

(coefficient 2.24) as well as between LMA and

resistance (coefficients 0.60 and 0.51, with resistance

and LMA as response variables, respectively; Table 2).

Trait associations differed between the introduced and

native populations in the case of four trait pairs. There

was a slight positive association between plant size

and leaf trichomes among the US populations, while

these traits were slightly negatively associated among

the populations from Finland (Fig. 3A). Among the

US populations, there was a negative trait association,

indicative of a trade-off, between alkaloid PC1 and

resistance, and between alkaloid PC1 and leaf tri-

chomes (Fig. 3B, C). Finally, leaf trichomes were

positively associated with LMA only among the US

populations (Fig. 3D).

Fig. 2 Resistance (A–D) and growth (E, F) traits of Lupinus
polyphyllus from native (US) and introduced (FI) populations

grown in a greenhouse/common garden. Values are back-

transformed estimated marginal means ± standard error. Plant

size was measured as height 9 base radius in cm. An asterisk

denotes a significant difference between countries (P\ 0.05, a

linear mixed model)

123

Introduced populations of the garden lupine are adapted to local generalist snails but have lost…



Discussion

The introduced populations of Lupinus polyphyllus in

Finland encounter a different, less diverse suite of

herbivores that overall cause less damage on the plants

compared to those present in the native populations.

Here, we report evolved differences between native

and introduced populations of L. polyphyllus based on

a study of growth (leaf mass per area (LMA), plant

size) and herbivore resistance (leaf alkaloids, leaf

trichomes, resistance to a generalist snail) in a

common environment. We found that both growth

and resistance traits were generally higher in plants

from the introduced Finnish populations than in plants

from the native North American populations, with the

exception of leaf alkaloids, which were similar in total

concentration and richness. Interestingly, we also

observed dramatic among-population variation in

alkaloid diversity in the native range, while the

introduced populations were phytochemically alike.

Such phytochemical similarity among introduced

populations might be an indication of the lack of

variability in biotic interactions in the introduced

range that contributes to invasion success. In addition

to these adaptive changes in individual traits in the

introduced populations, many trait associations also

differed between the native and introduced popula-

tions, thus providing evidence of altered selection

pressures and differences in constraints on the

response to selection between the two environments.

Given that alkaloids function as anti-herbivore

agents (Wink 1988, 2019), we expected to see reduced

allocation to these putative resistance mediating

compounds in the introduced populations of L.

Table 2 Results from general linear models testing for trait associations among five traits, and differences in those trait associations

between native and introduced populations of Lupinus polyphyllus

Plant size Alkaloid PC1 Resistance Trichomes LMA

Explanatory variables Df F P F P F P F P F P

Country 1 0.06 0.812 1.86 0.194 9.58 0.008 19.72 0.001 0.75 0.401

Alkaloid PC1 1 – – 0.48 0.501 0.00 0.981 1.92 0.186

Resistance 1 11.38 0.004 0.72 0.409 2.78 0.118 8.58 0.010

Trichomes 1 0.42 0.526 0.17 0.683 2.18 0.162 0.64 0.437

LMA 1 3.84 0.069 0.52 0.482 6.59 0.022 1.40 0.256

Alkaloid PC1 x Country 1 – – 3.89 0.069 1.78 0.204 – –

Resistance x Country 1 – – 8.70 0.011 4.26 0.058 2.00 0.177

Trichomes x Country 1 4.61 0.049 7.96 0.014 3.61 0.078 5.93 0.028

LMA x Country 1 3.72 0.073 2.21 0.159 3.74 0.073 6.48 0.023

Residual Df 15 14 14 14 15

Explanatory variables that were removed from the model based on an AIC comparison are indicated with a dash (–)

P\ 0.05 in bold

Fig. 3 Trait associations between growth and resistance traits

measured at the population level for Lupinus polyphyllus in its

native (US, green triangles, dashed line) and introduced (FI,

grey circles, solid line) range. Resistance in panel D is measured

as 0-leaf area consumed by the generalist land snail Arianta
arbustorum
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polyphyllus. Although our results show that the

composition and diversity of quinolizidine alkaloids

in leaves are indeed different between the two places

of origin, there were no differences in the total

concentration of alkaloids or alkaloid richness. In

contrast to the evolution of increased competitive

ability hypothesis (Blossey and Notzold 1995), it

appears there has not been selection to decrease the

overall allocation to these compounds. The higher

diversity of alkaloids in the native range is mainly due

to unique and distinct chemotypes in some of the

populations (Fig. 1B). The reason for the higher

overall diversity could be the observed diverse herbi-

vore community associated with L. polyphyllus in the

US, as phytochemical diversity is generally associated

with higher arthropod diversity (Richards et al. 2015)

and abundance (Defossez et al. 2021). Meta-analyses

of toxins in introduced and native plants have reported

either higher levels of plant toxins in introduced

populations (Doorduin and Vrieling 2011) or no

difference between the two (Zhang et al. 2018). There

is a growing body of evidence, however, pointing to

the multiple functions of specialised metabolites, from

UV protection and competition (Zheng et al. 2015) to

nitrogen transport in the case of alkaloids (Wink and

Witte 1984). These multiple roles could be one

explanation for the persistently high level of leaf

alkaloids in the introduced populations of L. poly-

phyllus. In addition, because leaf alkaloids in this

study did not predict resistance to snails, it seems that

their primary function in Finland is not the protection

of plants against the novel generalist herbivore.

Interestingly, sparteine and lupanine, which are

some of the best known and most well-studied

alkaloids in lupines, displayed contrasting patterns in

plants from the US and Finland, contributing to the

difference in overall alkaloid composition we

observed. Concentrations of lupanine isomer 1 and

all lupanine isomers (1–3) combined were higher in

plants from Finland, whereas sparteine isomers 1 and

2, along with tigloyloxolupanine isomers 1 and 2, were

present in higher concentrations in the US plants

(Table 1). Sparteine is more toxic to vertebrates than

lupanine (Pothier et al. 1998) and both sparteine and

tigloyloxolupanine are more effective antimicrobial

agents than lupanine (Wink 1984). In addition to

leaving behind native herbivores, introduced plants

also likely experience shifts in the pathogens they

encounter in the novel areas (Dawson and Schrama

2016). The observed changes in alkaloid composition

towards those that have less anti-microbial potential

could be due to the absence of selection pressure from

coevolved pathogens in the introduced populations.

Regardless of the mechanisms for the differences in

alkaloid composition between the native and intro-

duced populations, our results emphasise the impor-

tance of in-depth analysis of leaf chemistry when

exploring the evolution of plant phytochemical

defences.

Despite the lack of differences in total leaf alkaloid

content or richness between countries, plants from the

Finnish populations were more resistant against the

generalist land snail A. arbustorum. This decoupling

of toxic alkaloids and resistance was unexpected, as

pyrrolizidine alkaloids in the plant Adenostyles

alliariae negatively affected feeding of A. arbustorum

(Speiser and Rowell-Rahier 1991), and phytochemical

diversity can negatively affect herbivory (Glassmire

et al. 2019). However, the resistance of Finnish plants

to the snail is not surprising per se given that L.

polyphyllus has had over 100 years to adapt to this

generalist herbivore. Our result is in accordance with

the shifting defence hypothesis, which suggests that

selection in invasive plants leads to the evolution of

higher resistance against generalist herbivores (Mül-

ler-Schärer et al. 2004; Joshi and Vrieling 2005). A

meta-analysis of 32 invasive plant species showed

that, indeed, resistance against generalist herbivores

(measured as damage, similar to our study) was higher

in plants from invasive populations, whereas the

opposite was true for specialist herbivores (Zhang

et al. 2018). Whether or not the results of the present

study would be similar against a native specialist

herbivore of L. polyphyllus remains an open question.

Finnish plants of L. polyphyllus were larger, had

more leaf trichomes, and higher LMA than those

originating from the native range. Although LMA

tends to increase with the intensity of solar irradiation

(Ehleringer et al. 1976; Wright et al. 2004; Agrawal

et al. 2009), it also typically decreases with increasing

water availability (Poorter et al. 2009). In its native

range, L. polyphyllus inhabits wet meadows and river

banks, and it is possible that lower LMA could reflect

an adaptation to these mesic habitats. Evidence from

other invasive plants is mixed: LMA was smaller in

the perennial herb Ageratina adenophora in two

different introduced areas compared to native popu-

lations (Feng et al. 2009), whereas in the perennial
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Bunias orientalis, plants from naturalised populations

had higher LMA values than native ones (Tewes and

Müller 2018). In general, LMA is positively correlated

with cell-wall mass (Onoda et al. 2004) and with leaf

toughness (Wright and Cannon 2001), which probably

explains the positive association between resistance

and LMA across all populations in our study. LMA

was similarly negatively associated with herbivore

load in another invasive plant, Bunias orientalis,

suggesting that LMA may play an important role in

resistance against herbivores in invasive plants more

generally (Tewes and Müller 2018). Interestingly, we

also found a positive association with plant size and

resistance among populations, even though growth

and resistance traits are typically observed to trade off

in plants (Herms and Mattson 1992). These positive

associations between resistance, LMA, and growth

may provide one explanation for the success of L.

polyphyllus as an invasive species in Finland.

We found negative trait associations, i.e. trade-offs,

between alkaloid PC1 and resistance as well as

between alkaloid PC1 and leaf trichomes among the

native populations but not among the introduced ones.

Alterations in trait associations based on population

means, as we observed here, are an indication of

divergent evolutionary processes among populations.

Differences in trait associations between populations

from the two countries suggest the existence of

differential constraints on the evolution of these traits

in the two places of origin. A lack of genetic variation

may not limit trait evolution in the introduced area if

there have been multiple introductions or if multiple

origins were used in breeding the garden variety that

has become naturalised. In plants, genetic diversity

overall tends to be higher in introduced compared to

native populations (Uller and Leimu 2011) and the

population genetics of L. polyphyllus in Finland

indicate the species originates from multiple intro-

ductions from different sources, predicting high

genetic diversity (Li et al. 2016).

In Finland, post-introduction adaptation to the local

generalist herbivores may have facilitated the spread

of L. polyphyllus. The lack of strong negative trait

associations suggests that the Finnish populations

have been able to adapt and evolve in response to

natural selection without many constraints. Although

the patterns observed among the current populations

cannot predict potential constraints or the lack thereof

in the future, these results may help explain why L.

polyphyllus has been successful in spreading and

adapting to novel areas.
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