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Polyploidy commonly occurs in invasive species, and phenotypic plasticity (PP, the 
ability to alter one’s phenotype in different environments) is predicted to be enhanced 
in polyploids and to contribute to their invasive success. However, empirical support 
that increased PP is frequent in polyploids and/or confers invasive success is limited. 
Here, we investigated if polyploids are more pre-adapted to become invasive than dip-
loids via the scaling of trait values and PP with ploidy level, and if post-introduction 
selection has led to a divergence in trait values and PP responses between native- and 
non-native cytotypes. We grew diploid, tetraploid (from both native North American 
and non-native European ranges), and hexaploid Solidago gigantea in pots outside with 
low, medium, and high soil nitrogen and phosphorus (NP) amendments, and mea-
sured traits related to growth, asexual reproduction, physiology, and insects/pathogen 
resistance. Overall, we found little evidence to suggest that polyploidy and post-intro-
duction selection shaped mean trait and PP responses. When we compared diploids 
to tetraploids (as their introduction into Europe was more likely than hexaploids) 
we found that tetraploids had greater pathogen resistance, photosynthetic capacities, 
and water-use efficiencies and generally performed better under NP enrichments. 
Furthermore, tetraploids invested more into roots than shoots in low NP and more 
into shoots than roots in high NP, and this resource strategy is beneficial under variable 
NP conditions. Lastly, native tetraploids exhibited greater plasticity in biomass accu-
mulation, clonal-ramet production, and water-use efficiency. Cumulatively, tetraploid 
S. gigantea possesses traits that might have predisposed and enabled them to become 
successful invaders. Our findings highlight that trait expression and invasive species 
dynamics are nuanced, while also providing insight into the invasion success and cyto-
geographic patterning of S. gigantea that can be broadly applied to other invasive spe-
cies with polyploid complexes.
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Introduction

Phenotypic plasticity (PP), the ability of a single genotype to 
change its phenotype in response to environmental changes 
(Pigliucci et al. 2006, Fusco and Minelli 2010, Gianoli and 
Valladares 2012), is suspected to promote invasive species suc-
cess for two main reasons. First, invaders are usually exposed 
to novel environments (e.g. new climates, enemies and/or 
competitors) upon introduction and enhanced PP could allow 
them to better tolerate these novel conditions while main-
taining fitness before fixed adaptations occur (Agrawal et al. 
2008, Chevin et al. 2010, Gratani 2014, Colautti et al. 2017, 
Fox  et  al. 2019). Second, new invading populations often 
suffer from low genetic diversity and associated inbreed-
ing depression (e.g. bottleneck effects, inbreeding depres-
sion; Charlesworth and Willis 2009, Rosche  et  al. 2016), 
and PP could enhance a population’s phenotypic variation, 
and thus ability to respond to novel environments, despite 
initially having reduced genetic diversity (Pérez et al. 2006, 
Ardura et al. 2017). Although theoretically plausible, empiri-
cal evidence supporting the occurrence and/or importance 
of PP towards successful biological invasions is mixed with 
invasive populations being more (Porté et al. 2011, Knop and 
Reusser 2012, Matesanz et al. 2012, Luo et al. 2019, Bufford 
and Hulme 2021), less (Lamarque et al. 2013, Wang et al. 
2018, Plantamp  et  al. 2019, Albarrán-Mélzer  et  al. 2020), 
or equally (Peperkorn et al. 2005, Palacio-López and Gianoli 
2011, Matzek 2012, Ryan and Gunderson 2021) plastic rela-
tive to non-invasive populations. While such discrepancies 
in our understanding of PP in invasive systems are likely 
due to differences in experimental methodology, genotypes 
used, traits measured, and/or environments examined among 
studies (Pichancourt et al. 2012, VanWallendael et al. 2018, 
Amat-Trigo et al. 2019, Granata et al. 2020), the ploidy level 
of an invading species might also be an important defining 
characteristic to consider in understanding whether and how 
PP influences invasive success.

Polyploidy, the state of containing three or more chromo-
some sets per cell, is a common attribute of many success-
ful and ecologically devastating invasive plant species (Pyšek 
and Richardson 2010, Pandit  et  al. 2011, Te Beest  et  al. 
2012, Suda et al. 2015). The invasive success of polyploids 
has been attributed to morphological, chemical, and/or 
physiological trait changes induced by polyploidy (McIntyre 
2012, Chao  et  al. 2013, Ramsey and Ramsey 2014) that 
alter ecological interactions (Van de Peer et al. 2017, 2021), 
environmental tolerances (Mráz  et  al. 2014), resilience to 
inbreeding depresssion (Rosche  et  al. 2018), and fitness or 
persistence traits (Collins  et  al. 2011) in ways that predis-
pose organisms to be more successful invaders (Pandit et al. 
2006, 2011, Te Beest et al. 2012, Van de Peer et al. 2017, 
2021, Wani et al. 2018). Furthermore, it has also been sug-
gested that polyploidy is associated with enhanced PP capac-
ity in traits that can promote and predispose organisms to 
succeed in novel environments (Jackson and Chen 2010, 
Gallego-Tévar  et  al. 2018, Noble  et  al. 2019, Wei  et  al. 
2019, Landy  et  al. 2020). Increased PP in polyploids is 

thought to arise from a combination of increased genomic 
and genetic variability (Comai 2005, Chen 2010, Soltis et al. 
2015, Vogt 2017, Ding and Chen 2018, Doyle and Coate 
2019), and changes in gene expression and dosage effects 
(Bastiaanse et al. 2019); both of which follow polyploidiza-
tion events (Sémon and Wolfe 2007, Soltis et al. 2015, Ding 
and Chen 2018, Doyle and Coate 2019) and may offer geno-
types more phenotypic flexibility. Although changes in trait 
means or PP responses induced by polyploidy may pre-adapt 
organisms to be more successful invaders (Jackson and Chen 
2010, Gallego-Tévar et al. 2018, Wei et al. 2019), it is also 
possible that increased genetic diversity and redundancy fol-
lowing whole genome duplication might expedite adapta-
tion occurring post-introduction and select for traits and/or 
increased plasticity responses that favor success in novel envi-
ronments. For instance, several studies have reported a shift 
in investment from defensive to competitive traits in invasive 
genotypes, potentially owing to reduced selection pressures 
from specialist antagonists in novel ranges (i.e. evolution 
of increased competitive ability hypothesis; Blossey and 
Notzold 1995, Vilà et al. 2005, Liu et al. 2007, Correia et al. 
2016, Hartshorn  et  al. 2022). Despite these strong theo-
retical frameworks and possibilities, polyploids have been 
shown to be more (e.g. invasive populations: Hahn  et  al. 
2012, Rejlová  et  al. 2019), less (e.g. invasive populations: 
Harms  et  al. 2021; native populations: Wei  et  al. 2019, 
Kornstad et al. 2022), and equally (e.g. native populations: 
Sánchez Vilas and Pannell 2017) phenotypically plastic than 
related diploid genotypes.

Here, our main objectives were to determine 1) if trait 
values and PP increase with ploidy level, 2) if the invasive 
cytotype within a species complex possesses traits and PP 
responses that convey pre-adaptive invasive advantages over 
other cytotypes, and 3) if selective forces post-introduction 
have led to trait and PP response divergence between an inva-
sive cytotype and its native counterpart. We used S. gigantea, 
a perennial autopolyploid complex native to North America 
but highly invasive in Eurasia (Schlaepfer et al. 2008, 2010), 
to address these objectives by examining how traits thought 
to be related to invasive species success respond to changes 
in soil nitrogen (N) and phosphorus (P) levels. Because suf-
ficient soil nutrients are important for plant growth and fit-
ness, soil nutrient availability is likely to exert strong selective 
pressure on invasive success and patterns of PP (Davis et al. 
2000, Pearson et al. 2018). Furthermore, biological invasions 
usually begin in urbanized areas with elevated levels of bio-
logically available N and P (Penuelas et al. 2013, Fowler et al. 
2015, Goyette et al. 2016, Asabere et al. 2018), and we rea-
soned that this would be a relevant novel environment to 
explore. Specifically, we grew diploid and polyploid S. gigan-
tea geo-cytotypes collected from their native (diploid, tetra-
ploid, hexaploid) and invasive (tetraploid only) ranges under 
low, medium, or high soil NP conditions in pots placed out-
side to address three general predictions. First, we predicted 
that both mean trait and PP values would correlate positively 
with ploidy level (due to increased genomic and genetic con-
tent and flexibility; Sémon and Wolfe 2007, Soltis et al. 2015, 
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Ding and Chen 2018, Doyle and Coate 2019) and that the 
degree of difference between cytotypes’ PP and direction of 
trait mean changes would depend upon environmental shifts 
in soil nutrients. Polyploids are hypothesized to require more 
N and P atoms to build and maintain their larger genomes 
and cells (Beaulieu  et  al. 2008, Elser  et  al. 2011, Mueller 
2015) and have been shown to be more growth and fitness 
limited by N and P availabilities than diploids (Hessen et al. 
2013, Neiman et al. 2013, Šmarda et al. 2013, Guignard et al. 
2016, Bales and Hersch-Green 2019, Walczyk and Hersch-
Green 2019, 2022, Anneberg and Segraves 2020, Peng et al. 
2022). Therefore, we predicted that when polyploids are no 
longer constrained by nutrients, they would invest more into 
other processes (Faizullah  et  al. 2021), such as growth and 
defense, subsequently increasing trait means and elevating PP 
(which was calculated as the difference in trait expression for 
maternal lines between environments; Pigliucci et al. 2006, 
Agrawal et al. 2008, Gianoli and Valladares 2012). Second, 
and related to the above, we specifically hypothesized that 
native tetraploids possess traits and PP responses that pre-
adapt them to be the most invasive cytotype of S. gigan-
tea given their current invasive status. Lastly, we predicted 
that invasive European tetraploids would exhibit greater PP 
responses for traits related to invasive success than native 
North American tetraploids, as enhanced plasticity for traits 
that confer greater competitive advantages or fitness allow 
individuals to better tolerate novel and/or variable environ-
mental pressures and would have been selectively favored 
(Pigliucci et al. 2006, Fusco and Minelli 2010, Gianoli and 
Valladares 2012).

Material and methods

Model species

Giant goldenrod Solidago gigantea (Asteraceae) is a wide-
spread, insect-pollinated, perennial autopolyploid complex 
(Beck and Semple, pers. comm.) that successfully estab-
lishes new populations through seed dispersal and rhizoma-
tous growth (Weber and Jakobs 2005). In its native range of 
North America, it occurs as three spatially distinct geo-cyto-
types: diploid (2n = 2x = 18) populations are found along 
the Atlantic coast, tetraploid populations (2n = 4x = 36) are 
found within the Great Lakes region, and hexaploid popula-
tions (2n = 6x = 54) are found within the Great Plains region 
(Schlaepfer  et  al. 2008, 2010, Hull-Sanders  et  al. 2009, 
Martino  et  al. 2020). Only tetraploid cytotypes are found 
in parts of Eurasia (Schlaepfer et al. 2008, 2010), where it is 
an exotic and highly invasive species that negatively affects 
local plant (Weber and Jakobs 2005) and soil microbial com-
munities (Bobuľská  et  al. 2019). Cytotypes and geographi-
cally separated populations show phenotypic (Martino et al. 
2020) and genetic (i.e. increases with ploidy level; Nagy et al. 
2018) differences, owing to shifts in niche space and toler-
ances following whole genome duplication (Nagy  et  al. 
2018, Martino  et  al. 2020). Native and exotic tetraploid 

environments are also likely to differ in many ways. For 
instance, within its native range, S. gigantea is damaged by 
many specialists and generalist invertebrate herbivores, while 
within its non-native range, S. gigantea is only damaged by 
a few invertebrate generalist herbivores (Jakobs et al. 2004, 
Weber and Jakobs 2005).

Plant sampling

During the summers of 2017 to 2019, we collected seeds 
from 10 individual plants that were spaced at least 10 m apart 
from 21 populations across S. gigantea’s native range and 
from 15 populations in its invasive range (all near Zurich, 
Switzerland; see Supporting information for site coordi-
nates). We also collected 2–3 leaves from 20 individual plants 
that were also spaced at least 10 m apart per population, 
immediately dried them in silica gel, and used flow cytom-
etry methods to determine the ploidy level of plants (follow-
ing the protocol of Walczyk and Hersch-Green 2022). After 
confirming an absence of mixed-ploidy populations, which 
rarely occurs in S. gigantea (Schlaepfer  et  al. 2008, 2010, 
Hull-Sanders et al. 2009, Martino et al. 2020), we selected 
maternal plants as seed sources that came from populations 
composed of a single geo-cytotype (Supporting information).

Experimental design

We germinated seeds from six biological replicates from four 
half-sibling maternal lines (i.e. seeds collected from the same 
plant) collected from three populations per geo-cytotype 
(native diploids, tetraploids, and hexaploids and invasive 
tetraploids; n = 72 per geo-cytotype or 288 plants total) in 
seed trays in a greenhouse under 16:8 h light:dark cycle at 
Michigan Technological University (Houghton, Michigan, 
USA). After two weeks, plants were transplanted to 7.6-l 
round pots containing a 50:50 mixture of vermiculite to Sun 
Grow Mix 1 potting soil and pots were randomly arranged 
in an open field on the campus of Michigan Technological 
University where they received one of three NP treatments 
(low, medium, high; n = 24 per geo-cytotype per treatment). 
Because the potting soil already contained 110 ppm N (μg 
N g−1) and 25 ppm P (μg P g−1), we designated this as the 
low treatment and we added nutrients to medium- and high-
treatment plots to represent two levels of nutrient deposi-
tion ‘hotspots’ common to urban environments (Bettez 
and Groffman 2013, Rao  et  al. 2014). We designated the 
medium-NP treatment as 165 ppm N (μg N g−1) and 37.5 
ppm P (μg P g−1; 1.5× increase from low treatment) and the 
high-NP treatment as 220 ppm N (μg N g−1) and 50 ppm 
P (μg P g−1; 2× increase from low treatment). All treatments 
were administered as 50 ml solutions composed of ammo-
nium nitrate and potassium monophosphate or plain water 
(low treatments) plus 100 ppm of potassium sulfate (μg K 
g−1) and 3.22 ml micronutrients (Fertilome chelated liquid 
iron and other micronutrients). Plants received 50 ml treat-
ment doses three times throughout the course of the experi-
ment on weeks 2, 6 and 10 of experimental growth, were 
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exposed to natural precipitation and temperatures, and were 
watered equally as needed. The experiment ran for 21 weeks 
from early June to early October 2020.

Measured traits

We measured mean values and PP responses of traits associ-
ated with growth, reproduction, physiology, and resistance to 
antagonists, because these traits are likely to be important for 
species success in novel environments.

Growth traits
Above- and belowground biomasses can influence plant 
competitive ability for light, space, water, and soil nutrients, 
with larger biomasses typically displaying greater competi-
tiveness (Aerts 1999, Craine and Dybzinski 2013), which 
could contribute to invasive species success (Schultheis and 
MacGuigan 2018). At harvest, plants were severed at the 
soil line and separated into their above- and belowground 
parts, dried in a drying oven (48 h for aboveground, 72 h for 
belowground), and weighed. From these values we also calcu-
lated the root:shoot ratio (R:S ratio) because this ratio can be 
indicative of nutrient investments into current versus future 
reproductive potential and resource acquisition strategies 
(both indicated by low R:S ratios; Gioria and Osborne 2014, 
Goldberg et al. 2017), both of which also might contribute to 
invasive establishment and spread (Wilsey and Polley 2006, 
Heberling and Fridley 2013).

Reproductive traits
Clonality is a metric of asexual fitness and is thought to pro-
mote invasive species success by allowing organisms to persist 
despite initially lacking sexual partners (Dong  et  al. 2014, 
Yu et al. 2016). At harvest, we therefore counted the number 
of clonal ramets (i.e. genetically identical vegetative growths 
attached to a ‘parent plant’ that have the potential to flower; 
Dong et al. 2014). Because most plants failed to flower dur-
ing experimentation, we were unable to also obtain a metric 
of sexual reproduction.

Physiological traits
Strategies that enhance plant performance and competitive 
ability via high photosynthetic activity and/or water conser-
vation are also associated with the establishment and spread 
of invasive species (McDowell 2002, Rindyastuti et al. 2021). 
Therefore, we decided to measure maximum carbon assimila-
tion rate (Amax, µmol CO2 m−2 s−1) and instantaneous water 
use efficiency (WUEi; Medrano  et  al. 2015) of 144 plants 
(n = 12 per geo-cytotype per treatment). We measured Amax 
and evapotranspiration (E) rates with a portable infrared CO2 
analyzer system equipped with a CO2 mixer and 1 × 3 cm2 
chamber/red-blue LED light source (LI6800-02) with the 
following conditions set in the inside chamber: CO2 concen-
tration = 400 ppm, relative humidity = 65%, flow rate = 500 
µmol m−2 s−1, light = 1000 µmol m−2 s−1. All measurements 
were taken once photosynthetic rates stabilized on the 
youngest, fully developed leaf on a plant, in a random order 

spread over two sampling days within the hours of 09:00 to 
16:00 during the 10th and 14th week of growth and infra-
red gas analyzers (IRGAs) were matched between plants. We 
obtained WUEi by divding Amax by E.

Antagonist resistance traits
Damage by insect herbivores and pathogens can negatively 
affect plant fitness (Herrera  et  al. 2002, Erb 2018), and 
resistance to these antagonists can vary among ploidy lev-
els (Thompson et al. 1997, Nuismer and Thompson 2001, 
Segraves and Anneberg 2016) and between populations 
from native versus invasive ranges (Bossdorf  et  al. 2005, 
Huang  et  al. 2010). To assess whether polyploidy and/or 
selection within a part of the non-native range has altered 
resistance patterns we quantified plant leaf damage mid-
season by counting the number of leaves on each plant 
showing damage by naturally occurring insect herbivores 
(e.g. chewing, mining, sap-sucking) and/or pathogens (e.g. 
discoloration, fungal rust) and then divided these num-
bers by the total number of leaves. Resistance to insect and 
pathogen foliar damage was then calculated by subtract-
ing the percent of insect- and pathogen-damaged leaves 
from a value of ‘1,’ respectively (Rausher and Simms 1989, 
Fornoni et al. 2004).

Statistics

All statistical models consisted of a combination of the 
following fixed-effect independent factors: geo-cyto-
type (2x = diploid, 4xN = North American tetraploid, 
4xE = European tetraploid, 6x = hexaploid), NP treatment 
(L = low, M = medium, H = high), nutrient-level change 
(low to medium, medium to high), and/or population of 
origin (nested within ‘geo-cytotype’). We examined corre-
lations between measured trait and PP values, and if values 
were found to be highly correlated (i.e. correlation greater 
than 0.60; Johnson and Wichern 2002, Hair  et  al. 2006) 
we used MANOVA models to reduce the likelihood of type 
I errors. We checked model assumptions of normality and 
homoscedasticity and made data transformations as needed. 
When geo-cytotype or an interaction involving geo-cytotypes 
were found to be significant we used two controlled contrasts 
to test for significant differences among 1) North American 
cytotypes (2x, 4xN, 6x) and 2) North American versus 
European tetraploids (4xN, 4xE); and, when NP treatment 
was found to be significant, we used Tukey’s HSD analysis to 
test for significant differences among NP treatment means. 
All statistical analyses were performed using JMP Pro ver. 16 
(SAS Instit.).

Trait level differences
Because of high correlations between above- and below-
ground biomasses and clonal ramets (Johnson and Wichern 
2002, Hair  et  al. 2006, Supporting information), we used 
a MANOVA model (with an identity response) to test 
whether geo-cytotype, nutrient treatment, their interactions, 
and/or population of origin (nested within geo-cytotype) 

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Page 5 of 18

significantly affected aboveground biomass, belowground 
biomass, and the number of clonal ramets produced by a 
plant. Because the overall MANOVA model and indepen-
dent factors within the MANOVA model were found to be 
significant (Table 1), we also performed separate univariate 
ANOVA models for each of these three traits to examine 
significant differences among factor-level means. Owing to 
low correlations between traits (Supporting information) 
we used separate ANOVA models to examine whether R:S 
ratio (square-root transformed), Amax, WUEi, insect resis-
tance (log(x + 1) transformed), and/or pathogen resistance 
significantly differed among geo-cytotypes, nutrient treat-
ments, their interactions, and/or population (nested within 
geo-cytotype).

Phenotypic plasticity differences
To calculate PP, we created reaction norm plots 
(Pigliucci  et  al. 2006, Agrawal  et  al. 2008, Gianoli and 
Valladares 2012) by first averaging trait values of each mater-
nal line per geo-cytotype separately for each NP treatment 
and then plotting these averaged values from each mater-
nal line across the three NP treatments. Next, the absolute 
value of the slope of the line between two nutrient treat-
ment pairs was taken as the PP metric (Arnold et al. 2019), 
where a zero-slope indicates an absence of PP and larger 
slope values correspond to greater PP. Correlation values 
between trait PP metrics were low (Johnson and Wichern 
2002, Hair  et  al. 2006, Supporting information), so we 
used univariate models to statistically assess PP patterns. 
We used separate ANOVA models to examine whether 
PP values for aboveground biomass, belowground bio-
mass, R:S ratio (square-root transformed), the number of 
clonal ramets, Amax, WUEi, insect resistance, and/or patho-
gen resistance significantly differed among geo-cytotypes, 
nutrient-level changes (low-medium, medium-high), their 
interactions, and/or population of origin (nested within 
geo-cytotype). We failed to measure biomass-related traits 
on one European tetraploid and one hexaploid, and the 
physiology-related traits on two European tetraploids, and 
thus data from these plants, were not included in subse-
quent statistical analyses.

Results

Growth traits

Population of origin and NP treatment significantly affected 
biomasses, and geo-cytotype had a significant effect on 
aboveground biomass, although differences in both above- 
and belowground biomasses among geo-cytotypes depended 
upon NP treatment (Table 1). Generally, plants had greater 
biomasses with increasing NP levels, and under low NP con-
ditions geo-cytotypes did not differ from each other (Table 2, 
Fig. 1). However, in medium-NP treatments, diploid and 
native tetraploids had greater biomasses than hexaploids 
(although tetraploid belowground biomass did not signifi-
cantly differ from the other two cytotypes; Table 2, Fig. 1). 
Furthermore, in high-NP treatments, native tetraploids had 
greater aboveground biomasses than diploids and hexaploids, 
but lower belowground biomasses than hexaploids (Table 2, 
Fig. 1). Among the two regional tetraploids in medium-NP 
treatments, North American tetraploids had significantly 
greater above- and belowground biomasses than European 
tetraploids, and in the high-NP treatments, they also had 
greater aboveground biomass than the European tetraploids 
(Table 2, Fig. 1).

PP values for above- and belowground biomasses signifi-
cantly differed among geo-cytotypes, but only dependent 
upon nutrient level treatment changes (Table 3). Within 
native cytotypes, when nutrients increased from low to 
medium treatments, both diploids and tetraploids were 
more plastic for aboveground biomass accumulation than 
hexaploids (e.g. they increased their biomass more; Table 4, 
Fig. 1, 2A). Whereas for belowground biomass, diploids were 
the most, tetraploids intermediate, and hexaploids the least 
plastic (Table 4, Fig. 1, 2B). In contrast, within the native 
cytotypes the reverse pattern for above- and belowground 
biomass emerged when nutrients increased from medium to 
high. Specifically, hexaploids were the most, tetraploids inter-
mediate, and diploids the least plastic for aboveground bio-
mass, and tetraploids and diploids both had significantly less 
belowground plasticity than hexaploids (Table 4, Fig. 1, 2A). 
Among the two regional tetraploids, North American tetra-
ploids significantly increased their above- and belowground 

Table 1. Results of MANOVA and univariate ANOVA models testing whether geo-cytotype (diploid = 2x, North American tetraploid = 4xN, 
European tetraploid = 4xE, hexaploid = 6x), soil NP treatment (L = low, M = medium, H = high), their interaction, and/or geo-cytotype nested 
within population of origin affected mean values of growth and reproductive traits (aboveground biomass, belowground biomass, and clonal 
ramet production). The Wilk’s lambda (MANOVA) and R2 (ANOVA) values for the whole models are listed and bold values indicate a signifi-
cant effect at α = 0.05.

MANOVA model results
Univariate ANOVA results

Aboveground biomass Belowground biomass No. of clonal ramets
Independent 
factors dfn, dfd F p-value df1, df2 F p-value F p-value F p-value

Geo-cytotype (C) 9, 645 6.23 < 0.0001 3, 267 5.54 0.0010 1.91 0.1280 8.81 < 0.0001
NP treatment (NP) 6, 530 65.17 < 0.0001 2, 267 226.14 < 0.0001 155.03 < 0.0001 75.52 < 0.0001
C x NP 18, 750 3.31 < 0.0001 6, 267 6.30 < 0.0001 4.32 0.0004 1.26 0.2742
Population [C] 24, 769 4.62 < 0.0001 8, 267 8.15 < 0.0001 5.98 < 0.0001 4.52 < 0.0001
Whole model 57, 791 9.80 < 0.0001 19, 267 29.88 < 0.0001 20.41 < 0.0001 11.62 < 0.0001
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biomass more (e.g. had higher PP values) than European 
tetraploids, but only when nutrients increased from low to 
medium and not when nutrients increased from medium to 
high, in which case the geo-cytotypes did not significantly 
differ from each other (Table 4, Fig. 1, 2).

Population of origin, geo-cytotype, and NP treatment each 
significantly affected R:S ratios, but differences in R:S ratios 
among geo-cytotypes depended upon NP treatment (Table 
5). In general, plants tended to invest more into aboveground 
relative to belowground biomass (i.e. had smaller mean R:S 
ratios) as NP enrichment increased (untransformed R:S ratio 
LSMeans ± 1SE under low NP = 2.94 ± 0.11, medium 
NP = 2.85 ± 0.11, high NP = 2.60 ± 0.11). But, for only 
the native cytotypes, patterns and significance varied among 
NP treatments (Table 2). For instance, under low-NP con-
ditions tetraploids invested significantly more into below-
ground relative to aboveground biomass than diploids, while 
hexaploids were intermediate (Table 2; untransformed R:S 
ratio LSMeans ± 1SE for 2x = 2.27 ± 0.35, 4xN = 3.69 ± 

0.35, 6x = 3.34 ± 0.35). Whereas under high NP conditions, 
diploids and hexaploids both invested significantly more 
into belowground relative to aboveground biomass than 
tetraploids (untransformed LSMeans ± 1SE R:S ratios for 
2x = 2.73 ± 0.35, 4xN = 2.09 ± 0.35, 6x = 3.15 ± 0.35; Table 
2). No model factors nor interactions among model factors 
influenced R:S plasticity responses (Table 3).

Asexual reproduction

The number of clonal ramets produced by a plant signifi-
cantly varied depending upon population of origin and 
the individual effects of NP treatment and geo-cytotype 
(Table 1). In general, plants produced significantly more 
clonal ramets with increasing NP (clonal ramet LSMeans 
± 1 SE under low NP = 6.70 ± 0.45, medium NP = 11.66 
± 0.45, high NP = 14.19 ± 0.45). Furthermore, regardless 
of NP treatment, diploids and native tetraploids both pro-
duced, on average, significantly more ramets than hexaploids; 

Table 2. Results of controlled contrast post hoc tests for significant model factors ‘geo-cytotype ⨯ nutrient treatment’ and ‘geo-cytotype’ for 
mean trait values (see Table 1, 5). These controlled contrasts were used to test whether there were significant differences between native 
cytotypes (diploids (2x), North American tetraploids (4xN), and hexaploids (6x)), and/or between regional tetraploids (North American tetra-
ploids (4xN) and European tetraploids (4xE)) within or independent of NP treatments. Bold values indicate a significant effect at α = 0.05. 
NP = nitrogen and phosphorus.

F(df1,df2) Prob > F t-test results

Within geo-cytotype x NP treatment
  Aboveground biomass
    Low NP for native cytotypes 1.31(2,267) 0.2721
    Low NP for regional tetraploids 0.52(1,267) 0.4721
    Medium NP for native cytotypes 15.53(2,267) < 0.0001 4xN = 2x > 6x
    Medium NP regional tetraploids 11.13(1,267) 0.0010 4xN > 4xE

    High NP for native cytotypes 4.78(2,267) 0.0091 4xN > 2x = 6x
    High NP regional tetraploids 11.40(1,267) 0.0008 4xN > 4xE

  Belowground biomass
    Low NP for native cytotypes 2.66(2,267) 0.0721
    Low NP for regional tetraploids 0.77(1,267) 0.3805
    Medium NP for native cytotypes 4.68(2,267) 0.0101 2x (= 4xN) > 6x (= 4xN)
    Medium NP regional tetraploids 4.28(1,267) 0.0396 4xN > 4xE

    High NP for native cytotypes 3.69(2,267) 0.0263 6x (= 2x) > 4xN (= 2x)
    High NP regional tetraploids 0.01(1,267) 0.8989
  R:S ratio
    Low NP for native cytotypes 6.80(2,265) 0.0013 4xN = 6x > 2x
    Low NP for regional tetraploids 0.42(1,265) 0.5175
    Medium NP for native cytotypes 4.53(2,265) 0.0016 6x (= 4xN) > 2x (= 4xN)
    Medium NP regional tetraploids 0.13(1,265) 0.7226
    High NP for native cytotypes 6.74(2,265) 0.0014 2x = 6x > 4xN

    High NP regional tetraploids 2.75(1,265) 0.0986
Within geo-cytotype
  Clonal ramets
    Native cytotypes 13.09(2,267) < 0.0001 4xN = 2x > 6x
    Regional tetraploids 4.19(1,267) 0.0418 4xN > 4xE

  Amax

    Native cytotypes 30.13(2,267) < 0.0001 6x > 4xN > 2x
    Regional tetraploids 3.34(1,267) 0.0688
  WUEi

    Native cytotypes 13.90(2,267) < 0.0001 6x = 4xN > 2x
    Regional tetraploids 17.17(1,267) < 0.0001 4xN > 4xE

  Leaf pathogen resistance
    Native cytotypes 27.70(2,267) < 0.0001 6x > 4xN > 2x
    Regional tetraploids 1.09(1,267) 0.2980
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and, among regional tetraploids, North American tetra-
ploids produced, on average, significantly more ramets than 
European tetraploids (Table 2, Fig. 3A). Clonal ramet PP 
responses significantly varied among geo-cytotypes depen-
dent upon changes in nutrients, although no other factors 
significantly affected clonal ramet PP responses (Table 3, 
see the Supporting information for reaction norm plot). 

Specifically, while native cytotypes showed no differences in 
PP responses, regardless of shifts in the nutrient environ-
ment, North American tetraploids were significantly more 
plastic and produced relatively more ramets than European 
tetraploids when nutrients shifted from low to medium but 
not when nutrients shifted from medium to high (Table 4, 
Fig. 3B).

Figure 1. Reaction norm plots depicting phenotypic plasticity for aboveground biomass (A) and belowground biomass (B) for different 
maternal lines (colored lines with shapes representing a maternal line within a cytotype) within diploid (2x), North American tetraploid 
(4xN), European tetraploid (4xE), and hexaploid (6x) Solidago gigantea populations. The black symbols and lines represent the Least square 
(LS) mean values and LS mean phenotypic plasticity reaction norm slopes, respectively, for a geo-cytotype. The results of controlled con-
trasts between native cytotypes and regional tetraploids within the low (blue), medium (yellow), and high (red) nitrogen:phosphorus treat-
ments are depicted with uppercase and lowercase letters, respectively. Full statistical details and controlled contrasts for mean and phenotypic 
plasticity (PP) values can be found in Table 1–4.
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Physiological traits

Population of origin, geo-cytotype, and NP treatment each 
significantly and affected mean maximum photosynthetic 

capacity (Amax), but differences among geo-cytotypes did not 
depend upon NP treatment (Table 5). Among native cyto-
types, mean Amax values significantly increased with ploidy 
level, and no significant differences were detected between 

Table 3. Results of fixed-effects ANOVA models for phenotypic plasticity (PP) values testing whether geo-cytotype (diploid = 2x, North 
American tetraploids = 4xN, European tetraploids = 4xE, hexaploid = 6x), soil nutrient level change (low-medium, medium-high), their inter-
action, and/or geo-cytotype nested within population of origin affected growth traits, clonal ramet production, physiological traits, and 
resistance traits. Overall model results are reported in the footnotes and bold values indicate a significant effect at α = 0.05.

Independent factors df MS F Prob > F

Aboveground biomass
  Geo-cytotype (C) 3 8.93 2.22 0.0918
  Nutrient level change (NL) 1 13.11 3.27 0.0746
  C x NL 3 67.79 16.89 < 0.0001
  Population [C] 7 6.02 1.50 0.1798
  Model error 79 4.01
Belowground biomass
  Geo-cytotype (C) 3 73.62 2.52 0.0642
  Nutrient level change (NL) 1 119.70 4.09 0.0465
  C ⨯ NL 3 254.06 8.71 < 0.0001
  Population [C] 7 29.36 1.00 0.4352
  Model error 79 29.25
R:S ratio
  Geo-cytotype (C) 3 0.03 0.14 0.9373
  Nutrient level change (NL) 1 0.18 0.95 0.3329
  C ⨯ NL 3 0.01 0.07 0.9746
  Population [C] 7 0.11 0.58 0.7712
  Model error 79 0.19
Clonal ramets
  Geo-cytotype (C) 3 9.31 0.90 0.4436
  Nutrient level change (NL) 1 18.61 1.80 0.1830
  C ⨯ NL 3 40.56 3.93 0.0114
  Population [C] 7 14.84 1.44 0.2016
  Model error 79 10.31
Amax

  Geo-cytotype (C) 3 8.08 1.66 0.1826
  Nutrient level change (NL) 1 5.67 1.16 0.2840
  C ⨯ NL 3 7.24 1.49 0.2246
  Population [C] 7 2.92 0.60 0.7536
  Model error 79 4.87
WUEi

  Geo-cytotype (C) 3 0.14 7.07 0.0003
  Nutrient level change (NL) 1 0.03 1.78 0.1856
  C ⨯ NL 3 0.01 0.56 0.6408
  Population [C] 7 0.01 0.46 0.8636
  Model error 79 0.02
Leaf insect resistance
  Geo-cytotype (C) 3 0.02 2.00 0.1202
  Nutrient level change (NL) 1 0.00 0.48 0.4916
  C ⨯ NL 3 0.00 0.40 0.7562
  Population [C] 7 0.07 3.30 0.0040
  Model error 79 0.00
Leaf pathogen resistance
  Geo-cytotype (C) 3 0.01 0.39 0.7591
  Nutrient level change (NL) 1 0.02 0.98 0.3261
  C ⨯ NL 3 0.07 1.11 0.3483
  Population [C] 7 0.27 1.89 0.0815
  Model error 79 0.02

Overall model results for aboveground biomass: R2 = 0.47, F14,93 = 5.07, p < 0.0001, n = 94; belowground biomass: R2 = 0.36, F14,93 = 3.24, 
p = 0.0004, n = 94; R:S ratio: R2 = 0.07, F14,93 = 0.40, p = 0.9704, n = 94; clonal ramets: R2 = 0.26, F14,93 = 1.96, p = 0.0322, n = 94; Amax: 
R2 = 0.16, F14,93 = 1.10, p = 0.3702, n = 94; WUEi: R2 = 0.26, F14,93 = 2.00, p = 0.0285, n = 94; leaf insect resistance: R2 = 0.25, F14,93 = 1.92, 
p = 0.0358, n = 94; leaf pathogen resistance: R2 = 0.19, F14,93 = 1.32, p = 0.2132, n = 94.
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North American and European tetraploids (Amax LSMeans ± 
1 SE for 2x = 8.95 ± 0.37, 4xN = 10.58 ± 0.37, 4xE = 11.56 ± 
0.39, 6x = 12.97 ± 0.39 µmol CO2 m−2 s−1; Table 2). Plants 
grown in medium- and high-NP treatments also had signifi-
cantly greater Amax values than those grown in low-NP treat-
ments (Amax LSMeans ± 1 SE under low NP = 10.66 ± 0.32, 
medium NP = 12.22 ± 0.32, high NP = 10.18 ± 0.32 µmol 
CO2 m−2 s−1; Table 2). No model factors nor interactions 
among model factors influenced Amax plasticity responses 
(Table 3).

Geo-cytotypes and plants grown in different NP treat-
ments significantly differed in mean instantaneous water 
use efficiency (WUEi) values, although differences did not 
depend upon each other nor on population of origin (Table 
5). Plants grown in high-NP treatments were significantly 
the most water use efficient (WUEi LSMeans ± 1 SE under 
low NP = 0.33 ± 0.02, medium NP = 0.39 ± 0.02, high 
NP = 0.47 ± 0.02 µmol CO2 mmol H2O−1). Specifically, 
native tetraploids and hexaploids were significantly more effi-
cient at using water than diploids (larger WUEi values), and 
North American tetraploids were significantly more water use 
efficient than European tetraploids regardless of NP treat-
ment (Table 2, Fig. 4A). In contrast, geo-cytotype, but no 
other model factors, significantly affected WUEi PP responses 
(Table 3, Supporting information for reaction norm plot) 
with native tetraploids having greater WUEi plasticity than 
all the other geo-cytotypes (Table 4, Fig. 4B).

Resistance traits

No model factors nor interaction among factors significantly 
affected resistance to insect damage (Table 5) although PP 

for resistance to insect damage significantly differed among 
populations (Table 3). In contrast, plants of different geo-
cytotypes and populations of origin significantly differed in 
resistance to leaf pathogen damage (Table 5). Among native 
cytotypes, hexaploids were significantly the most, tetraploids 
intermediate, and diploids the least resistant to pathogen 
damage, while no significant differences in mean resistance 
to pathogen damage were found between regional tetraploids 
(pathogen resistance LSMeans ± 1 SE for 2x = 0.32 ± 0.02, 
4xN = 0.42 ± 0.02, 4xE = 0.39 ± 0.02, 6x = 0.55 ± 0.02; 
Table 2). We found neither model factors nor interactions 
among model factors to have a significant effect on PP in 
resistance to pathogen damage (Table 3).

Discussion

Changes in local abiotic and biotic environments from anthro-
pogenic activities, such as urban and agricultural develop-
ment, can selectively favor some species and/or populations 
within a species over others and influence the likelihood of 
invasive species success (MacDougall et al. 2013, González-
Moreno et al. 2015, Hulme 2017). Polyploidy and high levels 
of PP have jointly been hypothesized to contribute to inva-
sive successes (Hahn et al. 2012, Sánchez Vilas and Pannell 
2017, Wei et al. 2019, Harms et al. 2021), although we gen-
erally lack sufficient data for a thorough consensus. Here, we 
examined whether polyploidy in S. gigantea (in which tetra-
ploid cytotypes are invasive; Schlaepfer et al. 2008, 2010) is 
associated with traits and increased plasticity responses that 
might have conferred invasive success of tetraploid cytotypes 
in novel ranges characterized by nutrient enrichments. We 

Table 4. Results of controlled contrast post hoc tests for significant model factors ‘geo-cytotype ⨯ nutrient treatment’ and ‘geo-cytotype’ for 
phenotypic plasticity values (Table 3). These controlled contrasts were used to test whether there were significant differences between native 
cytotypes (diploids (2x), North American tetraploids (4xN), and hexaploids (6x)), or between regional tetraploids (North American tetraploids 
(4xN) and European tetraploids (4xE)) within or independent of soil nutrient level changes (low-medium, medium-high). Bold values indicate 
a significant effect at α = 0.05.

F(df1,df2) Prob > F t-test results

Within geo-cytotype ⨯ NP level change
  Aboveground biomass
    Low to med for native cytotypes 14.69(2,79) < 0.0001 4xN = 2x > 6x
    Low to med for regional tetraploids 13.69(1,79) 0.0004 4xN > 4xE

    Med to high for native cytotypes 8.42(2,79) 0.0005 6x > 4xN > 2x
    Med to high for regional tetraploids 0.01(1,79) 0.9175
  Belowground biomass
    Low to med for native cytotypes 14.34(2,79) < 0.0001 2x > 4xN > 6x
    Low to med for regional tetraploids 5.91(1,79) 0.0173 4xN > 4xE

    Med to high for native cytotypes 3.28(2,79) 0.0429 6x > 4xN = 2x
    Med to high for regional tetraploids 0.03(1,79) 0.8727
  Clonal ramets
    Low to med for native cytotypes 2.81(2,79) 0.0660
    Low to med for regional tetraploids 5.86(1,79) 0.0178 4xN > 4xE

    Med to high for native cytotypes 2.60(2,79) 0.0804
    Med to high for regional tetraploids 0.01(1,79) 0.9117
Within geo-cytotype
  WUEi

    Native cytotypes 10.09(2,79) 0.0001 4xN > 2x = 6x
    Regional tetraploids 9.49(1,79) 0.0028 4xN > 4xE
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found that trait means and PP values did not always increase 
with increasing ploidy level (our main hypotheses), but that 
trait means and PP values varied among geo-cytotypes, traits, 
and NP soil conditions. Below we discuss these findings and 
reference how they may provide insights into S. gigantea inva-
sive dynamics and cytotype geographic patterning.

Mean trait values and phenotypic plasticity 
responses varied among S. gigantea cytotypes

Whole genome duplication is thought to increase genomic 
and transcriptomic content and genetic flexibility (Sémon 
and Wolfe 2007, Soltis  et  al. 2015, Ding and Chen 2018, 
Doyle and Coate 2019), and we therefore expected that trait 
mean and PP responses would positively scale with ploidy 
level. For example, several studies have shown that polyploidy 

results in the duplication of defense genes and that poly-
ploids may experience less damage by pathogens and her-
bivores (Nuismer and Thompson 2001, Hannweg  et  al. 
2016, Hias  et  al. 2018). Similarly, studies with S. gigan-
tea have found that tetraploids tend to exhibit phenotypes 
intermediate of diploids and hexaploids for some traits such 
as abaxial leaf pubescence and height (Nagy  et  al. 2018, 
Martino et al. 2020) but not others, such as leaf length and 
width (Martino et al. 2020). Here we found support for tet-
raploid intermediacy for some traits such as photosynthetic 
capacities, water use efficiencies, and leaf pathogen resistance. 
However, patterns for many other trait means did not scale 
positively with ploidy level, but instead varied among traits 
and nutrient conditions. For instance, tetraploids produced 
the most clonal ramets, and hexaploids were on average 
smaller in their aboveground biomass than diploids, which 

Table 5. Results of fixed-effects ANOVA models for mean values 
testing whether geo-cytotype (diploid = 2x, North American tetra-
ploids = 4xN, European tetraploids = 4xE, hexaploid = 6x), soil NP 
treatments (L = low, M = medium, H = high), their interaction, and/or 
geo-cytotype nested within population of origin affected growth, 
physiological, and resistance traits. Overall model results are 
reported in the footnotes and bold values indicate a significant 
effect at α = 0.05.

Independent factors df MS F Prob > F

R:S ratio
  Geo-cytotype (C) 3 0.70 7.60 < 0.0001
  NP treatment (NP) 2 0.32 3.49 0.0318
  C ⨯ NP 6 0.24 2.60 0.0182
  Population [C] 8 0.19 2.07 0.0388
  Model error 265 0.09
Amax

  Geo-cytotype (C) 3 204.90 20.99 < 0.0001
  NP treatment (NP) 2 108.35 11.10 < 0.0001
  C ⨯ NP 6 8.42 0.86 0.5231
  Population [C] 8 28.70 2.94 0.0036
  Model error 267 9.76
WUEi

  Geo-cytotype (C) 3 0.50 12.26 < 0.0001
  NP treatment (NP) 2 0.49 11.98 < 0.0001
  C ⨯ NP 6 0.05 1.25 0.2803
  Population [C] 8 0.06 1.43 0.1834
  Model error 267 0.04
Leaf insect resistance
  Geo-cytotype (C) 3 0.01 2.01 0.1133
  NP treatment (NP) 2 0.01 1.81 0.1660
  C ⨯ NP 6 0.00 0.30 0.9348
  Population [C] 8 0.01 0.92 0.5020
  Model error 267 0.00
Leaf pathogen resistance
  Geo-cytotype (C) 3 0.68 19.53 < 0.0001
  NP treatment (NP) 2 0.10 2.81 0.0619
  C ⨯ NP 6 0.04 1.15 0.3316
  Population [C] 8 0.19 5.49 < 0.0001
  Model error 267 0.03

Overall model for: R:S ratio: R2 = 0.19, F19,265 = 3.42, p < 0.0001, 
n = 285; Amax: R2 = 0.30, F19,286 = 5.99, p < 0.0001, n = 287; WUEi: 
R2 = 0.23, F19,286 = 4.09, p < 0.0001, n = 287; leaf insect resistance: 
R2 = 0.06, F19,286 = 1.00, p = 0.4661, n = 287; leaf pathogen resis-
tance: R2 = 0.30, F19,286 = 5.92, p < 0.0001, n = 287.

Figure  2. Least square mean aboveground phenotypic plasticity 
(PP) values (A) and belowground PP values (B) for diploid (2x), 
North American tetraploid (4xN), European tetraploid (4xE), and 
hexaploid (6x) S. gigantea populations as the nutrient environment 
shifted from low to medium and from medium to high. Shifts in 
the nutrient environment and geo-cytotype had a significant, inter-
acting effect on above- and belowground PP (model interaction of 
geo-cytotype x nutrient level change for aboveground biomass PP: 
F3,79 = 16.89, p < 0.0001; for belowground biomass PP: F3,79 = 8.71, 
p < 0.0001). Significant differences in both above- and below-
ground PP were found between native cytotypes (2x, 4xN, 6x; 
denoted by uppercase letters) and regional tetraploids (4xN, 4xE; 
denoted by lowercase letters) from low to medium NP shifts, and 
only native cytotypes differed in aboveground PP within medium to 
high NP shifts (denoted by uppercase letters). Error bars represent 
± 1 standard error. Full statistical details and controlled contrasts 
are reported in Table 3 and 4, respectively.
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were smaller than tetraploids, but only under medium- and 
high-NP conditions. Furthermore, while we generally did 
not detect many differences in plasticity patterns, significant 
differences included PP responses that both increased and 
decreased with ploidy level dependent upon trait and/or soil 
NP shift. For example, although biomasses increased under 
nutrient enrichments, biomass plasticity tended to decrease 
with ploidy level in low- to medium-NP shifts but increased 
with ploidy level in medium- to high-NP shifts. This finding 
is especially interesting because it indicates that polyploids 
might be more growth constrained by nutrient limitations 
than diploids and are ‘released’ from nutrient constraints 

under soil enrichment. This is congruent with recent stud-
ies from a diversity of plant species showing that plants with 
larger genome sizes and/or polyploids grow more or have 
higher fitness increases than plants with smaller genome sizes 
and/or diploids following nutrient additions (Hessen  et  al. 
2013, Neiman et al. 2013, Šmarda et al. 2013, Guignard et al. 
2016, Bales and Hersch-Green 2019, Walczyk and Hersch-
Green 2019, 2022, Anneberg and Segraves 2020, Peng et al. 
2022). Studies using different environmental conditions, 
traits, and species have also found that PP responses of poly-
ploids versus diploids are variable, with polyploids sometimes 

Figure 3. Differences in clonal ramet (A) mean values between geo-
cytotypes (F3,267 = 8.18, p < 0.0001) regardless of nitrogen and 
phosphorus (NP) treatment and (B) phenotypic plasticity (PP) val-
ues between geo-cytotypes as the nutrient environment shifted from 
low to medium and from medium to high (model interaction of 
geo-cytotype x nutrient level change for clonal ramet PP: F3,79 = 
3.93, p = 0.0114). Significant differences were found between 
native cytotypes (2x, 4xN, 6x; denoted by uppercase letters) and 
regional tetraploids (4xN, 4xE; denoted by lowercase letters) for both 
mean values (both native cytotypes and regional tetraploids) and for 
when the NP environment shifted from low to medium (regional 
tetraploids only). Error bars represent ± 1 standard error. Full statis-
tical details and controlled contrasts for mean and PP values can be 
found in Table 1–4. Reaction norm plots can be found in the 
Supporting information.

Figure 4. Differences between geo-cytotypes in instantaneous water 
use efficiency (WUEi, A) mean values (F3,267 = 12.26, p < 0.0001) 
and (B) phenotypic plasticity (PP) values (F3,42 = 7.07, p = 0.0125). 
Significant differences in WUEi mean and PP values were found 
between both native cytotypes (2x, 4xN, 6x; denoted by uppercase 
letters) and regional tetraploids (4xN, 4xE; denoted by lowercase let-
ters). Error bars represent ± 1 standard error. Full statistical details 
and controlled contrasts for mean and PP values can be found in 
Table 1–4. Reaction norm plots can be found in the Supporting 
information.
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being more (Hahn et al. 2012, Rejlová et al. 2019) and less 
plastic (Wei et al. 2019, Harms et al. 2021).

Pre-adaptive attributes of tetraploids may have 
contributed to their invasive success

Research efforts have attempted to identify organismal traits 
that enhance invasion success and/or allow for rapid adapta-
tion to novel, non-native habitats (Van Kleunen et al. 2010, 
Matzek 2012). Solidago gigantea is a broadly distributed poly-
ploid complex in North America, but only tetraploids are 
noxious invaders in Eurasia (Schlaepfer  et  al. 2008, 2010). 
Similar patterns in which a polyploid cytotype is more inva-
sive than related diploids (their presumed progenitors) have 
been documented in at least sixteen other polyploid systems 
(Te Beest et al. 2012), suggesting that certain traits associated 
with polyploidy and/or the invasive cytotype may innately 
predispose them to be better invaders. Within S. gigantea, 
diploid and tetraploid cytotypes are more likely than hexa-
ploid cytotypes to have been introduced into Europe during 
the 1700s and 1800s, based on their current range distribu-
tions and where people were settled during that time (Weber 
and Schmid 1998, Weber and Jakobs 2005). Therefore, we 
primarily compare diploids to native tetraploids to assess 
whether innate trait mean and/or PP responses of tetraploids 
may have favored their success over diploids.

Tetraploids expressed higher trait mean values and PP 
responses than diploids for several traits that are expected 
to promote invasive success. For example, regardless of soil 
NP conditions, tetraploids were more resistant to fungal leaf 
pathogen damage, exhibited higher water use efficiencies and 
photosynthetic capacities, and were more PP in their adjust-
ment of water use efficiency responses to shifts in soil NP; all 
of these traits might allow them to better tolerate and grow 
in novel and/or heterogenous environments with unfamiliar 
pathogens, nutrients, and water availabilities (Pigliucci et al. 
2006, Richards et al. 2006, Van Kleunen et al. 2010, Gratani 
2014, Colautti  et  al. 2017). Furthermore, under low soil 
NP conditions tetraploids invested more into roots than 
shoots relative to diploids, but under high soil NP condi-
tions they invested less into roots than shoots relative to 
diploids (patterns which are also reflected by differences in 
biomass PP responses). Higher investment into belowground 
relative to aboveground biomass under low soil NP condi-
tions may increase tetraploid tolerance or competition for 
belowground resources under nutrient limitations (Gioria 
and Osborne 2014, Goldberg et al. 2017), whereas the abil-
ity to invest more into aboveground biomass when nutrients 
become less limiting may make them more competitive over 
diploids when light and space become limited (Wilsey and 
Polley 2006, Heberling and Fridley 2013). Competitive 
advantages associated with increased above- or belowground 
biomass investments are well-documented in other invasive 
plant species (e.g. Solidago canadensis, Huang  et  al. 2007; 
Alternanthera philoxeroides, You  et  al. 2016; Elodea nuttal-
lii, Myriophyllum aquaticum and M. propinquum, Xie et al. 
2010), and are suspected to be especially advantageous to 

new invaders that are exposed to heterogenous environments 
occupied by well-adapted local competitors (You et al. 2016). 
Therefore, cumulatively we found that native tetraploid S. 
gigantea express traits that may have allowed them to outcom-
pete co-occurring diploids after introduction into novel areas. 
Furthermore, as we primarily observed tetraploid biomass 
advantages under nutrient enriched treatments, introduction 
into urban and agricultural environments that tend to be 
characterized by super-enriched conditions (Broadbent et al. 
2018, Akin-Fajiye  et  al. 2021) may have also contributed 
to the early success of S. gigantea tetraploids. However, it is 
difficult to determine whether the invasion success of these 
tetraploids is due to their competitive superiority in novel 
(and potentially nutrient enriched) environments and/or to 
serendipitous events, such as tetraploids being the only cyto-
type introduced.

Little evidence for post-introduction selection

While the success of biological invasion may partly be due to 
traits and/or strategies already present in the invading geno-
types (Van Kleunen et al. 2011, Oh et al. 2021, Kaushik et al. 
2022), post-invasion selection pressures could also influence 
fitness, competitive, and tolerance traits (Zenni et al. 2014, 
Elst et al. 2016, Stutz et al. 2018) and thus the long-term per-
sistence of genotypes in novel environments. Therefore, we 
also explored whether post-introduction selection may have 
led to different mean trait values and PP responses within 
populations of native- and non-native S. gigantea tetraploids.

Native North American and non-native European tet-
raploids tended to differ from each other in some traits 
that should confer success in competition and persistence 
in novel environments, but in all cases where we detected 
differences, native tetraploids had higher values (e.g. larger 
biomass, greater ramet production, more water use efficient, 
and more PP in biomass accumulation, clonal ramet produc-
tion, and water use efficiency). Our results contrast other 
findings, which have found that S. gigantea genotypes from 
non-native populations outperformed genotypes from native 
populations in terms of height, clonal ramet production, and 
biomass production (Nagy et al. 2018) and compensation to 
insect damage (Liao et al. 2016). Inconsistency among these 
comparisons of native and non-native S. gigantea among 
studies and the fact that the native tetraploids in our experi-
ments outperformed the non-native tetraploids could be due 
to many factors. For instance, unique genotypes collected 
from different populations may be locally adapted to specific 
conditions and thus express traits differently when grown 
in the presence of native versus non-native climates, soils, 
symbiotes, and/or antagonists (Pal et al. 2020, Sheng et al. 
2022). In our study, we do not know the North American 
source populations from which the non-native tetraploids 
originated and thus it is impossible to definitively extrapo-
late. Furthermore, sampling biases and genetic drift may have 
contributed to our results. For example, in our study we col-
lected native tetraploids that were well distributed across their 
native range (Supporting information), which could either 
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underestimate total cytotype trait variability due to locally 
adapted genotypes (Rosche et al. 2019) and/or inflate native 
cytotype trait variability relative to the non-native cytotypes 
(collection range was limited due to logistical constraints). 
Furthermore, it is likely that our non-native tetraploid pop-
ulations experienced genetic drift via founder effects, since 
all our non-native tetraploids populations originated from 
urban areas around Zürich, Switzerland (Supporting infor-
mation). Sampling bias and concurrent genetic drift processes 
are typical of invasions (Lee 2002, Bélouard et al. 2019) and 
can result in the fixation of those traits at specific values 
independent of trait-associated fitness effects (Tsutsui  et  al. 
2000) and may also constrain trait plasticity, as PP has been 
shown to correlate with genetic variation (Noble et al. 2019, 
Landy et al. 2020). Lastly, selective processes may have con-
tributed but there may not have been enough evolutionary 
time for native and non-native populations to diverge in their 
trait expression; and/or selection pressures on invasive geno-
types and traits might vary across environments and stages of 
biological invasion. For instance, plasticity differences might 
be most visible early in an invasion, before adaptation can 
occur (Palacio-López and Gianoli 2011), and PP might not 
be beneficial under all conditions as it can be costly to exe-
cute and maintain (Wolfe and Mazer 2005, Auld et al. 2010, 
Murren et al. 2015).

Conclusion

Biological invasions represent a global ecological and eco-
nomic threat (Ehrenfeld 2010, Diagne  et  al. 2021) and 
understanding the species traits and/or environmental con-
ditions that render some genotypes being more successful 
than others is an important step in minimizing and con-
trolling their impacts. We sought to examine the degree to 
which ploidy variation and environmental NP enrichment 
(both conditions commonly cited as being relevant to bio-
logical invasions; Pandit  et  al. 2011, Te Beest  et  al. 2012, 
Broadbent et al. 2018, Akin-Fajiye et al. 2021, Moura et al. 
2021, Rutland et al. 2021) affect trait expression and plas-
ticity responses of native and non-native cytotypes of S. 
gigantea. In general, we found little evidence to suggest that 
polyploidy and/or post-introduction selection processes 
shaped PP responses, although tetraploids did possess traits 
and PP responses that were indicative of superior competitive 
abilities, persistence in variable environments, and respon-
siveness to nutrient enrichment relative to diploids. Future 
studies should continue to address these questions in a range 
of invasive and native genotypes in different environments, to 
better tease apart whether and at what stage in the invasion 
process increased PP and/or higher trait values might confer 
the greatest fitness advantages.

Speculations

In our experiment, we found that polyploids sometimes 
increased trait means and/or PP responses as NP availability 

increased, but this was primarily limited to biomass traits. 
While our results did not provide enough evidence for us 
to conclude that nutrient enrichment conveys a competi-
tive and fitness advantage in polyploids over diploids, we 
speculate that traits inherent to tetraploids and high levels 
of plant available nutrients played a joint role in S. gigantea’s 
success as an invasive species. Because N and P availability 
is increasing in terrestrial and aquatic ecosystems globally 
(Penuelas et al. 2013, Fowler et al. 2015, Goyette et al. 2016, 
Asabere et al. 2018), we also speculate that ecosystems char-
acterized by intense nutrient eutrophication may have been 
or might become especially prone to polyploid biological 
invasions (Luo et al. 2019).

Acknowledgements – We thank Sabine Güsewell for collecting and 
shipping European S. gigantea seeds to us and Alexis Shatrau for 
data collection assistance.
Funding – This work was funded by an NSF CAREER grant awarded 
to EH-G (award no. 1941309), and a DeVlieg Fellowship and a 
research grant awarded to AW through Michigan Technological 
University, Houghton, MI, USA.

Author contributions

Angela M. Walczyk: Conceptualization (equal); Formal 
analysis (equal); Funding acquisition (supporting); Writing 
– original draft (equal); Writing – review and editing (equal). 
Erika I. Hersch-Green: Conceptualization (equal); Formal 
analysis (equal); Funding acquisition (lead); Supervision 
(lead); Writing – original draft (equal); Writing – review and 
editing (equal).

Data availability statement

Data are available from the Dryad Digital Repository: https://
doi.org/10.5061/dryad.3j9kd51qs (Walczyk and Hersch-
Green 2023).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Aerts, R. 1999. Interspecific competition in natural plant commu-
nities: mechanisms, trade-offs and plant–soil feedbacks. – J. 
Exp. Bot. 50: 29–37.

Agrawal, A. A., Erwin, A. C. and Cook, S. C. 2008. Natural selec-
tion on and predicted responses of ecophysiological traits of 
swamp milkweed (Asclepias incarnata). – J. Ecol. 96: 536–542.

Akin-Fajiye, M., Schmidt, A. C. and Fraser, L. H. 2021. Soil nutri-
ents and variation in biomass rather than native species richness 
influence introduced plant richness in a semi-arid grassland. – 
Basic Appl. Ecol. 53: 62–73.

Albarrán-Mélzer, N. C., Rangel Ruiz, L. J., Benítez, H. A. and Lagos, 
M. E. 2020. Can temperature shift morphological changes of 

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.5061/dryad.3j9kd51qs
https://doi.org/10.5061/dryad.3j9kd51qs


Page 14 of 18

invasive species? A morphometric approach on the shells of two 
tropical freshwater snail species. – Hydrobiologia 847: 151–160.

Amat-Trigo, F., Forero, M. T., Ruiz-Navarro, A. and Oliva-Paterna, 
F. J. 2019. Colonization and plasticity in population traits of 
the invasive Alburnus alburnus along a longitudinal river gradi-
ent in a Mediterranean river basin. – Aquat. Invas. 14: 310–331.

Anneberg, T. J. and Segraves, K. A. 2020. Nutrient enrichment and 
neopolyploidy interact to increase lifetime fitness of Arabidopsis 
thaliana. – Plant Soil 456: 439–453.

Ardura, A., Zaiko, A., Morán, P., Planes, S. and Garcia-Vazquez, 
E. 2017. Epigenetic signatures of invasive status in populations 
of marine invertebrates. – Sci. Rep. 7: 42193.

Arnold, P. A., Kruuk, L. E. B. and Nicotra, A. B. 2019. How to 
analyse plant phenotypic plasticity in response to a changing 
climate. – New Phytol. 222: 1235–1241.

Asabere, S. B., Zeppenfeld, T., Nketia, K. A. and Sauer, D. 2018. 
Urbanization leads to increases in ph, carbonate, and soil 
organic matter stocks of arable soils of Kumasi, Ghana (West 
Africa). – Front. Environ. Sci. 6: 119.

Auld, J. R., Agrawal, A. A. and Relyea, R. A. 2010. Re-evaluating 
the costs and limits of adaptive phenotypic plasticity. – Proc. 
R. Soc. B 277: 503–511.

Bales, A. L. and Hersch-Green, E. I. 2019. Effects of soil nitrogen 
on diploid advantage in fireweed, Chamerion angustifolium 
(Onagraceae). – Ecol. Evol. 9: 1095–1109.

Bastiaanse, H., Zinkgraf, M., Canning, C., Tsai, H., Lieberman, 
M., Comai, L., Henry, I. and Groover, A. 2019. A comprehen-
sive genomic scan reveals gene dosage balance impacts on quan-
titative traits in Populus trees. – Proc. Natl Acad. Sci. USA 116: 
13690–13699.

Beaulieu, J. M., Leitch, I. J., Patel, S., Pendharkar, A. and Knight, 
C. A. 2008. Genome size is a strong predictor of cell size and 
stomatal density in angiosperms. – New Phytol. 179: 975–986.

Bélouard, N., Paillisson, J. M., Oger, A., Besnard, A. L. and Petit, 
E. J. 2019. Genetic drift during the spread phase of a biological 
invasion. – Mol. Ecol. 28: 4375–4387.

Bettez, N. D. and Groffman, P. M. 2013. Nitrogen deposition in and 
near an urban ecosystem. – Environ. Sci. Technol. 47: 6047–6051.

Blossey, B. and Notzold, R. 1995. Evolution of increased com-
petitive ability in invasive nonindigenous plants: a hypothesis. 
– J. Ecol. 83: 887–889.

Bobuľská, L., Demková, L., Čerevková, A. and Renčo, M. 2019. 
Invasive goldenrod (Solidago gigantea) influences soil microbial 
activities in forest and grassland ecosystems in central Europe. 
– Diversity 11: 134.

Bossdorf, O., Auge, H., Lafuma, L., Rogers, W. E., Siemann, E. 
and Prati, D. 2005. Phenotypic and genetic differentiation 
between native and introduced plant populations. – Oecologia 
144: 1–11.

Broadbent, A., Stevens, C. J., Peltzer, D. A., Ostle, N. J. and Orwin, 
K. H. 2018. Belowground competition drives invasive plant 
impact on native species regardless of nitrogen availability. – 
Oecologia 186: 577–587.

Bufford, J. L. and Hulme, P. E. 2021. Increased adaptive pheno-
typic plasticity in the introduced range in alien weeds under 
drought and flooding. – Biol. Invas. 23: 2675–2688.

Chao, D. Y., Dilkes, B., Luo, H., Douglas, A., Yakubova, E., Lah-
ner, B. and Salt, D. E. 2013. Polyploids exhibit higher potas-
sium uptake and salinity tolerance in Arabidopsis. – Science 341: 
658.

Charlesworth, D. and Willis, J. H. 2009. The genetics of inbreed-
ing depression. – Nat. Rev. Genet. 10: 783–796.

Chen, Z. J. 2010. Molecular mechanisms of polyploidy and hybrid 
vigor. – Trends Plant Sci. 15: 57–71.

Chevin, L. M., Lande, R. and Mace, G. M. 2010. Adaptation, 
plasticity, and extinction in a changing environment: towards a 
predictive theory. – PLoS Biol. 8: e1000357.

Colautti, R. I., Alexander, J. M., Dlugosch, K. M., Keller, S. R. 
and Sultan, S. E. 2017. Invasions and extinctions through the 
looking glass of evolutionary ecology. – Phil. Trans. R. Soc. B 
372: 20160031.

Collins, A. R., Naderi, R. and Mueller-Schaerer, H. 2011. Compe-
tition between cytotypes changes across a longitudinal gradient 
in Centaurea stoebe (Asteraceae). – Am. J. Bot. 98: 1935–1942.

Comai, L. 2005. The advantages and disadvantages of being poly-
ploid. – Nat. Rev. Genet. 6: 836–846.

Correia, M., Montesinos, D., French, K. and Rodríguez‐Echever-
ría, S. 2016. Evidence for enemy release and increased seed 
production and size for two invasive Australian Acacias. – J. 
Ecol. 104: 1391–1399.

Craine, J. M. and Dybzinski, R. 2013. Mechanisms of plant com-
petition for nutrients, water and light. – Funct. Ecol. 27: 
833–840.

Davis, M. A., Grime, J. P. and Thompson, K. 2000. Fluctuating 
resources in plant communities: a general theory of invasibility. 
– J. Ecol. 88: 528–534.

Diagne, C., Leroy, B., Vaissière, A. C., Gozlan, R. E., Roiz, D., 
Jarić, I., Salles, J. M., Bradshaw, C. J. A. and Courchamp, F. 
2021. High and rising economic costs of biological invasions 
worldwide. – Nature 592: 571–576.

Ding, M. and Chen, Z. J. 2018. Epigenetic perspectives on the 
evolution and domestication of polyploid plant and crops. – 
Curr. Opin. Plant Biol. 42: 37–48.

Dong, M., Yu, F. H. and Alpert, P. 2014. Ecological consequences 
of plant clonality. – Ann. Bot. 114: 367–367.

Doyle, J. J. and Coate, J. E. 2019. Polyploidy, the nucleotype, and 
novelty: the impact of genome doubling on the biology of the 
cell. – Int. J. Plant Sci. 180: 1–52.

Ehrenfeld, J. G. 2010. Ecosystem consequences of biological inva-
sions. – Annu. Rev. Ecol. Evol. Syst. 41: 59–80.

Elser, J. J., Acquisti, C. and Kumar, S. 2011. Stoichiogenomics: the 
evolutionary ecology of macromolecular elemental composi-
tion. – Trends Ecol. Evol. 26: 38–44.

Elst, E. M., Acharya, K. P., Dar, P. A., Reshi, Z. A., Tufto, J., Nijs, 
I. and Graae, B. J. 2016. Pre-adaptation or genetic shift after 
introduction in the invasive species Impatiens glandulifera?. – 
Acta Oecol. 70: 60–66.

Erb, M. 2018. Plant defenses against herbivory: closing the fitness 
gap. – Trends Plant Sci. 23: 187–194.

Faizullah, L., Morton, J. A., Hersch-Green, E. I., Walczyk, A. M., 
Leitch, A. R. and Leitch, I. J. 2021. Exploring environmental 
selection on genome size in angiosperms. – Trends Plant Sci. 
26: 1039–1049.

Fornoni, J., Valverde, P. L. and Núñez-Farfán, J. 2004. Population 
variation in the cost and benefit of tolerance and resistance 
against herbivory in Datura stramonium. – Evolution 58: 
1696–1704.

Fowler, D.  et  al. 2015. Effects of global change during the 21st 
century on the nitrogen cycle. – Atmos. Chem. Phys. 15: 
13849–13893.

Fox, R. J., Donelson, J. M., Schunter, C., Ravasi, T. and Gaitán-
Espitia, J. D. 2019. Beyond buying time: the role of plasticity 
in phenotypic adaptation to rapid environmental change. – 
Phil. Trans. R. Soc. B 374: 20180174.

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Page 15 of 18

Fusco, G. and Minelli, A. 2010. Phenotypic plasticity in develop-
ment and evolution: facts and concepts. – Phil. Trans. R. Soc. 
B 365: 547–556.

Gallego-Tévar, B., Rubio-Casal, A. E., de Cires, A., Figueroa, E., 
Grewell, B. J. and Castillo, J. M. 2018. Phenotypic plasticity 
of polyploid plant species promotes transgressive behaviour in 
their hybrids. – AoB Plants 10: ply055.

Gianoli, E. and Valladares, F. 2012. Studying phenotypic plastic-
ity: the advantages of a broad approach. – Biol. J. Linn. 105: 
1–7.

Gioria, M. and Osborne, B. A. 2014. Resource competition in 
plant invasions: emerging patterns and research needs. – Front. 
Plant Sci. 5: 501.

Goldberg, D. E., Martina, J. P., Elgersma, K. J. and Currie, W. S. 
2017. Plant size and competitive dynamics along nutrient gra-
dients. – Am. Nat. 190: 229–243.

González-Moreno, P., Diez, J. M., Richardson, D. M. and Vilà, M. 
2015. Beyond climate: disturbance niche shifts in invasive spe-
cies. – Global Ecol. Biogeogr. 24: 360–370.

Goyette, J. O., Bennett, E. M., Howarth, R. W. and Maranger, R. 
2016. Changes in anthropogenic nitrogen and phosphorus 
inputs to the St. Lawrence sub-basin over 110 years and impacts 
on riverine export. – Global Biogeochem. Cycles 30: 
1000–1014.

Granata, M. U., Bracco, F. and Catoni, R. 2020. Phenotypic plas-
ticity of two invasive alien plant species inside a deciduous for-
est in a strict nature reserve in Italy. – J. Sustain. For. 39: 
346–364.

Gratani, L. 2014. Plant phenotypic plasticity in response to envi-
ronmental factors. – Adv. Bot. 2014: 1–17.

Guignard, M. S., Nichols, R. A., Knell, R. J., Macdonald, A., 
Romila, C. A., Trimmer, M., Leitch, I. J. and Leitch, A. R. 
2016. Genome size and ploidy influence angiosperm species' 
biomass under nitrogen and phosphorus limitation. – New 
Phytol. 210: 1195–1206.

Hahn, M. A., van Kleunen, M. and Müller-Schärer, H. 2012. 
Increased phenotypic plasticity to climate may have boosted the 
invasion success of polyploid Centaurea stoebe. – PLoS One 7: 
e50284.

Hair, J. F., Black, W. C., Babin, B. J., Anderson, R. E. and Tatham, 
R. L. 2005. Multivariate data analysis, vol. 6. – Prentice Hall PTR.

Hannweg, K., Steyn, W. and Bertling, I. 2016. In vitro-induced 
tetraploids of Plectranthus esculentus are nematode-tolerant 
and have enhanced nutritional value. – Euphytica 207: 
343–351.

Harms, N. E., Cronin, J. T. and Gaskin, J. F. 2021. Increased ploidy 
of Butomus umbellatus in introduced populations is not associ-
ated with higher phenotypic plasticity to N and P. – AoB Plants 
13: plab045.

Hartshorn, J. A., Palmer, J. F. and Coyle, D. R. 2022. Into the wild: 
evidence for the enemy release hypothesis in the invasive Call-
ery pear (Pyrus calleryana) (Rosales: Rosaceae). – Environ. Ento-
mol. 51: 216–221.

Heberling, J. M. and Fridley, J. D. 2013. Resource-use strategies of 
native and invasive plants in eastern North American forests. 
– New Phytol. 200: 523–533.

Herrera, C. M., Medrano, M., Rey, P. J., Sánchez-Lafuente, A. M., 
García, M. B., Guitián, J. and Manzaneda, A. J. 2002. Interac-
tion of pollinators and herbivores on plant fitness suggests a 
pathway for correlated evolution of mutualism- and antago-
nism-related traits. – Proc. Natl Acad. Sci. USA 99: 
16823–16828.

Hessen, D. O., Daufresne, M. and Leinaas, H. P. 2013. Tempera-
ture-size relations from the cellular-genomic perspective. – Biol. 
Rev. Camb. Phil. Soc. 88: 476–489.

Hias, N., Svara, A. and Keulemans, J. W. 2018. Effect of polyploidi-
sation on the response of apple (Malus × Domestica borkh.) to 
Venturia inaequalis infection. – Eur. J. Plant Pathol. 151: 
515–526.

Huang, H., Guo, S. and Chen, G. 2007. Reproductive biology in 
an invasive plant Solidago canadensis. – Front. Biol. China 2: 
196–204.

Huang, W., Siemann, E., Wheeler, G. S., Zou, J., Carrillo, J. and 
Ding, J. 2010. Resource allocation to defence and growth are 
driven by different responses to generalist and specialist her-
bivory in an invasive plant. – J. Ecol. 98: 1157–1167.

Hull-Sanders, H. M., Johnson, R. H., Owen, H. A. and Meyer, G. 
A. 2009. Effects of polyploidy on secondary chemistry, physiol-
ogy, and performance of native and invasive genotypes of Soli-
dago gigantea (Asteraceae). – Am. J. Bot. 96: 762–770.

Hulme, P. E. 2017. Climate change and biological invasions: evi-
dence, expectations, and response options. – Biol. Rev. Camb. 
Phil. Soc. 92: 1297–1313.

Jackson, S. and Chen, Z. J. 2010. Genomic and expression plastic-
ity of polyploidy. – Curr. Opin. Plant Biol. 13: 153–159.

Jakobs, G., Weber, E. and Edwards, P. J. 2004. Introduced plants 
of the invasive Solidago gigantea (Asteraceae) are larger and grow 
denser than conspecifics in the native range. – Divers. Distrib. 
10: 11–19.

Johnson, R. A. and Wichern, D. W. 2002. Applied multivariate 
statistical analysis. – Prentice Hall.

Kaushik, P., Pati, P. K., Khan, M. L. and Khare, P. K. 2022. Plant 
functional traits best explain invasive species’ performance 
within a dynamic ecosystem – a review. – Trees People 8: 
100260.

Knop, E. and Reusser, N. 2012. Jack-of-all-trades: phenotypic plas-
ticity facilitates the invasion of an alien slug species. – Proc. R. 
Soc. B 279: 4668–4676.

Kornstad, T., Ohlson, M. and Fjellheim, S. 2022. Phenotypic 
responses to light, water, and nutrient conditions in the allopol-
yploid Arabidopsis suecica and its parent species A. thaliana and 
A. arenosa: does the allopolyploid outrange its parents? – Ecol. 
Evol. 12: e8915.

Lamarque, L. J., Porté, A. J., Eymeric, C., Lasnier, J. B., Lortie, C. 
J. and Delzon, S. 2013. A test for pre-adapted phenotypic plas-
ticity in the invasive tree Acer negundo L. – PLoS One 8: e74239.

Landy, J. A., Oschmann, A., Munch, S. B. and Walsh, M. R. 
2020. Ancestral genetic variation in phenotypic plasticity 
underlies rapid evolutionary changes in resurrected popula-
tions of waterfleas. – Proc. Natl Acad. Sci. USA 117: 
32535–32544.

Lee, C. E. 2002. Evolutionary genetics of invasive species. – Trends 
Ecol. Evol. 17: 386–391.

Liao, H., Gurgel, P. C. S., Pal, R. W., Hooper, D. and Callaway, 
R. M. 2016. Solidago gigantea plants from nonnative ranges 
compensate more in response to damage than plants from the 
native range. – Ecology 97: 2355–2363.

Liu, H., Stiling, P. and Pemberton, R. W. 2007. Does enemy release 
matter for invasive plants? Evidence from a comparison of insect 
herbivore damage among invasive, non-invasive and native con-
geners. – Biol. Invas. 9: 773–781.

Luo, X., Xu, X., Zheng, Y., Guo, H. and Hu, S. 2019. The role of 
phenotypic plasticity and rapid adaptation in determining inva-
sion success of Plantago virginica. – Biol. Invas. 21: 2679–2692.

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Page 16 of 18

MacDougall, A. S., McCann, K. S., Gellner, G. and Turkington, 
R. 2013. Diversity loss with persistent human disturbance 
increases vulnerability to ecosystem collapse. – Nature 494: 
86–89.

Martino, M., Semple, J. C. and Beck, J. B. 2020. Two cytotype 
niche shifts are of different magnitude in Solidago gigantea. – 
Am. J. Bot. 107: 1567–1576.

Matesanz, S., Horgan-Kobelski, T. and Sultan, S. E. 2012. Pheno-
typic plasticity and population differentiation in an ongoing 
species invasion. – PLoS One 7: e44955.

Matzek, V. 2012. Trait values, not trait plasticity, best explain inva-
sive species' performance in a changing environment. – PLoS 
One 7: e48821.

McDowell, S. C. 2002. Photosynthetic characteristics of invasive 
and noninvasive species of Rubus (Rosaceae). – Am. J. Bot. 89: 
1431–1438.

McIntyre, P. J. 2012. Polyploidy associated with altered and broader 
ecological niches in the Claytonia perfoliata (Portulacaceae) spe-
cies complex. – Am. J. Bot. 99: 655–662.

Medrano, H., Tomás, M., Martorell, S., Flexas, J., Hernández, E., 
Rosselló, J., Pou, A., Escalona, J.-M. and Bota, J. 2015. From 
leaf to whole-plant water use efficiency (WUE) in complex 
canopies: limitations of leaf WUE as a selection target. – Crop 
J. 3: 220–228.

Moura, R. F., Queiroga, D., Vilela, E. and Moraes, A. P. 2021. 
Polyploidy and high environmental tolerance increase the inva-
sive success of plants. – J. Plant Res. 134: 105–114.

Mráz, P., Tarbush, E. and Müller-Schärer, H. 2014. Drought toler-
ance and plasticity in the invasive knapweed Centaurea stoebe 
s.l. (Asteraceae): effect of populations stronger than those of 
cytotype and range. – Ann. Bot. 114: 289–299.

Mueller, R. L. 2015. Genome biology and the evolution of cell-size 
diversity. – Cold Spring Harb. Perspect. Biol. 7: a019125.

Murren, C. J., Auld, J. R., Callahan, H., Ghalambor, C. K., Han-
delsman, C. A., Heskel, M. A., Kingsolver, J. G., Maclean, H. 
J., Masel, J., Maughan, H., Pfennig, D. W., Relyea, R. A., Seiter, 
S., Snell-Rood, E., Steiner, U. K. and Schlichting, C. D. 2015. 
Constraints on the evolution of phenotypic plasticity: limits and 
costs of phenotype and plasticity. – Heredity 115: 293–301.

Nagy, D. U., Stranczinger, S., Godi, A., Weisz, A., Rosche, C., 
Suda, J., Mariano, M. and Pal, R. W. 2018. Does higher ploidy 
level increase the risk of invasion? A case study with two geo-
cytotypes of Solidago gigantea Aiton (Asteraceae). – J. Plant 
Ecol. 11: 317–327.

Neiman, M., Kay, A. D. and Krist, A. C. 2013. Can resource costs 
of polyploidy provide an advantage to sex? – Heredity 110: 
152–159.

Noble, D. W. A., Radersma, R. and Uller, T. 2019. Plastic responses 
to novel environments are biased towards phenotype dimen-
sions with high additive genetic variation. – Proc. Natl Acad. 
Sci. USA 116: 13452–13461.

Nuismer, S. L. and Thompson, J. N. 2001. Plant polyploidy and 
non-uniform effects on insect herbivores. – Proc. R. Soc. B 268: 
1937–1940.

Oh, M., Heo, Y., Lee, E. J. and Lee, H. 2021. Major environmen-
tal factors and traits of invasive alien plants determine their 
spatial distribution: a case study in Korea. – J. Ecol. Environ. 
45: 18.

Pal, R. W., Maron, J. L., Nagy, D. U., Waller, L. P., Tosto, A., Liao, 
H. and Callaway, R. M. 2020. What happens in Europe stays 
in Europe: apparent evolution by an invader does not help at 
home. – Ecology 101: e03072.

Palacio-López, K. and Gianoli, E. 2011. Invasive plants do not 
display greater phenotypic plasticity than their native or non-
invasive counterparts: a meta-analysis. – Oikos 120: 1393–1401.

Pandit, M. K., Tan, H. T. W. and Bisht, M. S. 2006. Polyploidy in 
invasive plant species of Singapore. – Bot. J. Linn. Soc. 151: 
395–403.

Pandit, M. K., Pocock, M. J. O. and Kunin, W. E. 2011. Ploidy influ-
ences rarity and invasiveness in plants. – J. Ecol. 99: 1108–1115.

Pearson, D. E., Ortega, Y. K., Villarreal, D., Lekberg, Y., Cock, M. 
C., Eren, Ö. and Hierro, J. L. 2018. The fluctuating resource 
hypothesis explains invasibility, but not exotic advantage fol-
lowing disturbance. – Ecology 99: 1296–1305.

Peng, Y., Yang, J., Leitch, I. J., Guignard, M. S., Seabloom, E. W., 
Cao, D., Zhao, F., Li, H., Han, X., Jiang, Y., Leitch, A. R. and 
Wei, C. 2022. Plant genome size modulates grassland com-
munity responses to multi-nutrient additions. – New Phytol. 
236: 2091–2102.

Penuelas, J., Poulter, B., Sardans, J., Ciais, P., Van Der Velde, M., 
Bopp, L., Boucher, O., Godderis, Y., Hinsinger, P. and Llusia, 
J. 2013. Human-induced nitrogen–phosphorus imbalances 
alter natural and managed ecosystems across the globe. – Nat. 
Commun. 4: 2934.

Peperkorn, R., Werner, C. and Beyschlag, W. 2005. Phenotypic 
plasticity of an invasive Acacia versus two native Mediterranean 
species. – Funct. Plant Biol. 32: 933–944.

Pérez, J. E., Alfonsi, C., Nirchio, M. and Barrios, J. 2006. The inbreed-
ing paradox in invasive species. – Interciencia 31: 544–546.

Pichancourt, J. B., Chadès, I., Firn, J., van Klinken, R. D. and 
Martin, T. G. 2012. Simple rules to contain an invasive species 
with a complex life cycle and high dispersal capacity. – J. Appl. 
Ecol. 49: 52–62.

Pigliucci, M., Murren, C. J. and Schlichting, C. D. 2006. Pheno-
typic plasticity and evolution by genetic assimilation. – J. Exp. 
Biol. 209: 2362.

Plantamp, C., Henri, H., Andrieux, T., Régis, C., Mialdea, G., 
Dray, S., Gibert, P. and Desouhant, E. 2019. Phenotypic plas-
ticity in the invasive pest Drosophila suzukii: activity rhythms 
and gene expression in response to temperature. – J. Exp. Biol. 
222: jeb199398.

Porté, A. J., Lamarque, L. J., Lortie, C. J., Michalet, R. and Delzon, 
S. 2011. Invasive Acer negundo outperforms native species in 
non-limiting resource environments due to its higher pheno-
typic plasticity. – BMC Ecol. 11: 28.

Pyšek, P. and Richardson, D. M. 2010. Invasive species, environ-
mental change and management, and health. – Annu. Rev. 
Environ. Resour. 35: 25–55.

Ramsey, J. and Ramsey, T. S. 2014. Ecological studies of polyploidy 
in the 100 years following its discovery. – Phil. Trans. R. Soc. 
B 369: 20130352.

Rao, P., Hutyra, L. R., Raciti, S. M. and Templer, P. H. 2014. 
Atmospheric nitrogen inputs and losses along an urbanization 
gradient from Boston to Harvard Forest, MA. – Biogeochem-
istry 121: 229–245.

Rausher, M. D. and Simms, E. L. 1989. The evolution of resistance 
to herbivory in Ipomoea purpurea I. Attempts to detect selection. 
– Evolution 43: 563–572.

Rejlová, L., Chrtek, J., Trávníček, P., Lučanová, M., Vít, P. and 
Urfus, T. 2019. Polyploid evolution: the ultimate way to grasp 
the nettle. – PLoS One 14: e0218389.

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J. and Pigli-
ucci, M. 2006. Jack of all trades, master of some? On the role of 
phenotypic plasticity in plant invasions. – Ecol. Lett. 9: 981–993.

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Page 17 of 18

Rindyastuti, R., Hapsari, L. and Byun, C. 2021. Comparison of 
ecophysiological and leaf anatomical traits of native and inva-
sive plant species. – J. Ecol. Environ. 45: 4.

Rosche, C., Durka, W., Hensen, I., Mráz, P., Hartmann, M., Mül-
ler-Schärer, H. and Lachmuth, S. 2016. The population genet-
ics of the fundamental cytotype-shift in invasive Centaurea 
stoebe sl: genetic diversity, genetic differentiation and small-scale 
genetic structure differ between cytotypes but not between 
ranges. – Biol. Invas. 18: 1895–1910.

Rosche, C., Hensen, I. and Lachmuth, S. 2018. Local pre-adapta-
tion to disturbance and inbreeding-environment interactions 
affect colonisation abilities of diploid and tetraploid Centaurea 
stoebe. – Plant Biol. (Stuttg.) 20: 75–84.

Rosche, C.  et  al. 2019. Climate outweighs native vs nonnative 
range-effects for genetics and common garden performance of 
a cosmopolitan weed. – Ecol. Monogr. 89: 1–20.

Rutland, C. A., Hall, N. D. and McElroy, J. S. 2021. The impact 
of polyploidization on the evolution of weed species: historical 
understanding and current limitations. – Front. Agron. 3: 
626454.

Ryan, L. M. and Gunderson, A. R. 2021. Competing native and 
invasive Anolis lizards exhibit thermal preference plasticity in 
opposite directions. – J. Exp. Zool. A Ecol. Integr. Physiol. 335: 
118–125.

Sánchez Vilas, J. and Pannell, J. R. 2017. No difference in plastic-
ity between different ploidy levels in the Mediterranean herb 
Mercurialis annua. – Sci. Rep. 7: 9484.

Schlaepfer, D. R., Edwards, P. J., Semple, J. C. and Billeter, R. 
2008. Cytogeography of Solidago gigantea (Asteraceae) and its 
invasive ploidy level. – J. Biogeogr. 35: 2119–2127.

Schlaepfer, D. R., Edwards, P. J. and Billeter, R. 2010. Why only 
tetraploid Solidago gigantea (Asteraceae) became invasive: a 
common garden comparison of ploidy levels. – Oecologia 163: 
661–673.

Schultheis, E. H. and MacGuigan, D. J. 2018. Competitive ability, 
not tolerance, may explain success of invasive plants over 
natives. – Biol. Invas. 20: 2793–2806.

Segraves, K. A. and Anneberg, T. J. 2016. Species interactions and 
plant polyploidy. – Am. J. Bot. 103: 1326–1335.

Sémon, M. and Wolfe, K. H. 2007. Consequences of genome 
duplication. – Curr. Opin. Genet. Dev. 17: 505–512.

Sheng, M., Rosche, C., Al-Gharaibeh, M., Bullington, L. S., Call-
away, R. M., Clark, T., Cleveland, C. C., Duan, W., Flory, S. 
L., Khasa, D. P., Klironomos, J. N., McLeod, M., Okada, M., 
Pal, R. W., Shah, M. A. and Lekberg, Y. 2022. Acquisition and 
evolution of enhanced mutualism – an underappreciated mech-
anism for invasive success? – ISME J. 16: 2467–2478.

Šmarda, P., Hejcman, M., Březinová, A., Horová, L., Steigerová, 
H., Zedek, F., Bureš, P., Hejcmanová, P. and Schellberg, J. 
2013. Effect of phosphorus availability on the selection of spe-
cies with different ploidy levels and genome sizes in a long‐term 
grassland fertilization experiment. – New Phytol. 200: 911–921.

Soltis, P. S., Marchant, D. B., Van de Peer, Y. and Soltis, D. E. 
2015. Polyploidy and genome evolution in plants. – Curr. 
Opin. Genet. Dev. 35: 119–125.

Stutz, S., Mráz, P., Hinz, H. L., Müller-Schärer, H. and Schaffner, 
U. 2018. Biological invasion of oxeye daisy (Leucanthemum 
vulgare) in North America: pre-adaptation, post-introduction 
evolution, or both? – PLoS One 13: e0190705.

Suda, J., Meyerson, L. A., Leitch, I. J. and Pyšek, P. 2015. The 
hidden side of plant invasions: the role of genome size. – New 
Phytol. 205: 994–1007.

Te Beest, M., Le Roux, J. J., Richardson, D. M., Brysting, A. K., 
Suda, J., Kubešová, M. and Pyšek, P. 2012. The more the better? 
The role of polyploidy in facilitating plant invasions. – Ann. 
Bot. 109: 19–45.

Thompson, J. N., Cunningham, B. M., Segraves, K. A., Althoff, 
D. M. and Wagner, D. 1997. Plant polyploidy and insect/plant 
interactions. – Am. Nat. 150: 730–743.

Tsutsui, N. D., Suarez, A. V., Holway, D. A. and Case, T. J. 2000. 
Reduced genetic variation and the success of an invasive species. 
– Proc. Natl Acad. Sci. USA 97: 5948–5953.

Van de Peer, Y., Mizrachi, E. and Marchal, K. 2017. The evolution-
ary significance of polyploidy. – Nat. Rev. Genet. 18: 411.

Van de Peer, Y., Ashman, T. L., Soltis, P. S. and Soltis, D. E. 2021. 
Polyploidy: an evolutionary and ecological force in stressful 
times. – Plant Cell 33: 11–26.

Van Kleunen, M., Weber, E. and Fischer, M. 2010. A meta-analy-
sis of trait differences between invasive and non-invasive plant 
species. – Ecol. Lett. 13: 235–245.

Van Kleunen, M., Dawson, W. and Dostal, P. 2011. Research on 
invasive-plant traits tells us a lot. – Trends Ecol. Evol. 26: 317; 
author reply 319.

VanWallendael, A., Hamann, E. and Franks, S. J. 2018. Evidence 
for plasticity, but not local adaptation, in invasive Japanese 
knotweed (Reynoutria japonica) in North America. – Evol. Ecol. 
32: 395–410.

Vilà, M., Maron, J. L. and Marco, L. 2005. Evidence for the enemy 
release hypothesis in Hypericum perforatum. – Oecologia 142: 
474–479.

Vogt, G. 2017. Facilitation of environmental adaptation and evolu-
tion by epigenetic phenotype variation: insights from clonal, 
invasive, polyploid, and domesticated animals. – Environ. Epi-
genet. 3: 1–17.

Walczyk, A. M. and Hersch-Green, E. I. 2019. Impacts of soil 
nitrogen and phosphorus levels on cytotype performance of the 
circumboreal herb Chamerion angustifolium: implications for 
polyploid establishment. – Am. J. Bot. 106: 906–921.

Walczyk, A. M. and Hersch-Green, E. I. 2022. Do water and soil 
nutrient scarcities differentially impact the performance of dip-
loid and tetraploid Solidago gigantea (giant goldenrod, Aster-
aceae)? – Plant Biol. (Stuttg.) 24: 1031–1042.

Walczyk, A. M. and Hersch-Green, E. I. 2023. Data from: Inves-
tigating the effects of whole genome duplication on phenotypic 
plasticity: implications for the invasion success of giant golden-
rod Solidago gigantea. – Dryad Digital Repository, https://doi.
org/10.5061/dryad.3j9kd51qs.

Wang, C.-Y., Zhou, J.-W., Liu, J., Xiao, H.-G. and Wang, L. 2018. 
Differences in functional traits and reproductive allocations 
between native and invasive plants. – J. Cent. S. Univ. 25: 
516–525.

Wani, G. A., Shah, M. A., Reshi, Z. A. and Dar, M. A. 2018. 
Polyploidy determines the stage of invasion: clues from Kashmir 
Himalayan aquatic flora. – Acta Physiol. Plant. 40: 58.

Weber, E. and Schmid, B. 1998. Latitudinal population differen-
tiation in two species of Solidago (Asteraceae) introduced into 
Europe. – Am. J. Bot. 85: 1110.

Weber, E. and Jakobs, G. 2005. Biological flora of Central Europe: 
Solidago gigantea Aiton. – Flora: Morphol. Distrib. Funct. Ecol. 
200: 109–118.

Wei, N., Cronn, R., Liston, A. and Ashman, T. L. 2019. Func-
tional trait divergence and trait plasticity confer polyploid 
advantage in heterogeneous environments. – New Phytol. 221: 
2286–2297.

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.5061/dryad.3j9kd51qs
https://doi.org/10.5061/dryad.3j9kd51qs


Page 18 of 18

Wilsey, B. J. and Polley, H. W. 2006. Aboveground productivity 
and root–shoot allocation differ between native and introduced 
grass species. – Oecologia 150: 300–309.

Wolfe, L. M. and Mazer, S. J. 2005. Patterns of phenotypic 
plasticity and their fitness consequences in wild radish 
(Raphanus sativus: Brassicaceae). – Int. J. Plant Sci. 166: 
631–640.

Xie, D., Yu, D., Yu, L.-F. and Liu, C. 2010. Asexual propagations 
of introduced exotic macrophytes Elodea nuttallii, Myriophyl-
lum aquaticum, and M. propinquum are improved by nutrient-
rich sediments in China. – Hydrobiologia 655: 37–47.

You, W. H., Han, C. M., Fang, L. X. and Du, D. L. 2016. Prop-
agule pressure, habitat conditions and clonal integration influ-
ence the establishment and growth of an invasive clonal plant, 
Alternanthera philoxeroides. – Front. Plant Sci. 7: 568.

Yu, F. H., Roiloa, S. R. and Alpert, P. 2016. Editorial: global 
change, clonal growth, and biological invasions by plants. – 
Front. Plant Sci. 7: 1467.

Zenni, R. D., Lamy, J.-B., Lamarque, L. J. and Porté, A. J. 2014. 
Adaptive evolution and phenotypic plasticity during naturaliza-
tion and spread of invasive species: implications for tree inva-
sion biology. – Biol. Invas. 16: 635–644.

 16000706, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.09990 by M

ichigan Tech U
niversity, W

iley O
nline Library on [16/11/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License


	Introduction
	Material and methods
	Model species
	Plant sampling
	Experimental design
	Measured traits
	Growth traits
	Reproductive traits
	Physiological traits
	Antagonist resistance traits

	Statistics
	Trait level differences
	Phenotypic plasticity differences


	Results
	Growth traits
	Asexual reproduction
	Physiological traits
	Resistance traits

	Discussion
	Mean trait values and phenotypic plasticity responses varied among S. gigantea cytotypes
	Pre-adaptive attributes of tetraploids may have contributed to their invasive success
	Little evidence for post-introduction selection

	Conclusion
	Speculations

	Funding – This work was funded by an NSF CAREER grant awarded to EH-G (award no. 1941309), and a DeVlieg Fellowship and a research grant awarded to AW through Michigan Technological University, Houghton, MI, USA.
	Author contributions
	Data availability statement
	Supporting information

	References

