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Abstract

Invasive plantspecies pose significantecological and economic threats due to their establishmentand dominance
in non-native ranges. Previous studies have yielded mixed results regarding the plants” adaptive mechanisms for
thriving in new environments, and particularly, little is known about how the phenotypic plasticity of growth
and defense-related traits may facilitate plant invasion. This study addressed these uncertainties by employing
the aggressive weed Reynoutria japonica as a study model. We examined the differences in growth, defense-
related traits and biomass allocation between R. japonica populations from native and introduced ranges grown
in two common gardens with distinct climate conditions. Our results demonstrated that while the introduced
populations did not exhibit increases in height and total dry mass, nor reductions in leaf defense levels, their
investment in leaf production was significantly higher compared to the native populations. Additionally,
introduced populations displayed greater phenotypic plasticity in clonal ramet but less phenotypic plasticity in
biomass production than native populations across varying environments. These findings highlight the roles of
phenotypic plasticity and specific trait adaptations, such as clonality, in the successful invasion of R. japonica.
This study has important implications for managing invasive plant species under changing environmental
conditions.

Keywords: plant invasion, common garden, plant defense, biomass allocation, phenotypic plasticity, Reynoutria
japonica
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INTRODUCTION

Invasive plant species encounter new biotic and
abiotic environments when transitioning from
native to the introduced ranges (Cronin et al. 2015;
Lin et al. 2019). These environments may filter out
heritable variations that affect fitness in introduced
populations through natural selection. In particular,
significant differences in the biotic environment, such
as herbivory, exist between the native and introduced
ranges, which more prominently impact plant traits
(Xuetal 2021). The enemy release hypothesis (ERH)
suggests that plants can escape downregulation by
natural enemies and experience lower herbivory in
introduced ranges (Keane and Crawley 2002). Thus,
invasive plants can undergo a series of adaptive
evolutions, including reduced defense allocation,
accelerated growth rates, and increased reproductive
allocation (evolution of increased competitive ability,
EICA, Blossey and Notzold 1995). Although many
studies have compared differences in the growth and
defense traits of native and introduced populations
of alien plants, support for these hypotheses remains
inconsistent (Callaway et al. 2022; Felker-Quinn ef al.
2013).

On the other hand, the experimental sites
may significantly influence variations in invasive
plant traits across ranges. A few studies employing
multiple common gardens (e.g., Qin et al. 2013;
Yang et al. 2021) have demonstrated that differences
in plant traits among ranges can vary depending
on the experimental sites. One important reason
is phenotypic plasticity, the ability of a single
genotype to express different physiological or
morphological phenotypes in varying environments,
representing the adaptive ability in response to

various environmental factors (Bradshaw 1965;
Schlichting 1986). Theoretical studies have indicated
that phenotypic plasticity is genetically based and
is heritable, and it can be favored if it contributes
to fitness costs in novel environments during the
invasion process (Richards et al. 2006). Meta-
analyses have demonstrated that invasive plants are
more plastic than native plants (Bossdorf ef al. 2005;
Davidsonetal. 2011). However, studies on phenotypic
plasticity in plant growth and defense traits remain
scarce, and existing studies suggest that introduced
populations may evolve higher phenotypic plasticity
in growth and defense traits than native conspecifics
(Bhattaraietal. 2017; Yang et al. 2021). Future climate
change bears similarities to the new environmental
conditions encountered by plants when they invade
new habitats, and related research is also important
for predicting how invasive and non-invasive species
respond to global change (Davidson et al. 2011).
Many studies have compared plant trait differences
between native and introduced populations using
common garden experiments (Callaway et al. 2022;
Felker-Quinn etal. 2013). However, only a few studies
have fully tested the EICA hypothesis by addressing
growth and defense in the same species (Rotter and
Holeski 2018). Moreover, previous studies have
primarily focused on sexually reproducing species
and used their seeds as experiment materials, limiting
our understanding of the invasions by asexually
cloned species (Agrawal et al. 2015; Li et al. 2020).
Such studies using seeds fail to rule out the possibility
that the environments where mother plants grow
(i.e., maternal effects) influence observations and
compromise the generalizability of the research
results due to variations in reproduction methods
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(Gruntman et al. 2017). Dispersal through vegetative
propagation via rhizomes or their fragments is also
proposed as an important mechanism that allows
clonal invasive plants to colonize habitats that are
spatially heterogeneous at a fine scale, e.g., Phragmites
australis (Bhattarai et al. 2017) and Alternanthera
philoxeroides (Geng et al. 2016). The significant role
of clonality in promoting the invasive spread of
Helianthus tuberosus has been confirmed (Bock et al.
2018). Still, its impact on the invasion process of
plants dominated by asexual reproduction remains to
be explored. Additionally, the geographical location
of the common garden is crucial, as it determines the
environmental factors, such as climate, that greatly
affect experimental results and their interpretation
(Moloney et al. 2009). Furthermore, replicated
common garden experiments enable the detection
of genotype-by-environment (G x E) interaction
effects, and evidence for G x E effects has been
found in most studies using this experimental design
(Colautti et al. 2009), which is essential for testing the
roles of evolutionary changes and plasticity in plant
invasions (Yang et al. 2021).

Therefore, in this study, we employed an
aggressive clonal plant species, Reynoutria japonica
(Japanese knotweed), as a study model to investigate
the differences in growth, defense traits, and
plasticity of R. japonica populations from native
(China) and introduced (Europe) ranges grown in
two geographically distinct common gardens. We
specifically asked the following questions: (1) do
introduced populations exhibit superior growth
performance and reduced defense levels compared
to the native population, and (2) do introduced
populations display higher phenotypic plasticity and
specific trait adaptations than native populations?
This study aimed to provide a scientific basis for
understanding the phenotypic plasticity of growth
and defense in R. japonica during its invasion, and
the results offer insights into the management and
control of invasive clonal plant species.

MATERIALS AND METHODS

Study material

Reynoutria japonica, native to East Asia, including
China, Japan, and Korea, often appears as a pioneer
species on volcanic slopes and has widely invaded
Europe and North America (Beerling et al. 1994;
Del Tredici 2017). After introduction, it spreads
rapidly through rhizomes, especially along river

banks or roadsides, forming dense stands that often
extend over hundreds of square meters (Bimova et
al. 2004). Its rapid expansion and ecological niche
occupation strongly exclude native species and cause
serious damage to native ecosystems and economic
development (Lavoie 2017). Reynoutria japonica is
considered a major environmental threat in Europe
and North America. It is listed by the IUCN as one of
the world’s 100 most serious invasive alien species
(Lowe et al. 2000). The species’ expansion provides
an excellent opportunity to explore the underlying
mechanisms behind biological invasions.

Previous studies have shown that the introduced
populations of R. japonica in Europe consist of a
single female genotype (Hollingsworth and Bailey
2000; Zhang et al. 2016). This maintenance of high
fitness, even at a very low level of genetic variation,
suggests that introduced European populations
possess broad environmental tolerance (Schlichting
1986). Field biogeographic comparisons have shown
that R. japonica in France (introduced) faced fewer
herbivorous natural enemies, suffered from less
herbivory damage, and performed better than those
in Japan (native) (Maurel et al. 2013). The compound
composition of R. japonica extracts ditfered between
native China and introduced Europe (Fan et al.
2009). Nutrient addition experiments indicated that
the superior ability to exploit variable environments
could be a key mechanism for the successful
invasion of R. japonica (Parepa et al. 2013). However,
research on the differences in the plant traits and
environmental tolerance of native or introduced R.
japonica remains limited (Rouifed et al. 2018).

Common garden design

The plant materials used in this study were collected
from a cross-latitudinal survey of R. japonica across
the native range of China and the introduced ranges
of Europe (see Irimia ef al. 2023 for more details).
We established two common gardens at Fudan
University in Shanghai (31.33° N, 121.50° E) and
Henan University in Kaifeng (34.82° N, 114.30°
E). The two experimental sites differed in climatic
conditions (Supplementary Table S1 and Fig. S1).
We used rhizomes of 10 populations in each garden,
each from the native range in China and the
introduced range in Europe, with four individuals
per population (Fig. 1; Supplementary Table S2).
Individuals in these populations were all octoploid
and were evenly distributed across the latitudes of
the two ranges (Fig. 1; Supplementary Table S2).
In total, we grew 2 ranges x 10 populations x 4
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Figure 1: The locations of Reynoutria japonica source populations used in this study and the sites of common garden

experiments.

individual plants = 80 plants within each common
garden. On 11 March 2022, we treated all rhizomes
with fungicide and planted them into 20-L plastic
pots filled with 3.2 kg of potting soil (Pindstrup
Mosebrug A/S, Denmark). All pots were on a flat
clearing ground and covered with artificial grass
mats. The distance between pots was maintained
at least 90 cm to avoid aboveground interference
(see Cao et al. 2024 for more planting details). In
October 2022, we removed all aboveground parts
when most plants showed leaf senescence. In
the spring of 2023, plants in each pot sprouted
independently, and by March, all individuals in
the Shanghai and Kaifeng common gardens had
successfully germinated.

In the second year, at the beginning of the
growing season (early April), mid-June and
late June, 10 g of Osmocote fertilizer (Everris
International B.V, Heerlen, Netherlands,
N:P:K = 16:8:12), 500 mL of diluted (3:400) water-
soluble fertilizer (Miracle-Gro All Purpose Plant
Food, Scotts Miracle-Gro Products, Inc., Marysville,
OH, USA, N:P:K=30:14:16) and 3 g of Stanley
compound fertilizer (Stanley Agriculture Group
Co., Ltd, Shandong, China, N:P:K = 17:17:17) were
added to each pot, respectively. The plants were
checked daily and watered as needed when the
potting soil became dry during the experiment. We
placed a tray under each pot to prevent the loss of
water and nutrients. All plants were grown in the
two common gardens for 7 months.

Measurements
Plant growth-related traits

Atthe end of the growth period, the length of the tallest
shoot in each pot was measured from the soil surface
(£0.1 cm) and as the plant height. Additionally, to
measure the asexual cloning ability of R. japonica, we
counted the number of ramets higher than 10 cm
(taller ramets) and those lower than 10 cm (shorter
ramets) in each pot (Wang et al., unpublished data).
All plants were harvested and separated into stem,
leaf and root, dried at 75 °C for at least 72 h to a
constant weight, and weighed (+0.01 g). Leaf dry
mass for each plant was determined by summing the
dry weight of the sampled leaves from the midterm
and those at harvest; leaf dry mass and stem dry mass
were combined to calculate the shoot dry mass. To
assess biomass allocation patterns, we calculated the
ratios of leaf dry mass to stem dry mass (LSR) and
root dry mass to shoot dry mass (RSR) for all plants.

Leaf structural traits and chemistry

We quantified four leaf functional traits: leaf
thickness, toughness, C:N ratio and flavonoids
content, which are putatively associated with leaf
resistance against herbivores (Callaway et al. 2022;
Lin et al. 2015). The top three fully developed leaves
on the tallest shoot were collected to determine plant
leaf traits. Four to five leaves were collected to meet
testing requirements when individuals had smaller
leaves. Leaf thickness and toughness for each plant
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were determined by calculating the mean values of all
sampled leaves for each individual. Specifically, leaf
thickness was measured using a digital micrometer
(Digimatic Outside Micrometer, Mitutoyo, Japan),
and leaf toughness was assessed using a penetrometer
(FA10, SAUTER, Balingen, Germany). Subsequently,
all leaves were dried at 60 °C for at least 72 h to
prepare for chemical determinations.

Leaf total carbon (C), nitrogen (N) and flavonoids
content were measured in the dried leaves after
the samples were ground to the required particle
size using a ball mill (MM400, Retsch, Germany).
Total carbon (C) and nitrogen (N) were quantified
using an organic elemental analyzer (FlashSmart
Elemental Analyzer, Thermo-Fisher Scientific, USA)
through thermal combustion and TCD/IR detection
of CO,/N,. At the same time, leaf flavonoids content
was measured using reagent kits (Suzhou Comin
Biotechnology Co., Ltd, Suzhou, China).

Data analysis

All analyses were performed using R version 4.2.1
(R Core Team 2022). We used linear mixed models
to examine the effects of origin, garden and their
interactions on plant traits within each common
garden. These models treated the origin (China,
Europe), garden (Shanghai, Kaifeng) and their
interactions as fixed and population as random effects.
The significance of the fixed effect was assessed using
the Wald chi-squared test within the car package (Fox
and Weisberg 2018). For traits displaying a significant
origin effect (P<0.05), a Tukey post hoc test was
conducted using the emmeans () and pairs () functions
within the emmeans package (Lenth 2018).

To test whether leaf traits of populations from
native and introduced ranges differed in phenotypic
plasticity, we compared the differences in the slopes
of reaction’s norms to garden conditions (experiment
sites) for each plant trait across ranges (Valladares et
al. 2006; Yang et al. 2021). We used mixed-effects
models, treating origin, garden and their interaction
as fixed factors, and the population was treated as a
random effect. Specifically, we employed Tukey HSD
post hoc tests to examine differences in trait mean
values under various garden treatments in the mixed
model, particularly when native and introduced
populations exhibited differing responses to garden
treatment  (significant interactions involving
origin x garden; Yang et al. 2021).

To explore whether there was a quantitative trade-
off between plant dry mass and leaf defense-related
traits in native and introduced populations of R.

japonica, we performed Spearman’s rank correlation
analyses to calculate the correlation coefficient
between leaf trait mean and total dry mass mean
of each population within each garden using the
Hmisc package (Hauke and Kossowski 2011). Data
sets were separately analyzed for each range (native,
introduced) at each experimental site (Shanghai,
Kaifeng).

RESULTS

Growth performance

Origin of populations (ranges) had significant effects
on plant height, number of ramets, stem dry mass
and LSR, while experimental sites had a substantial
impact on height, leaf-, stem-, root- and total dry
mass, as well as LSR and RSR (Fig. 2; Table 1).
Additionally, the interaction between origin and
garden significantly affected the number of ramets,
stem-, root- and total dry mass and LSR (Fig. 2;
Table 1).

In Shanghai and Kaifeng common gardens, the
plant height of native populations was 21% and 32%
taller compared to introduced populations (Fig. 2a;
Table 1). While the number of taller ramets in the
introduced populations was respectively 49% and
325% higher than that in the native populations
(Fig. 2b). The number of shorter ramets in the
introduced populations was respectively 11.7 and
13.0 times higher than that of the native populations
(Fig. 2¢). The native populations exhibited notably
higher stem-, root- and total dry mass compared to
the introduced populations in the Shanghai common
garden (Fig. 2). However, only the stem dry mass
significantly differed in the Kaifeng common garden
(Fig. 2e). The LSR of the introduced populations was
respectively 69% and 26% higher than that of the
native populations in Shanghai and Kaifeng gardens
(Fig. 2h). However, no significant differences were
observed in leaf dry mass and RSR between native
and introduced populations in both common gardens
(Fig. 2d and i).

Leaf defense-related traits

Concerning leaf defense-related traits, the origin of
populations alone affected leaf thickness, and garden
affected leaf C:N ratio and flavonoids content (Fig. 3;
Table 1). Both origin and garden treatment, but
not their interaction, significantly affected leaf
toughness (Fig. 3; Table 1). Specifically, compared
with the native populations, introduced populations
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Figure 2: Growth performance of Reynoutria japonica from native (China) and introduced (Europe) ranges in Shanghai
and Kaifeng. (a) Height, (b) number of taller ramets, (c) number of shorter ramets, (d) leaf dry mass, (e) stem dry mass, (f)
root dry mass, (g) total dry mass, (h) LSR and (i) RSR. N = 40 for each treatment. Values are means + SD. Different letters
indicate significant differences among treatments at P < 0.05 based on linear mixed models followed by Tukey’s HSD post

hoc tests.

displayed 23% and 19% higher leaf thickness, with
10% and 14% higher toughness in the Shanghai
and Kaifeng gardens, respectively (Fig. 3a and b).
Differences in leaf C:N ratio and flavonoids content
were insignificant between native and introduced
populations in both common gardens (Fig. 3).

Phenotypic plasticity of plant trait

Native and introduced populations responded
differently to the experimental site in terms of
numbers of taller and shorter ramets, stem-, root-
and total dry mass (significant O x G interactions;
Table 1). For traits such as stem-, root- and total
dry mass, the absolute variations were more
pronounced in the native populations (Fig. 4).
Conversely, the absolute increase in numbers of
taller and shorter ramets was lower in the native

populations than in the introduced populations
when grown in Kaifeng, compared with Shanghai
(Fig. 4a and b). The response of LSR in the
introduced populations was the opposite, yet of
approximately the same magnitude as that in the
native populations (Fig. 4f).

Correlation between growth and defense-
related traits

We further tested the correlations between plant
growth and defense-related traits to examine the
trade-offs between plant growth and defense. We
found a significant positive correlation between the
leat C:N ratio and the total dry mass of the native
populations in Shanghai (Table 2). However, no
significant correlations were found between other
leaf defense-related traits and total dry mass in the
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Table 1: Effects of origin (O), garden (G) and their interactions, as well as populations, on plant traits of Reynoutria japonica

No. of

No. of

Leaf dry Stem dry Rootdry Total dry

Shorter

taller

ramets mass mass mass mass LSR RSR Thickness Toughness C:N ratio Flavonoids
xXP xP

ramets

Height

xXP xXP XP xXP

xP

xP

xP

xP xP xXP xXP

DF

Variable

235.02%%%  402.08*** 0.01 12.46%** 1.71 2.66 18.27%*%* <0.01 79.00%** 8.75%* 0.45 0.02

34.23%%*

1

Origin

111.24%** 0.28 1.45 79.05%%*% 161.67***  426.56*** 544 47*** 4.18* 19.77%*** 1.48 54.13%** 24.49%** 5.23%

1

Garden

136.63%**  129.25%%* 1.46 58.57%*% 42.38*%** 58 37%%%  ]18.43 ¥ 0.08 2.19 0.04 1.76 0.67

0.83

0O xG

255.30%**

2136.31%**

873.89%**

4219.81%**

562.60%*8  640.20%**

4.76* 639.27%%% 595 71%**  656.48%** 924.24%**

44 57%%*

1147.46%**

1

Population

degree of freedom for each test. Statistical significance is indicated as: ***P < 0.001, **P < 0.01, *P < 0.05.

DF =

J Plant Ecol, 2024, 17:rtae067

native and introduced populations in both common
gardens.

DISCUSSION

Range differences in plant growth and allocation

Unlike native populations, introduced populations
displayed lower plant height and dry mass (Fig. 2),
which contradicted the predictions of the EICA
hypothesis, which posits that introduced populations
may exhibit higher growth (Blossey and Notzold
1995). Several studies have shown that plants within
the introduced range often grow larger than their
native counterparts (Leger and Rice 2003; Rotter
et al. 2019), while some studies report comparable
growth in native and introduced populations
(Buschmann et a/. 2005; Miiller and Martens 2005).
Additionally, reduced plant vigor has been observed
in introduced populations of certain species (Hinz
and Schwarzlaender 2004).

On the contrary, introduced populations
exhibited significantly more clonal ramets than
native populations (Fig. 2). The smaller plant size,
coupled with an increased number of asexual clonal
offshoots, can be explained by the Evolutionary
Reduced Competitive Ability (ERCA) hypothesis
(Bossdorf et al. 2004). This hypothesis posits that
invasive plants reduce their energy investment in
competitive traits that are costly in terms of resources
when competitors in the invasive community are
fewer or weaker. A reduction in competitive ability
can decrease intraspecific interactions and enhance
population fitness if plants in introduced populations
generally have more intraspecific neighbors
(Bossdorf et al. 2004). A study has shown that Solidago
canadensis from introduced populations exhibit larger
leaves, usually shorter than native populations in a
common garden (van Kleunen and Schmid 2003).
In our study, the high density of ramets of invasive
knotweeds undoubtedly intensified intraspecific
resource competition, resulting in shorter plants than
native populations (Fig. 2). This result also suggests
that the successful invasion of knotweed in Europe
may rely more on the quantity of asexual clonal
offshoots than their size.

Although the shoot-, root- and total dry mass of
the introduced populations were lower than that of
the native populations (not significant in the Kaifeng
common garden), there was no significant difference
in leaf dry mass between the source origins, a result
of differing biomass allocation patterns (Fig. 2).

Page 7 of 13

$20Z Jequieldag g| uo Jesn QyD ‘uspies) |eoluejog [eaidos) euueqbuenysix Aq €1 L2/ ///909B1/9// L/ejonie/adl/woo dno-oiwspeoe/:sdny wolj papeojumoq



J Plant Ecol, 2024, 17:rtae067

12
z (@ I Native(China)
@ [ ] Introduced (Europe)
a
=2 c
5 d
w5 4
)
-
Shanghai Kaifeng
45
(c)
0
© a
= a
= 30 b b
@)
315
Shanghai Kaifeng

Leaf thickness (mm)

Leaf flavonoids (mmol-g™")

0.48
(b)
a a
0.32 b b
0.16
0.00 , )
Shanghai Kaifeng
0.54
(d)
a a
036 a °
0.18
0.00
Shanghai Kaifeng

Figure 3: Leaf defense traits of Reynoutria japonica from native (China) and introduced (Europe) ranges in Shanghai
and Kaifeng. (a) Leaf toughness, (b) leaf thickness, (c) leaf C:N ratio and (d) leaf flavonoids. N = 40 for each treatment.
Values are means + SD. Different letters indicate significant differences among treatments at P < 0.05 based on linear mixed

models followed by Tukey’s HSD post hoc tests.

Introduced populations allocated more biomass to
leaves, whereas native populations allocated more
to stems. The former exhibited a significantly higher
leaf:stem ratio (Fig, 2), a larger specific leaf area
and a higher relative chlorophyll content (Wang et
al.,, unpublished data), suggesting that introduced
populations may enhance their light competitive
ability by investing more energy into leaf production
(Heberling and Fridley 2013; van Kleunen et al.
2011). Feng et al. (2009) have discovered that this
also holds for plants from introduced populations
of Ageratina adenophora, contributing to invasion
success by favoring genotypes with high specific leaf
area, photosynthetic rate and nitrogen use efficiency.

Range differences in leaf defense-related traits

We found that introduced populations exhibited
higher leaf thickness and toughness, with no
significant difference observed in leaf chemical
defense traits (Fig. 3), which contradicted another
prediction of the EICA hypothesis that introduced
populations exhibit lower defense levels than
native populations; however, previous studies
have provided mixed support for this hypothesis

(Bossdorf ef al. 2005; Rotter and Holeski 2018). A
survey of the invasive plant Phragmites australis
has revealed that the levels of leaf defense traits of
introduced populations, including leaf toughness,
leaf phenolics and leaf carbon, are not significantly
different from those of the native populations
(Bhattarai et al. 2017). Other common garden
experiments on invasive plants, such as studies on
Chromolaena odorata (Liao et al. 2014), Brassica nigra
(Oduor et al. 2011) and Verbascum Thapsus (Endriss
et al. 2018), have demonstrated that populations
in invaded areas exhibit similar or higher defense
levels than their native populations. Rouifed et
al. (2018) suggest that introduced populations
of R. japonica show no differences in secondary
metabolite composition, stem stiffness and leaf
thickness compared to native populations. Yet,
these populations exhibited significantly greater
leaf toughness in common gardens. Furthermore,
beyond defense against herbivores, leaf functional
traits such as thickness and flavonoids content play
crucial roles in other aspects, including resistance
to abiotic stress like ultraviolet radiation and
drought (Barton and Boege 2017; Yin et al. 2023)
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Figure 4: Interactions between origin and garden (experiment site) on plant traits that significantly affected by
origin x garden in Table 1. (a) Number of taller ramets, (b) the number of shorter ramets, (c) stem dry mass, (d) root
dry mass, (e) total dry mass and (f) LSR. N =40 for each treatment. Points are means = SD. The significance level of

origin x garden is indicated by ***P < 0.001.

and in enhancing plant competitiveness through
allelopathy (Zhang et al. 2021).

Growth and defense within populations should
theoretically trade off against each other to optimize
fitness due to physiological constraints or priorities
for growth or defense (Yang et al. 2021). However,
less than 20% of studies have found evidence of
trade-offs within species (Hahn and Maron 2016).
Intraspecific correlations between growth and
defense can vary with resource availability, with
a negative or no growth-defense trade-off in low-
resource areas and a positive correlation between

growth and defense in high-resource regions,
respectively (Hahn er al. 2021). We did not find
trade-offs between growth and defense-related traits
in native and introduced populations, possibly due
to higher resource availability in common gardens
(Table 2).

Our study further found that the plant traits varied
substantially in the two gardens. For instance, plants
tended to be taller in Shanghai, with higher leaf-,
stem-, root- and total dry mass, RSR, leaf toughness
and C:N ratio, but fewer ramets (Figs 2 and 3).
Inconsistency might be attributable to the differences
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Table 2: Spearman’s rank correlation coefficient between total dry mass and leaf defense-related traits of native and

introduced Reynoutria japonica

Total dry mass (Shanghai)

Total dry mass (Kaifeng)

Variable Range r
Thickness Native -0.19
Introduced -0.05
Toughness Native -0.21
Introduced —-0.18
C:N ratio Native 0.56
Introduced -0.02
Flavonoids Native -0.01
Introduced 0.15

Bold indicates a significant correlation (P < 0.05).

in abiotic and biotic factors between the two common
gardens (Supplementary Table S1 and Fig. S1). The
higher plant height and dry mass in the Shanghai
common garden might be due to the higher humidity
in this area, which more closely resembles the
environmental conditions of its field habitats, such as
riparian or riverside areas (Supplementary Table S2;
Del Tredici 2017). Our results thus underscore the
importance of utilizing multiple common gardens to
test the growth and defense of invasive plants (Qin
etal. 2013; Yang et al. 2021).

Range differences in phenotypic plasticity of
plant traits

The evolution of increased phenotypic plasticity
hypothesis postulates that alien plants have
developed enhanced phenotypic plasticity in invaded
areas compared to their native ranges (Bossdorf
et al. 2005; Richards et al. 2006), and our findings
partially corroborate this hypothesis (Fig. 4). We
found that introduced populations exhibited a higher
phenotypic plastic response in the number of ramets
compared to native populations in two common
garden environments (Fig. 4a and b). These results
aligned with other studies documenting increased
phenotypic plasticity in introduced populations, e.g.
in P. australis (Bhattarai et al. 2017), C. odorata (Liao
et al. 2020) and Alternanthera philoxeroides (Yang et al.
2021).

Previous studies have indicated that the
introduced populations of R. japonica in Europe and
North America are composed of a single female

P r P
0.229 -0.29 0.069
0.747 0.21 0.188
0.191 0.02 0.905
0.280 -0.19 0.240

<0.001 -0.22 0.182
0.892 -0.18 0.266
0.966 -0.17 0.306
0.360 0.11 0.490

genotype (Hollingsworth and Bailey 2000; Zhang
et al. 2016) and expanded primarily through clonal
propagation of a single asexual lineage (Gaskin et al.
2014; Richards et al. 2012). Our results suggest that
the successful invasion of R. japonica in Europe is
largely attributed to rhizome growth and enormous
phenotypic plasticity in clonal ramet capacity.
Contrary to the number of ramets, we found that
the phenotypic plasticity of stem-, root- and total dry
mass of the introduced populations was significantly
lower than that of the native populations (Fig. 4),
meaning that the introduced populations were more
adept at maintaining dry mass stability in varying
environments (a jack-of-all-trades, Richards et al.
2006). This phenomenon may partially explain the
success of invasive species in varying environments.

We used a relatively large number of populations
within China (native) and Europe (introduced) and
conducted common gardens at two experimental sites
with different climatic conditions (Supplementary
Table S1), which resulted in relatively robust results.
However, the ancestor of the European populations
can be traced to Nagasaki, Japan (Beerling et al. 1994;
Zhang et al., unpublished data). Consequently, future
comparisons with Japanese populations can provide
more insights into the mechanisms underlying the
successful invasion of R. japonica.

CONCLUSIONS

Our study utilized 2 common gardens and analyzed
10 populations from native and introduced ranges
to assess differences in growth and leaf defense
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traits contributing to the invasiveness of Japanese
knotweed. Our results indicated that neither the
height nor the dry mass of Japanese knotweed in
introduced populations increased, nor did the level of
leaf defense decrease compared to native populations.
The biomass allocation pattern in introduced
populations, particularly the investment in leaves,
was significantly higher than in native populations.
The greater plasticity in ramet number and reduced
plasticity in dry mass, characteristic of a ‘jack-of-
all-trades’, may underpin its successful invasion in
Europe. This study offers important insights into the
expansion mechanisms of R. japonica on a large spatial
scale. It provides a clear example of how clonality
promotes the successful invasion of alien plants. For
invasive plants like knotweed that primarily asexually
reproduce through clonal growth, control measures
targeting the rhizomes may be more effective.

Supplementary Material

Supplementary material is available at Journal of
Plant Ecology online.

Table S1: The monthly maximum, minimum
and average temperature, precipitation and
relative humidity in Shanghai and Kaifeng during
experiments (February—August; data from https://
www.qweather.com/).

Table S2: Sampling locations of Reynoutria japonica.
Figure S1: Principal component analysis (PCA) for
climate variables during the Shanghai and Kaifeng
common garden experiments.
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