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Abstract Nitrogen (N) enrichment may facilitate
plant invasion because exotic plant species usually
benefit more from high N availability and possess
competitive advantages over indigenous species. Two
non-exclusive mechanisms, phenotypic plasticity and
rapid adaptation, have often been used to explain the
colonization and range expansion of invasive plants in
novel habitats, but whether they are still applicable
under altered environmental conditions such as N
addition remains unclear. Here, we focused on a
weedy plant, Plantago virginica, which is native to
North America that invaded China. We conducted a
greenhouse experiment to compare the differences in
phenotypic traits (e.g., biomass, leaf traits and reproductive output) and plasticity between multiple native
and invasive populations subjected to high and low
nutrient availability. We found that the invasive
populations differentiated from native ones for a suite

of traits, suggesting that rapid adaptation may have
occurred in the invasive species. In particular, plants
of invasive populations were larger and produced
significantly more seeds per inflorescence and individual than their native counterparts. The traits
measured in both invasive and native populations
exhibited a large degree of plasticity in response to
altered N supply, indicating a ‘‘master-of some’’
superiority of P. virginica. Meanwhile, the leaf area
and belowground biomass of invasive populations at
vegetative stage had a higher degree of plasticity than
those of the native populations. Our results suggest
that both phenotypic plasticity and rapid adaptation
may jointly explain the advantages of invasive plants
in N-rich environments, thereby increasing the risk of
biological invasions under N deposition.
Keywords Invasion success  Plantago virginica 
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Introduction
Atmospheric nitrogen (N) deposition is a major
component of global environmental change and can
directly increase plant resource availability (Fowler
et al. 2013; Kanakidou et al. 2016) and affect plant
growth in many N-limited terrestrial ecosystems
(LeBauer and Treseder 2008). It has been
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hypothesized that N enrichment may increase the risk
of exotic species invasion (Vallano et al. 2012; Liu
et al. 2017), because invasive species usually possess a
wide range of tolerance to N availability so that they
are able to capitalize on the varied N in N-rich
ecosystems and outcompete native species (Vitousek
et al. 1997; Tyler et al. 2007; Bradley et al. 2010).
Therefore, understanding the mechanisms by which
invasive plants disproportionately benefit from N-rich
environments (Brooks 2003; Liu et al. 2013; Lu et al.
2015) is of critical importance in elucidating mechanisms of invasion success and predicting how invasive
species may respond to future climate change.
The ability of exotic species to colonize and persist
in a wide range of environments may stem from two
non-exclusive mechanisms: phenotypic plasticity and
rapid adaptation to local environments. Phenotypic
plasticity, which is defined as the ability of a genotype
to alter its phenotypic expression in response to
changes in environmental conditions, is able to
maximize plant performance and enhance ecological
niche breadth within a wide range of nutrient availability (Sultan 2000; Richards et al. 2006). Species
that benefit more from plasticity under increased
available resources are called ‘‘master-of some’’ (i.e.,
better able to increase fitness in favorable environments) (Leishman and Thomson 2005; Richards et al.
2006; Dawson et al. 2012). However, the existing
studies have shown no consistent evidence with
respect to the contribution of phenotypic plasticity to
invasion success. Davidson et al. (2011) conducted a
meta-analysis and found that invasive species were
nearly always more plastic than noninvasive species in
response to altered resource availability. In contrast,
another meta-analysis reported that there was little
evidence of differences in plasticity between invasive
plants and native or noninvasive closely related
species (Palacio-López and Gianoli 2011). This study
also suggested that phenotypic plasticity might play a
role only during the initial phases of plant invasion
given that tolerance to novel habitats is critical to plant
population growth.
Rapid adaptation may play a key role in determining the establishment success of newly introduced
species in a novel environment due to divergent
selection pressures (Miner et al. 2005; Oduor et al.
2016). Genetic differentiation in phenology, morphology and physiological traits can allow individuals to
maximize fitness gain and adapt to a range of
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environmental conditions. For instance, introduced
species can rapidly evolve and adapt to novel
environments via enhancing their competitive ability
(Lachmuth et al. 2011), increasing reproductive output
(Clark et al. 2001) and altering phenology (Franks
et al. 2007). A growing body of literature suggests that
local adaptation may be as important as phenotypic
plasticity for plant invasion under a wide range of
environmental conditions (Lee 2002; Maron et al.
2004; Facon et al. 2006; Chun et al. 2011; Oduor et al.
2016). It has also been considered that which of these
two mechanisms (i.e., phenotypic plasticity and
adaptation) is more important to contribute to better
performance of the invasive plants in new habitats
could be trait-dependent. For example, a meta-analysis reported that phenotypic plasticity was significantly more important than local genetic variation in
fecundity and biomass allocation, while opposite
patterns were found in phenology (Liao et al. 2016).
It is possible that phenotypic plasticity and rapid
adaptation co-occur and jointly explain invasion
success (Pigliucci 2005; Ghalambor et al. 2007),
because plasticity could also rapidly evolve in founder
populations just as other life history traits related to
fitness (Bossdorf et al. 2005; Buswell et al. 2011).
Several studies attempted to unravel phenotypic
plasticity and rapid adaptation by comparing differences in important traits expressed from native and
invasive populations. For example, Colomer-Ventura
et al. (2015) found that native and non-native populations of Senecio pterophorus differed in phenotypic
traits, but not in trait plasticity showing rapid
contemporary evolution in response to their local
climatic. Matesanz et al. (2012) showed that the
genotypes from the introduced-range populations of
Polygonum cespitosum expressed broadly similar
plasticity patterns in response to diverse light and
moisture conditions but no local evolution was
detected. Moroney et al. (2013) reported that phenotypic plasticity and the evolution of fitness-related trait
means in invasive populations have potentially contributed to the invasion of Centaurea melitensis in
California and Chile. Nevertheless, how these two
mechanisms determine the responses of invasive
plants to altered N availability remains poorly
understood.
Over recent decades, plant species that invaded into
the new environments were likely to experience
dramatic global change, including increased N

The role of phenotypic plasticity and rapid adaptation in determining invasion success

availability due to deposition or excess fertilization. N
enrichment might favor species with high phenotypic
plasticity or those are able to rapidly adapt to high N
environment. Here, we expect three possible scenarios
explaining plant invasion to increasing N environments. First, if high preadaptive phenotypic plasticity
drives the invasion success of an exotic species, the
invasive and native populations would have similar
responses to N addition, and they both would show the
same steep slope of the reaction norm (Fig. 1a).
Reaction norms are lines or curves on a plot of
environmental variables versus plant traits, such as
biomass (Richards et al. 2006). Second, if rapid
adaptation is the main mechanism of invasion success,
invasive plants would have better performance under
high N, but not necessarily under low N conditions. In
this case, the invasive populations would have significantly higher phenotypic plasticity, showing steeper
slope of the reaction norm than the native populations
(Fig. 1b). Third, if other selective pressure besides N
availability also plays a role in driving rapid adaptation and facilitating invasion, the invasive populations
would have better performance under both low and
high N levels than the native populations (Fig. 1c). In
this case, invasive populations may have similar
plasticity to native populations, showing a similar
slope of the reaction norm.
To unravel the roles of phenotypic plasticity and
local adaptation, we focused on a winter annual
invasive plant Plantago virginica L. (Virginia plantain) and conducted a greenhouse experiment to
examine the reaction norms of the phenotypic traits
of three native and three invasive populations under
two levels of N addition. The plant is native to North

Fig. 1 Theoretical diagrams showing the mechanisms of
phenotypic plasticity, rapid adaptation and evolved plasticity
as indicated by three different reaction norms with increasing
nitrogen supply. a Both invasive and native populations show a
large slope of the reaction norms; b invasive populations show
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America and was first reported in southeastern China
50 years ago (Guo and Li 1995). The average annual N
deposition in China increased from 13.2 kg in the
1980s to 21.1 kg N per hectare in the 2000s (Liu et al.
2013), and the southeast of the country is one of the
most affected areas (Xu et al. 2015). In the same
periods, the N deposition rate in the USA was
1.5–12.1 kg N ha-1 year-1 (Li et al. 2016). Therefore, the invasive populations may have been affected
more severely by N deposition compared with native
populations.

Materials and methods
Field sampling and seed germination
The seeds of P. virginica were collected in 2012 from
native (USA) and introduced ranges (China). In each
region, three populations were sampled (Fig. S1).
Within each population, we randomly selected at least
30 individuals representing different maternal families
(growing at least 1 m apart) along linear transects for
seed collection. The inflorescence with fully mature
seed of the focal individuals were cut and packed
separately into paper envelopes, and stored at 4 °C. In
October 2015, 20 seeds from each of 30 maternal
plants per population were germinated in Petri dishes
under controlled light (12 h daylight) and temperature
(20 °C). Only 10 individuals were used because of
variable germination success.

significantly steeper slope indicating better performance under
higher N supply level and higher phenotypic plasticity than the
native populations; c invasive populations show higher fitness
under both low and high N environments than the native
populations but do not differ in slope of the reaction norms
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Greenhouse experiment
After 12 days germination, healthy seedlings were
transplanted to 10 9 9 9 8 cm plastic pots filled with
soil and sand (1:3) and placed on flat trays in a
greenhouse at Pailou Teaching Research Base, Nanjing
Agricultural
University
(32°10 25.700 N,
0
00
118°51 48.1 E). The light availability of the greenhouse was 12-h day length and total photosynthetically active radiation, c. 1000 lmol m-2 s-1 during
the day.
Two levels of N were supplied: high N level (H),
with 210 mg L-1 N per pot, and the low N level (L),
with 52.5 mg L-1 N each pot. Nutrient solution
containing N and other essential elements (reference
Hoagland’s solution) was supplied at a rate of 5 ml per
week. While ammonium (NH4?) is the dominant form
of N in bulk deposition, the deposition of nitrate
(NO3–) has been increasing since the 1980s (Liu et al.
2013). Here, we created three N form treatments to
detect whether plants of native and invasive populations responded differently to N supply forms, (1)
ammonium (NH4?) supplied as (NH4)2SO4, (2) nitrate
(NO3–) supplied as KNO3, and (3) ammonium and
nitrate simultaneously supplied as NH4NO3. In each
treatment of N form, 2% nitrification inhibitor (nitrification inhibitor 3,4-dimethylpyrazol phosphate,
DMPP) was added to prevent nitrification. All plants
were observed and watered every 2 days. The positions of the pots were randomized once every 2 weeks
to control for the spatial heterogeneity in light and
temperature in the greenhouse. The final sample was
720 plants (2 regions 9 3 populations 9 3 N
forms 9 2 N levels 9 20 replicates/treatment).
Because preliminary analyses showed that there was
no significant effect of N form on any of the plant traits
measured, the individuals from the three N form
treatments were pooled in terms of the N supply levels.
Measurements
The experiment lasted for 5 months from December
15, 2015. We sampled the plants and measured traits at
the vegetative and reproductive stages. The first
sampling took place 3 months after seedlings were
transplanted. In April, photosynthetic rates were
measured using a LI-6400 portable photosynthesis
system with a fluorescence chamber (LI-COR) (n = 5
plants randomly selected per population and
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treatment). The measurement was conducted at
1000 lmol photon m-2 s-1, under ambient conditions
of humidity and temperature. The second sampling
was on 15th May, when all of the plants were mature.
For each sampling, 30 individuals per nitrogen supply
level were sampled. Phenotypic traits (i.e., the aboveand belowground biomass, leaf area, length and width
of the biggest leaf, number and length of inflorescences, seed number per individual, and individual
seed size) were measured. Specifically, we collected
the above- and belowground parts and weighed the
biomass separately after oven-drying at 65 °C to a
constant mass and scanned the largest fresh leaf and
calculated the length, width and leaf area using ImageJ
software (Rueden et al. 2017). The SLA was determined as the leaf area per unit leaf dry mass. We
measured the total seed number and length of two
inflorescences per individual, to determine the average
seed number per unit of inflorescence length. Then, the
total seed output was estimated via multiplying the
total inflorescence length by the number of seeds per
unit inflorescence length.
Statistical analyses
We first performed Pearson correlation analysis with
the ‘‘stats’’ R package for all pairwise trait comparisons of growth and reproductive traits means at
vegetative and reproductive stages. Then, we performed a principal component analysis (PCA) using
highly related traits that we detected with the ‘‘vegan’’
R package (Oksanen et al. 2015). The PCA scores
were used in ANOVAs. Parallel analysis was used to
determine the number of principal components (PC’s)
to retain (Franklin et al. 1995).
Nested two-way ANOVAs were used to detect the
effects of geographic ranges, N supply level, and their
interactions at two growth stages on the PCA scores.
Population was nested within range.
To examine phenotypic plasticity, we calculated
the PI for a specific trait as the difference in mean
values between low and high N levels divided by the
maximum mean value (per trait), according to Valladares et al. (2000):
PI ¼ ½MeanðH ÞMeanðLÞ=Max½MeanðH Þ; MeanðLÞ
Means were calculated from 30 individuals of each
population. Student’s t test was used to compare
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phenotypic plasticity between invasive and native
ranges. PI ranges from 0 (no plasticity) to ± 1
(maximum plasticity). We conducted all analyses
with JMP version 7.0 (SAS Institute Inc., Cary, NC,
USA).
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water useability (Table 1). At vegetative stage, the
PCA identified three independent axes of trait variation, with each PC broadly associated with plant size
traits (PC1, 60% of total variation), leaf RWC and
SLA (PC2, 22% of total variation) and leaf length/
width ratio and root/shoot ratio (PC3, 18% of total
variation), respectively (Fig. S4; Table S1).

Results
Covariation in multivariate reproductive traits
Bivariate trait correlations
Pairwise relationships between most of these plant
traits at vegetative and reproductive stages were
highly related (Figs. S2 and S3). Specifically, at
vegetative stage, aboveground biomass was positively
correlated with belowground biomass (r2 = 0.80,
p \ 0.001) and other five leaf traits (fresh weight
(r2 = 0.73, p \ 0.001), dry weight (r2 = 0.79,
p \ 0.001), leaf length (r2 = 0.69, p \ 0.001), leaf
width (r2 = 0.56, p \ 0.001) and leaf area (r2 = 0.75,
p \ 0.001)). The SLA was only associated with leaf
RWC (r2 = 0.75, p \ 0.001) (Fig. S2). At reproductive stage, aboveground biomass was highly and
positively related to belowground biomass
(r2 = 0.66, p \ 0.001) and negatively related to root/
shoot ratios (r2 = - 0.46, p \ 0.001) (Fig. S3). There
was a high correlation between leaf fresh weight, dry
weight, area, length and width (r2 = 0.80–0.94,
p \ 0.001 for all tests) (Fig. S3). Inflorescence length
was positively correlated with inflorescence number
(r2 = 0.69, p \ 0.001), total seed weight (r2 = 0.80,
p \ 0.001) and seed number (r2 = 0.87, p \ 0.001),
but was unrelated to 100-seed weight (r2 = 0.25,
p [ 0.05) (Fig. S3).
Covariation in multivariate growth traits
The first three PCA axes explained 74% of the
variation in the 11 plant growth traits among P.
virginica at reproductive stage (Fig. 2a). PCA axis 1
explained the majority of this variation (45%) and was
positively associated with leaf size traits (i.e., fresh
and dry weight, length, width and area), but negatively
associated with root/shoot ratio (Fig. 2a; Table 1).
PCA axis 2 explained a further 15% of the variation,
which was associated with plant above- and belowground biomass traits (Fig. 2a; Table 1). PCA axis 3
explained 14% variation and was significantly related
to SLA and RWC, which reflecting leaf economics and

The first two PCA axes explained 76% of the variation
in the five plant reproductive traits in P. virginica
(Fig. 2b). The PCA axis 1 explained 50% of the
variation and was significantly positively associated
with four of the five reproductive traits, including
inflorescence number and length, total seed biomass
and number (Fig. 2b; Table 2). The further 26% of the
variation was significantly related to 100-seed weight
(Fig. 2b; Table 2).
Effects of N supply level on plant growth traits
Across native and introduced ranges, nitrogen treatment had significant effects on growth traits at both
vegetative and reproductive stages (Tables 3, 4 and
S2). Under higher N supply level, plant individuals
grew with bigger leaf, larger biomass and more
reproductive output (Figs. 3, 4 and 5; Figs. S5 and
S6), but lower root/shoot ratios (Fig. 3c).
Variations in plant traits between invasive
and native ranges
At reproductive stage, there was no significant difference in above- and belowground biomass between
invasive and native populations (Fig. 3a, b; Table 3).
The root/shoot ratio of invasive populations was
12.6% lower than native populations at high N supply
level (Fig. 3c). Furthermore, invasive populations had
larger leaf size traits than native populations at both
low and high nitrogen levels (Fig. 4; Table 3). Range
and nitrogen had significantly interactive effects on
leaf RWC and SLA (Table 3). Compared to native
populations, these two leaf traits of invasive populations were more stable in response to nitrogen addition
(Fig. 4b, c). Invasive populations produced fewer
(26.2% at high N level; 14.5% at low N level), but
longer (6.8% at high N level; 9.4% at low N level)
inflorescences than native populations, resulting in
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Fig. 2 Principal
component analysis (PCA)
of a plant growth traits and
b reproductive traits at
reproductive stage in
Plantago virginica.
Abbreviations of traits:
A-biomass = aboveground
biomass,
B-biomass = belowground
biomass, R/S = root/shoot
ratio, L/W = length/width
ratio of leaf

Table 1 Principal component (PC) factor loadings for plant
growth traits in Plantago virginica measured at reproductive
stage

Table 2 Principal component (PC) factor loadings for plant
productive traits in Plantago virginica
PC 1

PC 2

PC 1

PC 2

PC 3
Eigenvalue

3.05

1.21

Eigenvalue

4.91

1.64

1.55

Variance explained (%)

50

26

Variance explained (%)

45

15

14

Inflorescence number

0.80

- 0.21

A-biomass (g)

0.50

0.64

0.17

Inflorescence length (cm)

0.94

0.17

B-biomass (g)

0.13

093

0.03

Total seed biomass (g)

0.84

0.43

Root/shoot ratio

- 0.53

0.16

- 0.20

100-seed weight (g)

0.09

0.95

Fresh weight (g)

0.96

0.12

0.03

Seed number

0.91

0.23

Dry weight (g)

0.94

0.15

- 0.24

RWC (%)

0.17

- 0.11

0.83

Length (cm)
Width (cm)

0.87
0.93

0.30
0.10

0.06
0.10

0.01

0.39

- 0.07

Leaf area (mm )

0.95

0.20

0.06

SLA (mm2/g)

- 0.07

0.07

0.85

Length/width ratio
2

Bolded values are those with eigenscores [ 0.5, indicating a
significant association with corresponding PC axes

greater total seed mass (9.1% at high N level; 7.8% at
low N level) and seed number (13.5% at high N level;
36.3% at low N level) (Fig. 5; Table 4). No significant
variation in individual seed mass was detected
between native and invasive populations (Table 4).
At vegetative stage, plant biomass and leaf traits
were highly related (Fig. S2). Under higher N supply
level, invasive populations had wider (7.0% at high N
level; 0.01% at low N level) and larger leaf (11.4% at
high N level; 7.6% at low N level), greater aboveground biomass (7.5% at high N level; 7.4% at low N
level) and belowground biomass (23.9% at high N
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Bolded values are those with eigenscores [ 0.5, indicating a
significant association with corresponding PC axes

level; 11.4% at low N level) than native populations
(Figs. S5, S6; Table S2). Independently of nitrogen
addition level, invasive populations had a 19.6%
significantly higher root/shoot ratio and a 6.0% lower
leaf length/width ratio than native populations
(Figs. S5c and S6f). There was no difference between
invasive and native populations in leaf SLA and RWC
(Fig. S6).
Phenotypic plasticity of plant traits in response
to N addition
Phenotypic plasticity index values ranged from lowest
in root/shoot ratio (- 0.09 to - 0.00) to highest in leaf
area (0.41– 0.49) (Table 5). Generally, the plasticity
of all traits at the reproductive stage was lower than at
the vegetation stage (Table 5). Biomass, leaf and
reproductive traits all positively responded to N
addition in both invasive and native populations
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Table 3 Nested two-way ANOVA (F-ratios and significance levels) conducted to detect the effects of the nitrogen level, range,
population nested within range and their interactions on PCA axis scores at the reproductive stage of Plantago virginica (n = 60)
Source

DF

PC1

PC2

PC3

Nitrogen level

1

99.58***

33.58***

6.74*

Range

1

63.69***

Population [range]

4

1.39

0.69

1.94

Nitrogen level* range

1

6.60*

0.80

5.31*

Nitrogen level* population [range]

4

3.22*

0.71

4.97*

0.96

0.07

Significance levels: *: p \ 0.05, **: p \ 0.01 and ***: p \ 0.001; no symbol, p [ 0.05

Table 4 Nested two-way ANOVA (F-ratios and significance levels) conducted to detect the effects of the nitrogen level, range,
population nested within range and their interactions on PCA axis scores for the productive traits of Plantago virginica (n = 60)
Source

DF

PC1

PC2

Nitrogen level

1

262.97***

26.74***

Range

1

7.01**

Population [range]

4

18.70***

Nitrogen level* range

1

Nitrogen level* population [range]

4

3.76
12.95***

0.00
12.03***
0.37
2.08

Significance levels: *: p \ 0.05, **: p \ 0.01 and ***: p \ 0.001; no symbol, p [ 0.05

Fig. 3 Plant biomass traits (means (± SE)) of Plantago
virginica under low (L) and high (H) nitrogen levels (invasive,
red dots; native, blue triangles): a aboveground biomass,

b belowground biomass and c root/shoot ratio at reproductive
stage. The slope of the lines indicate the plasticity of the P.
virginica from two ranges in response to increased nitrogen

(Table 5). Plasticity index values of belowground
biomass and leaf area were significantly different
between invasive and native populations at the vegetative stage (Table 5).

Discussion
The main findings of this study indicate that the
invasive populations of P. virginica differed from
native ones for a suite of traits. Plant growth traits in
both invasive and native populations showed a large
degree of plasticity in response to altered N availability, but the plasticity index values were not
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Fig. 4 Plant leaf traits
(mean (± SE)) of at
reproductive stages of
Plantago virginica from two
regions (invasive, red dots;
native, blue triangles) under
low (L) and high
(H) nitrogen level: a leaf
area, b SLA (specific leaf
area), c RWC (relative water
content), d leaf length, e leaf
width, f leaf length/leaf
width ratio. The slope of the
lines indicates the plasticity
of the P. virginica from two
ranges in response to
increased nitrogen

Fig. 5 Plant productive traits (mean (± SE)) of Plantago
virginica from two regions (invasive, red dots; native, blue
triangles) under low (L) and high (H) nitrogen level: a total seed
biomass, b 100-seed biomass, c seed number, d inflorescence
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number, e inflorescence length. The slope of the lines indicate
the plasticity of the P. virginica from two ranges in response to
increased nitrogen
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Table 5 Plasticity index values (mean with (± standard
error)) for plant biomass, leaf and reproductive traits (n = 18)
of Plantago virginica (n = 60) at the vegetative and
Plant traits

Invasive

2687

reproductive stages in response to nitrogen additions in plants
from native and introduced ranges (USA and China)
Native

Invasive

Native

Aboveground biomass (g)

0.40 (± 0.08)

0.24 (± 0.10)

0.23 (± 0.07)

0.18 (± 0.01)

Belowground biomass (g)

0.43 (± 0.02)

0.32 (± 0.08)

0.15 (± 0.06)

0.19 (± 0.04)

Root/shoot ratio

- 0.09 (± 0.03)

- 0.08 (0.03)

Leaf area (cm2)

0.49 (0.02)

0.41 (± 0.02)

- 0.01 (0.04)
0.43 (± 0.08)

- 0.00 (0.03)
0.48 (± 0.11)

SLA (cm2/g)

0.10 (± 0.02)

0.14 (± 0.03)

0.05 (± 0.04)

0.08 (± 0.04)

Leaf length (cm)

0.29 (± 0.03)

0.27 (± 0.02)

0.26 (± 0.02)

0.28 (± 0.02)

Leaf width (cm)

0.23 (± 0.02)

0.20 (± 0.02)

0.23 (± 0.02)

0.29 (± 0.03)
- 0.01 (± 0.02)

Leaf length/leaf width ratio

0.07 (± 0.01)

0.08 (± 0.03)

0.02 (± 0.02)

Total seed mass (g)

–

–

0.16 (± 0.04)

0.23 (± 0.03)

100-seed weight (g)

–

–

0.04 (± 0.01)

0.04 (± 0.01)

Seed number
Inflorescence number

–
–

–
–

0.18 (± 0.04)
0.19 (± 0.03)

0.23 (± 0.04)
0.18 (± 0.03)

Inflorescence length (cm)

–

–

0.20 (± 0.02)

0.22 (± 0.04)

Significant difference values as measured by t tests (p \ 0.05) are denoted by bold font

significantly different with two exceptions (i.e.,
belowground biomass and leaf area) at vegetative
stage. These results suggest that phenotypic plasticity
and rapid adaptive differentiation in traits after
introduction may together contribute to enhanced
performance and increased invasiveness of P. virgincia in new ranges.
Plastic responses of growth and reproductive traits
to N addition
Plants usually prefer to use NO3––N than NH4?–N.
First, NO3– can diffuse more rapidly to root through
soil water. Second, high concentrations of NH4? can
cause toxicity (Raab and Terry 1994; Miller et al.
2007; Ashton et al. 2008). Since elevated atmospheric
deposition can disproportionately increase the availability of NO3– or NH4? in soil, introduced plants may
transform their preference to adapt to the new
environments with sufficient but different forms of N
(McKane et al. 1990; Ashton et al. 2010; Song et al.
2015). In our study, however, N forms did not affect
the growth of plants in both native and invasive
populations, indicating that P. virginica may not have
a preference for NO3– or NH4?, which is generally
related to the physiological adaptations of plants to
natural ecosystems (Ashton et al. 2008; Boudsocq

et al. 2012). Furthermore, plants’ preference to N
forms showed no difference between invasive and
native populations. These results suggest that P.
virginica may have either higher tolerance to NH4?
or higher homeostasis in utilizing different forms of N.
It has been reported that there is a positive
correlation between N deposition and invasive plant
species abundance at a regional scale (SchererLorenzen et al. 2007) and the response of invasive
plants to increased N deposition is significantly higher
than that of native plants (González et al. 2010;
Seebens et al. 2015; Liu et al. 2017). In this study, we
found that both invasive and native populations of P.
virginica were very sensitive to N addition and
showed better performance under high N supply level.
It is suggested that P. virginica was highly plastic in
response to altered available N, supporting the idea
that phenotypic plasticity is one of the characteristics
of widespread colonizing plants (Richards et al. 2006).
High phenotypic plasticity in plant traits in response to
altered environments would be advantageous during
the colonization and expansion into multiple habitats
in a new range (Sultan 2000; Hulme 2007; Funk 2008).
The comparisons of fitness-related traits (e.g., total
seed number and total seed mass) indicated that P.
virginica was able to take advantage of available N
rapidly and obtain greater fitness under N-rich
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environments suggesting a ‘‘master-of some’’ strategy.
Previous comparisons between invasive species and
native species have revealed similar ‘‘master-of
some’’ strategies in invasive species (Sultan 2000).
For example, Milberg et al. (1999) grew five exotic
and five native annual Asteraceae at 10 different
nutrient levels and found that invasive species generally showed greater biomass increase at high nutrient
levels than native species. As a ‘‘master-of some,’’ P.
virginica could increase the invasiveness and rapidly
expand into new ranges under the projected increase in
global N deposition.
Differentiation of growth and reproductive traits
between invasive and native populations
As reported by previous studies, invasive plant species
had significantly higher values than native plants in
traits relating to physiology, size and fitness (van
Kleunen et al. 2010), and higher growth rate or
reproductive capacity (Beckmann et al. 2009; van
Kleunen et al. 2010; Felker-Quinn et al. 2013; Parker
et al. 2013; Turner et al. 2014; Shang et al. 2015).
Compared with these interspecific comparisons,
intraspecific comparisons have important ecological
implications as well. Ecologically important differentiation between populations of the native and invaded
ranges reflects adaptation to novel conditions and
impacts the success of an introduction. Here, we
similarly found that most of these trait means were
significantly larger in invasive populations than in
native populations. The root/shoot ratios of invasive
populations are more flexible in response to N addition
than in native populations. As the N supply increases,
invasive populations invested more resources into the
aboveground biomass than into the belowground
biomass. The invasive populations had larger leaf
area, which is important to for light interception and to
increase the overall photosynthetic and growth rates
(Pearcy et al. 1987). Interestingly, we also found that
the leaves of invasive populations were significantly
more narrow than those of native populations. This
may indicate that the invasive populations are highly
effective in the leaf economics spectrum and may
increase the ability to intercept light from competitors
(Leishman et al. 2007; Funk et al. 2016). We did find
that the invasive populations of P. virginica possessed
a significant higher photosynthesis rate than the native
populations (Fig. S7). The changes in leaf morphology
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and function of invasive populations might be
attributed to the absence of herbivores in introduced
areas (Schierenbeck et al. 1994) and the resources
trade-off between chemical defense and plant growth.
These patterns of resource allocation in invasive plants
also support the optimal-resource allocation theory
(Bloom et al. 1985), which states that plants should
invest more resources into the organs that allow for
capturing limited resources (Niklas and Enquist 2002;
Weiner 2004).
High SLA is a typical feature for fast-growing
species (Adler et al. 2014; Dı́az et al. 2016) and has
been reported to be positively associated with invasiveness (Bossdorf et al. 2005; Zou et al. 2007;
Dawson et al. 2012). Contrary to these studies, we
found that SLA was lower in invasive populations than
in natives under high nitrogen addition. We speculate
that lower SLA in invasive populations might be
associated with varied physiological traits, such as
larger cell sizes, greater major vein allocation, greater
numbers of mesophyll cell layers and higher cell mass
densities (John et al. 2017). Moreover, the invasive
populations showed a significant increase in seed
number per inflorescence and total seed production
compared to those of native populations. Although
invasive populations were expected to produce larger
seeds within the introduced ranges than in the native
ranges, thereby increasing the survival probability, we
found no significant difference in individual seed size
between native and invasive populations. While
keeping stable seed size and dispersal ability, invasive
individuals of P. virginica could gain a greater return
by producing more seeds. Hence, high plasticity of
seed numbers and low variability of seed size may
present an evolutionary consequence driven by
stable natural selection (Sadras 2007). The shift in
resource allocation and reproductive strategy, genetic
changes between the native and invaded ranges,
resulting from multiple introductions and inter- or
intraspecific hybridization could also explain the
increased performance of invasive plants (Schierenbeck and Ellstrand 2009; Xu et al. 2017). These
adaptive differentiations in a suite of morphological
and physiological traits functioning together can
facilitate the invasion success of exotic species. Given
the limitation of our experimental design, however, we
might not be able to rule out the role of founder effects,
genetic drift or other evolutionary progress like
Evolution of Increased Competitive Ability (EICA)
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in accounting for the difference of traits between
ranges.
Evolved plasticity in invasive populations
If highly plastic genotypes are favored in invading
populations, phenotypic plasticity would vary among
populations and become adaptive to local environments (Schlichting and Pigliucci 1993; Hillstrom and
Cipollini 2011). Differentiation in plasticity among
species may reflect a phylogenetically conserved life
history strategy, whereas the changes in plasticity
among populations within a species are more likely
attributed to a rapid adaptation in new environments.
In this case, the plastic response of plants to altered
environments will lead to larger fitness gain. Using a
meta-analysis, Liao et al. (2016) found that phenotypic
plasticity might benefit from local genetic variation to
some extent because plasticity and genotypic variation
in plasticity among invasive populations were frequently detected simultaneously. In our study, significant higher plasticity indexes of invasive populations
were only found in leaf area and belowground
biomass, although there were significant differences
in fitness-related traits (e.g., total seed number, total
seed mass) and growth characteristics between two N
supply levels. This result supports the idea that the
higher plasticity of invasive species only sometimes is
associated with a greater gain in fitness than noninvasive species in response to a resource increase
(Davidson et al. 2011).
The variation in phenotypic plasticity among
populations depends on a balance between the benefits
and costs to fitness of being plastic (Sultan 2000). The
maintenance of plasticity in some traits could be
genetically costly because plasticity genes may
adversely affect the expression of other genes and
limit the subsequent expression of other adaptive traits
(Cipollini 2004, Cipollini et al. 2004; Kurashige and
Agrawal 2005). This can explain why invasive populations expressed similar or even lower levels of
plasticity than native populations as found in the
present study. The significant changes in plasticity in
leaf area and belowground biomass suggest that these
two traits may represent those which are subjected to
strong selection and are rapidly evolving.
Our study indicates how invasive and native
populations of P. virginica responded to different N
supply levels in a greenhouse, providing strong
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evidence of rapid adaptation following introduction.
The patterns of difference in both growth and reproductive traits are consistent with our third hypothesis
that invasive populations were expected to have higher
fitness under both low and high N environments than
the native populations. The magnitude of plasticity in
most of the traits was similar between invasive and
native populations suggesting that colonization of a
wide range of environments by invasive plants could
be due to high plasticity to undergo N resource
differentiation rather than rapid evolution in plasticity.
In conclusion, both rapid adaption and phenotypic
plasticity may jointly explain the successful invasion
of P. virginica. Understanding the mechanisms for
rapid differentiation in response to N addition may
help to explain the dynamics of biological invasions
under N deposition.
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González AL, Kominoski JS, Danger M, Ishida S, Iwai N,
Rubach A (2010) Can ecological stoichiometry help
explain patterns of biological invasions? Oikos
119:779–790
Guo Shuiliang, Li Y (1995) Preliminary study on exotic weeds
in Southeast China. Weed Sci 2:4–8
Hillstrom C, Cipollini D (2011) Variation in phenotypic plasticity among native and invasive populations of Alliaria
petiolata. Int J Plant Sci 172:763–772
Hulme PE (2007) Phenotypic plasticity and plant invasions: is it
all Jack? Funct Ecol 22:3–7
John GP, Scoffoni C, Buckley TN, Villar R, Poorter H, Sack L
(2017) The anatomical and compositional basis of leaf
mass per area. Ecol Lett 20:412–425
Kanakidou M, Myriokefalitakis S, Daskalakis N, Fanourgakis
G, Nenes A, Baker AR, Tsigaridis K, Mihalopoulos N
(2016) Past, present, and future atmospheric nitrogen
deposition. J Atmos Sci 73:2039–2047
Kurashige NS, Agrawal AA (2005) Phenotypic plasticity to
light competition and herbivory in Chenopodium album
(Chenopodiaceae). Am J Bot 92:21–26
Lachmuth S, Durka W, Schurr FM (2011) Differentiation of
reproductive and competitive ability in the invaded range
of Senecio inaequidens: the role of genetic Allee effects,
adaptive and nonadaptive evolution. New Phytol
192:529–541
LeBauer DS, Treseder KK (2008) Nitrogen limitation of net
primary productivity in terrestrial ecosystems is globally
distributed. Ecology 89:371–379
Lee CE (2002) Evolutionary genetics of invasive species.
Trends Ecol Evol 17:386–391
Leishman MR, Thomson VP (2005) Experimental evidence for
the effects of additional water, nutrients and physical disturbance on invasive plants in low fertility Hawkesbury
Sandstone soils, Sydney, Australia. J Ecol 93:38–49
Leishman MR, Haslehurst T, Ares A, Baruch Z (2007) Leaf trait
relationships of native and invasive plants: communityand global-scale comparisons. New Phytol 176:635–643
Li Y, Schichtel BA, Walker JT, Schwede DB, Chen X, Lehmann
CMB, Puchalski MA, Gay DA, Collett JL (2016)
Increasing importance of deposition of reduced nitrogen in
the United States. Proc Natl Acad Sci 113:5874–5879
Liao H, D’Antonio CM, Chen B, Huang Q, Peng S (2016) How
much do phenotypic plasticity and local genetic variation
contribute to phenotypic divergences along environmental
gradients in widespread invasive plants? A meta-analysis.
Oikos 125:905–917
Liu X, Zhang Y, Han W, Tang A, Shen J, Cui Z, Vitousek P,
Erisman JW, Goulding K, Christie P, Fangmeier A, Zhang
F (2013) Enhanced nitrogen deposition over China. Nature
494:459–462

The role of phenotypic plasticity and rapid adaptation in determining invasion success
Liu Y, Oduor AMO, Zhang Z, Manea A, Tooth IM, Leishman
MR, Xu X, van Kleunen M (2017) Do invasive alien plants
benefit more from global environmental change than native
plants? Glob Change Biol 23:3363–3370
Lu X, Siemann E, Wei H, Shao X, Ding J (2015) Effects of
warming and nitrogen on above- and below-ground herbivory of an exotic invasive plant and its native congener.
Biol Invasions 17:2881–2892
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Palacio-López K, Gianoli E (2011) Invasive plants do not display greater phenotypic plasticity than their native or noninvasive
counterparts:
a
meta-analysis.
Oikos
120:1393–1401
Parker JD, Torchin ME, Hufbauer RA, Lemoine NP, Alba C,
Blumenthal DM, Bossdorf O, Byers JE, Dunn AM,
Heckman RW, Hejda M, Jarošı́k V, Kanarek AR, Martin
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