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Abstract While local adaptation and phenotypic plasticity are commonly observed in 
species occupying heterogeneous environments, these phenomena are less well understood 
in invasive species. However, plant invasions offer the opportunity to study these dynamics 
as they occur in species colonizing new habitats. In this study, we examined local adapta-
tion and phenotypic plasticity in an invasive plant, Reynoutria japonica, across a broad 
latitudinal range within North America. We performed full-factorial reciprocal transplants 
using plants from three sites and examined fitness responses in both sexual and clonal 
reproductive measures, as well as vegetative responses in height, basal stem diameter, 
and biomass. For all vegetative traits, there was a significant effect of source population, 
indicating genetic differentiation among populations. There was also a significant effect 
of transplant site, suggesting phenotypic plasticity. However, there was no evidence of 
local adaptation at the North American meta-population level for either measure of sexual 
or clonal fitness. All three comparisons for sexual fitness failed to show any differences 
between source populations, indicating a lack of local adaptation. For clonal fitness, two of 
the three comparisons showed local maladaptation, and only one showed greater fitness at 
the home compared to foreign sites, but this population had greater fitness at all sites, indi-
cating greater fitness overall for this population rather than local adaptation. The fact that 
we did not detect consistent patterns of local adaptation in these populations across a broad 
geographic range is somewhat surprising given that local adaptation appears common in 
many species, including invasives, and that the populations have been established for over 
a century. However, the lack of local adaptation observed in this species may indicate that 
phenotypic plasticity within the species is sufficient to allow the persistence of R. japonica 
in a variety of environments across its invaded range.
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Introduction

Local adaptation, in which natural selection has resulted in populations showing greater 
success in their resident environment, is a widespread phenomenon in plants (Leimu and 
Fischer 2008; Savolainen et al. 2013). However, the factors that influence whether or not a 
population becomes locally adapted have not been fully elucidated, particularly for inva-
sive species (Savolainen et al. 2013; Oduor et al. 2016). Invasive species often occupy a 
wide variety of habitats in their invaded range, which may differ from those occupied in the 
native range. Plant invasions may serve as natural experiments of evolution in response to 
anthropogenic activity, and offer an opportunity to examine the dynamics of local adapta-
tion and phenotypic plasticity as organisms colonize new habitats (Colautti et al. 2010).

The capacity to compete in a range of environments as a species spreads is essential for 
the success of invasive species, and can arise through adaptive evolution to local condi-
tions, phenotypic plasticity, or a combination of both mechanisms (Lee 2002; Bossdorf 
et al. 2005; Davidson et al. 2011). Local adaptation exists when an organism has higher 
average fitness while in their local environment relative to foreign individuals in that same 
environment (Kawecki and Ebert 2004; Savolainen et al. 2013; Blanquart et al. 2013). Suc-
cess in an environment can also be attributed to adaptive phenotypic plasticity. Phenotypic 
plasticity is best defined as the capacity of a given genotype to express different phenotypes 
in different environments (Sultan 2000), and is adaptive when those phenotypes produce 
higher fitness than would be possible with less plasticity (Ghalambor et al. 2007). Most 
species likely spread into new environments by a combination of plasticity and adaptation 
(Ghalambor et al. 2007). High average adaptive plasticity across genotypes in a population 
facilitates colonization, which may then lead to local adaptation (Ghalambor et al. 2007). 
A genotype with high plasticity may be able to colonize a new habitat more readily, and 
therefore expose the population to novel selection, which in turn may result in local adap-
tation (Fitzpatrick 2012). However, high levels of plasticity can also hinder local adapta-
tion, especially over short timescales and in response to small environmental changes. For 
instance, high plasticity can facilitate the maintenance of fitness in new habitats; if adaptive 
plasticity places the newly established population on the fitness peak for a particular habi-
tat, there would be no directional selection, and new populations would not show diver-
gence from the source population (Price et al. 2003).

The genetic diversity of invasive populations can influence the relative importance of 
either plasticity or local adaptation to the progression of an invasion. Phenotypic plasticity 
is thought to be more important to invaders with low genetic diversity, since these indi-
viduals lack genetic variation for selection to act upon (Richards et al. 2012). Under these 
conditions, adaptive phenotypic plasticity would be a mechanism allowing one ‘General 
Purpose Genotype’, a genotype that exhibits high fitness in a wide range of habitats, to 
colonize a large geographic area (Baker 1965). The concept of a ‘General Purpose Geno-
type’ is commonly invoked in discussions of invasiveness, but its importance to biological 
invasions is still debated (Lynch 1984; Dybdahl and Kane 2005; Bossdorf et  al. 2005). 
Baker’s Law predicts that invasive species will be more likely to reproduce uniparentally 
(such as through asexual reproduction or selfing), due to the frequency of introductions of 
a single individual (Baker 1955; Pannell et al. 2015). Absent genetic diversity, plasticity 
would be an important means for these species to invade, especially during early invasion 
stages. While low genetic variation can come with costs to invaders such as accumulation 
of deleterious mutations (Hollister et al. 2014), short-term advantages during colonization 
outweigh these costs for many species that have evolved a loss of sex (Barrett 2002).
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Theoretically, perfect environmental responsiveness through plasticity would produce 
the highest fitness for colonizers (Murren et al. 2015). However, models predict a cost for 
plasticity that prevents all genotypes from evolving toward total plasticity (Van Tienderen 
1991). This cost may be due to the challenge of maintaining homeostasis during environ-
mental change, or due to the extra resources required to accurately assess and respond to 
environmental change (Van Tienderen 1991; DeWitt et al. 1998). Since empirical studies 
have shown mixed outcomes when attempting to detect a cost of plasticity, it has been sug-
gested that plasticity is constrained less by costs than by limits, whereby a genotype does 
not have the ability to produce an optimum phenotype for an environment (Murren et al. 
2015). Therefore, a genotype with high plasticity may have lower fitness over time than 
a genotype that is locally adapting to a habitat (Van Tienderen 1991; Murren et al. 2015).

While it does appear that low genetic diversity of invaders is common, it is certainly not 
the rule (Dlugosch and Parker 2008). Multiple introductions and high population diversity 
can result in invasive populations with sufficient diversity for selection to result in rapid 
local adaptation (Dlugosch and Parker 2008). Local adaptation appears to be common in 
plants (Leimu and Fischer 2008), and may occur rapidly in invasives (Colautti and Bar-
rett 2013; Oduor et al. 2016). A meta-analysis of local adaptation in invasive plant spe-
cies found that invasives show local adaptation as frequently and strongly as native species 
(Oduor et al. 2016). The authors of this meta-analysis compared 47 invasive and 91 native 
plant species that were studied using reciprocal transplantation. They found that local 
plants outperformed foreign transplants at all transplant sites in 36% of cases for invasives, 
and 24% of cases for native species (Oduor et al. 2016). They found no difference in mag-
nitude of local advantage between invasives and natives, nor a difference in the responses 
between greenhouse and field experiments (Oduor et al. 2016). However, for self-incom-
patible plants, invasives exhibited higher local adaptation than natives (Oduor et al. 2016). 
Only six studies have examined local adaptation in clonally reproducing plants, and these 
showed a large variation in magnitude of local adaptation (Oduor et al. 2016). The review 
concludes that local adaptation in invasive plants is at least as common as in natives, but 
that more comparative studies are needed to fully elucidate the relative role of plasticity 
and local adaptation.

To examine local adaptation and plasticity in an invasive species, we focused on one of 
the most rapidly spreading and troublesome invaders in eastern North America, Reynoutria 
japonica. This species is suitable for this study because it occurs across a broad geographic 
range, and thus inhabits a variety of environmental conditions. Further, R. japonica repro-
duces both sexually and asexually, allowing examination of both aspects of fitness as well 
as expanding the sample size of clonally reproducing invasives studied for local adaptation. 
In addition, previous work has been conducted on this species examining local adaptation 
on a small scale in salt marshes (Richards et al. 2008, 2012). This prior work found a lack 
of local adaptation, but they did find plasticity in salt tolerance, which they attributed to 
epigenetic causes (Richards et al. 2008, 2012). However, this study was conducted over a 
small geographic scale, so the degree of local adaptation and plasticity of this widespread 
invasive species across a broader range remained unknown.

Our study examined the phenotypic and fitness responses of R. japonica plants to 
reciprocal transplantation across a wide geographic range using a full factorial recipro-
cal transplant experiment among three populations. This study is unique in assessing local 
adaptation via both sexual and asexual (clonal) reproduction. In this study we asked four 
questions: (1) Do populations show evidence of local adaptation? (2) Do patterns of local 
adaptation or fitness variation across the landscape differ between measures of clonal and 
sexual fitness? (3) Do populations display genetic differentiation in phenotypic traits? (4) 
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Do genotypes display phenotypic plasticity for measured traits? We assessed local adapta-
tion as greater fitness of populations at their local site compared to the fitness of foreign 
populations at that site (LF comparison, sensu Kawecki and Ebert 2004), genetic differen-
tiation as differences among source populations at a given transplant site, and plasticity as 
differences in source populations among transplant sites.

Materials and methods

Study species

Reynoutria japonica (Houtt., Japanese knotweed) is a long-lived dioecious invasive plant 
that reproduces by both clonal (rhizomes) and sexual (seeds produced through outcross-
ing) means. The synonym Fallopia japonica (Houtt.) Ronse Decr. is frequently used for 
this plant, however we use the authority of Schuster et al. 2011 and the Reynoutria genus, 
which is the most taxonomically correct. R. japonica originated in Japan and South Asia, 
and has been introduced to Australia, New Zealand, and both mainland Europe and the 
British Isles, as well as North America (Gammon and Kesseli 2010; Maurel et al. 2013). 
It was first reported in North America in New York State, in 1873 (Del Tredici 2017). 
Since its introduction to North America, R. japonica has colonized temperate regions of 
the continent from Georgia to Nova Scotia as well as much of the Pacific Northwest (Bar-
ney 2006). Frequently intentionally introduced as an ornamental, R. japonica has an exten-
sive underground rhizome system, which allows individual plants to spread to new areas 
and which contributes to its success as an invasive (Bímová et al. 2004). Even 2-cm pieces 
of rhizome have been shown to be sufficient to grow new individuals (Child and Wade 
2000). Floods or anthropogenic activity breaking off and transporting these rhizome pieces 
seem to be the primary ways in which new stands of knotweed become established (Hol-
lingsworth and Bailey 2000; Bímová et al. 2004). However, it is notable that R. japonica 
also produces prodigious outcrossed seed set each year, often tens of thousands of seeds 
(Forman and Kesseli 2003). These seeds are capable of growing into offspring, but the 
frequency with which they do so in the wild has been debated (Forman and Kesseli 2003; 
Hollingsworth and Bailey 2000; Bailey 2013).

Experimental design

We selected three sites for transplantation, representing the northern (Latitude 43.94, New 
Hampshire: NH), central (Latitude 41.13, New York: NY), and southern (Latitude 37.12, 
Kentucky: KY) parts of the range of R. japonica in North America (Fig.  1). We chose 
the sites to represent as wide of a latitudinal range as possible without crossing between 
biomes. All three sites are within mid-elevation temperate deciduous forest. R. japonica 
has been present in regions surrounding the middle and northern two sites for nearly the 
entire time it has been present in North America. It was reported in Westchester County, 
NY and in Grafton County, NH before 1880 (Barney, unpublished data, used with permis-
sion; Fig. 1), however it is unknown whether the particular genotypes we used were the 
same as that introduced in the nineteenth century, or from more recent re-introductions. 
At the southern site, landowners introduced R. japonica in the 1960s from a mail-order 
catalog as a nectar source for honeybees, but the original source is unknown (Dr. Beverly 
Collins, Western Carolina University, pers. comm.).
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At each site, we haphazardly collected at least 180 rhizomes in early spring 2016. We 
collected material only from female plants, as determined by the dried reproductive parts. 
We collected rhizomes separated by a minimal distance of 1 m to minimize the likelihood 
that rhizomes belonged to the same individual. At the New Hampshire site (NH), the popu-
lation consisted of only approximately 70 individuals; hence we collected an additional 60 
rhizomes from a site 15 km away.

We used a full-factorial reciprocal transplant, with 3 × 3 combinations and 60 replicates 
per combination. That is, we collected 180 samples from each population, and randomly 
assigned 60 samples from each population to be planted at each site. Since growth from 
rhizome is influenced by rhizome mass (Brock and Wade 1992), we cut each rhizome to a 
size equal to 125 g in mass. We stored the cut rhizomes at 4 °C until transplantations into 
the field in late spring 2016. We planted the rhizomes 1 m apart in a randomized 12 × 15 m 
grid at each site. To prevent rhizome escape, we lined each planting hole with a square of 
woven polyethylene geotextile fabric (WF200, Mutual Industries, Philadelphia, PA) before 
planting each rhizome in soil. To protect growing plants from deer browse, we further 
enclosed each rhizome with a 92 cm diameter tree tube (Protex Pro/Gro, Forestry Suppli-
ers, Jackson, MS). Plants then grew under natural conditions for one growing season.

Data collection

Fitness estimation differed between sexual and asexual (clonal) fitness. We estimated clonal 
fitness using the proxy belowground biomass (BGBM). BGBM was measured as the dry 
mass of all underground structures cleaned of soil and oven-dried for 48 h at 80 °C. While 
BGBM includes both roots and rhizomes, the relative contribution of roots to BGBM dry 
weight is minimal (Price et al. 2002). Therefore, we assumed that differences in BGBM 
were due to clonal growth and representative of the clonal reproductive output, as has been 
done before for knotweed (Seiger and Merchant 1997). We harvested plants before seed 

Fig. 1  Location of the three transplant sites. KY: Kentucky; NY: New York; NH: New Hampshire. Coun-
ties are colored by duration of knotweed presence based on herbarium records (adapted with permission 
from Barney 2006). 180 samples were collected from each population, and 60 samples from each popula-
tion were planted at each site
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maturity (when at a least one plant in the population had been fertilized and showed signs 
of anthesis ending) to prevent further spread of this invasive species. As such, seed mass 
could not be used as an estimate of the sexual reproductive output (sexual fitness). There-
fore, we weighed dried panicle mass and counted fruits from 20 wild-growing individu-
als with mature fruits. We found panicle mass to be highly correlated with the number of 
mature fruits (r2 = 0.928, p < 0.001). Since the panicle is present even in immature flowers, 
we used panicle mass as an estimate of sexual fitness.

At the end of the growing season (May–August) we recorded the frequency of survival 
and flowering at each site. We counted individuals as flowering if they showed any flowers 
or flower buds. In addition, we made two morphological measurements: height at maturity 
and basal stem diameter (BSD). Finally, we collected all aboveground (AGBM) to assess 
plant growth. We oven-dried AGBM for 24 h at 80 °C, then weighed complete AGBM, 
including shoots, leaves, and flowers.

A number of individuals from the NH population showed signs of lingering herbicide 
damage from treatment attempts, including poor survival and malformed leaves. Therefore, 
we omitted these 60 from analyses, bringing the total number of analyzed individuals to 
480 (KY = 180, NY = 180, NH = 120).

Data analysis

We completed all analyses in R (R Core Team 2017). To test for local adaptation, we used 
the Local versus Foreign comparison (LF), defined as the mean fitness of a population at 
its local site compared to the mean fitness of both foreign populations at the same site 
(Kawecki and Ebert 2004). While this criterion may be confounded by intrinsic deme qual-
ity issues, such as inbreeding or transgenerational effects (Blanquart et al. 2013; Hirst et al. 
2016), it is considered more rigorous than the Home versus Away comparison (HA), where 
differences in fitness between a deme at ‘home’ and at an ‘away’ site can be attributable 
to differences in site quality rather than adaptation (Kawecki and Ebert 2004). We ana-
lyzed all growth- and fitness-related traits with linear models using the base package of R. 
We assessed the magnitude of the LF comparison for each measure of fitness (both sexual 
and clonal reproduction) at each site using planned orthogonal contrasts. We checked both 
normality and homoscedasticity before performing contrasts. We used Box-Cox transfor-
mations using the boxcox function in the MASS package within R (Ripley et al. 2013) to 
normalize both fitness measures.

The LF comparison is the most stringent test of local adaptation, but has the drawback 
of testing sites individually, rather than examining local adaptation at the metapopulation 
scale (Kawecki and Ebert 2004; Blanquart et al. 2013). Therefore, we also tested the aver-
age effects of transplantation by comparing plants grown at their local site (sympatric) with 
all those grown at away sites (allopatric; Blanquart et al. 2013). This Sympatric–Allopatric 
(SA) test may be confounded by a strong local advantage at one site, but is a good indicator 
of local adaptation across a wide area, and is indicative of patterns at the metapopulation 
scale (Blanquart et al. 2013). We tested for an SA difference using ANOVA for three sym-
patric transplants and six allopatric transplants on both fitness traits.

While direct measurement of fitness traits is the best test of local adaptation, we 
also tested whether or not survival and flowering fit the pattern of local adaptation. We 
analyzed proportions of survival and flowering using a generalized linear model with a 
binomial distribution through a logit-link function using the Anova function in the car 
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package (Fox et al. 2017), with site (where rhizomes were planted), population (where 
rhizomes were collected), as well as the site by population interaction as factors.

To examine phenotypic plasticity and genetic differentiation, we tested the effects of 
site, population, and the site by population interaction for all traits using ANOVA with 
a linear model in R through the Anova function with a type III SS (Fox et al. 2017). A 
significant effect of site indicates phenotypic plasticity, whereas a significant population 
effect indicates genetic differentiation. A significant interaction between site and popu-
lation is consistent with a genotype-by-environment (G × E) interaction. We used Box-
Cox transformations with the boxcox function in MASS (Ripley et al. 2013) to normalize 
all continuous variables.

Results

Local adaptation

We considered an overall pattern of higher fitness for local demes compared to foreign 
ones to be diagnostic of local adaptation. Neither clonal nor sexual fitness exhibited the 
predicted pattern for a locally adapted species. For panicle mass, the proxy for sexual 
reproduction, none of the planned orthogonal contrasts were statistically significant 
(Table 1), indicating that there was no difference between the mean sexual fitness of the 
local deme versus the foreign demes at any of the focal sites (Fig. 2a). In contrast, for 
the belowground biomass (BGBM), the proxy for clonal reproduction, orthogonal con-
trasts revealed significant differences in fitness between local and foreign demes at all 
sites (Table 1). However, at the NY and KY site, the foreign transplants outperformed 
local transplants (t = −  1.99, p = 0.047; t = −  2.65, p = 0.008, respectively; Table  1), 
indicating local maladaptation. Only at the NH site did plants exhibit a positive and sig-
nificant difference between local and foreign transplants (t = 4.82, p < 0.001; Table 1), 
and in the direction predicted under local adaptation (Fig.  2b). However, it is impor-
tant to note that the NH population produced the highest clonal fitness at all three sites 
(Fig. 2b), indicating globally greater fitness for this population rather than local adapta-
tion. In addition, there was no significant difference between sympatric and allopatric 
plantings for either asexual or sexual fitness (SA test; F =0.250, p =0.617; F =0.890, 
p = 0.347). 

Table 1  Contrasts for local 
versus foreign (LF) comparison

Bold values show a significant difference in fitness between the source 
population and foreign populations at each site at α = 0.05. Bold val-
ues with a positive t value are in the direction expected with local 
adaptation; bold values with negative t values are in the direction of 
local maladaptation

Site Belowground biomass (g) Panicle mass (g)

n t p n t p

KY 124 − 2.65 0.008 55 − 0.673 0.503
NY 157 − 1.99 0.047 49 − 0.516 0.607
NH 152 4.82 < 0.001 10 − 0.006 0.995
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Survival and reproduction

Of the 480 individuals planted, 467 (97%) survived transplantation and grew successfully. 
Overall, plant survival (Table 2) differed between populations (df = 2, χ2 = 18.20, p < 0.001) 
but not across sites (df = 2, χ2 = 2.56, p = 0.278), with the highest mortality (7.8%) in the 
KY population (Fig. 3a). Of the surviving individuals, 112 (24%) reproduced sexually. The 
proportion of flowering individuals (Table 2) differed both between sites (df = 2, χ2 = 61.67, 
p < 0.001) and populations (df = 2, χ2 = 23.29, p < 0.001). Neither survival nor reproduc-
tion was greater overall for local transplants than foreign ones. The NH population had the 
highest proportion of flowering individuals at the KY and NY sites, but all populations had 
a significantly lower proportion of flowering individuals at the NH site (Fig. 3b).

Genetic differentiation and phenotypic plasticity

We found evidence for genetic differentiation (significant source population effect) 
between populations for all traits except panicle mass, and we observed plastic 
responses (significant transplant site effect) for all studied traits (Table  3). There 
were different patterns between the two measures of fitness, however. Sexual fitness, 
measured as the panicle mass, showed strong plastic differences (F = 4.106, p = 0.019; 
Table 3). Indeed, the highest panicle mass was produced at the NY site (Fig. 2a), but 
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son for every population transplanted to each site

Table 2  Generalized linear 
model with a binomial 
distribution for survival and 
reproduction of Reynoutria 
japonica populations 
transplanted between sites

Bold values are significant at α = 0.05, italicized values are marginally 
significant (0.05 < p < 0.1)

Survival Reproduction

df χ2 p df χ2 p

Site 2 2.56 0.278 2 61.67 < 0.001
Population 2 18.20 < 0.001 2 23.29 < 0.001
Site * population 4 8.57 0.073 4 3.75 0.441
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there was no significant difference between populations (F = 0.211, p = 0.810; Table 3). 
In contrast, the pattern of clonal fitness (BGBM) across sites differed between popu-
lations (site × population interaction; F = 2.59, p = 0.036; Table  3). Regardless of the 
transplant site, the NH population always produced the highest BGBM, and all popula-
tions produced the greatest BGBM when grown at the NH site (Fig. 2b). In contrast, 
all the populations produced the lowest panicle mass at the NH site (Fig. 2a).

In addition, while there was no overall local advantage for non-reproductive phe-
notypic traits (Fig.  2c–e), we observed phenotypic plasticity for all vegetative traits 
and genetic differentiation for both BSD and AGBM (Table  3). Populations showed 
genetic differentiation in BSD (F = 3.889, p = 0.021) and AGBM (F = 3.906, p = 0.021; 
Table 3). Regardless of the transplant site, we recorded the highest BSD, height and 
AGBM for the NH population (Fig.  2c–e), indicating an overall higher performance 
of the NH population. Furthermore, there was significant plasticity (Table  3; Fig.  2) 
for BSD (F = 7.430, p < 0.001), AGBM (F = 3.130, p = 0.045), and height (F = 62.194, 
p < 0.001). All populations produced a lower BSD and height at the NH site but all 
populations had increased plant height at the NY site (Fig. 2c, e).
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Discussion

To test for local adaptation in clonally reproducing R. japonica, we performed a recipro-
cal transplant of rhizomes across three locations in the Eastern United States. We meas-
ured extensive variation in both reproductive and vegetative traits, but none of these 
data indicated an overall pattern of local adaptation. We saw a local advantage for clonal 
reproduction at one site, but local disadvantages at the other two sites for the same vari-
able, and no local advantage for sexual reproduction. Rather than local adaptation, there 
was evidence for phenotypic plasticity in all measured traits. These results indicate that 
the invasive success of R. japonica is not due to local adaptation, and that local adapta-
tion has not occurred in this species despite substantial environmental variation across 
geographically distant populations. Instead, our results suggest that phenotypic plastic-
ity may play an important role in allowing success in a wide range of environments.

Table 3  ANOVA results 
for linear models testing the 
responses in panicle mass, 
belowground biomass (BGBM), 
basal stem diameter (BSD), 
height, and aboveground biomass 
(AGBM) in Reynoutria japonica 
populations transplanted between 
sites. Site is transplantation 
site and Population is source 
population

Bold values are significant at α < 0.05

df SS F p

Panicle mass (g)
 Site 2 0.2308 4.106 0.019
 Population 2 0.0119 0.211 0.810
 Site * pop. 4 0.0159 0.141 0.967
 Residuals 117 3.2881

Belowground biomass (g)
 Site 2 56,328 6.21 0.002
 Population 2 33,162 3.65 0.027
 Site * pop. 4 47,084 2.59 0.036
 Residuals 429 1,946,907

Basal stem diameter (cm)
 Site 2 12.60 7.430 < 0.001
 Population 2 6.59 3.889 0.021
 Site * pop. 4 1.78 0.524 0.718
 Residuals 419 355.27

Aboveground biomass (g)
 Site 2 4.26 3.130 0.045
 Population 2 5.32 3.906 0.021
 Site * pop. 4 1.69 0.621 0.647
 Residuals 419 285.23

Height (cm)
 Site 2 3957.6 62.195 < 0.001
 Population 2 39.4 0.620 0.539
 Site * pop. 4 137.2 1.078 0.367
 Residuals 455 14,476.3
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Local adaptation

We observed negligible evidence for local adaptation among the three R. japonica pop-
ulations in this study. Clonal and sexual fitness proxies were not significantly greater 
in local transplant combinations, as compared with foreign ones, with one exception: 
greater belowground biomass (BGBM) for the local NH population at the NH site. 
However, this population also had the highest BGBM at all sites, which may suggest a 
greater intrinsic population quality, rather than local adaptation. Genetic differences in 
fitness that are independent of local habitat may be due to different levels of inbreed-
ing or different evolutionary histories between the populations (Blanquart et al. 2013). 
Alternatively, this could be evidence that local adaptation has occurred for clonal repro-
duction at the NH site, but has not yet occurred at other populations. However, since 
this result was limited to one site, there was no clear evidence for a consistent pattern 
of local adaptation. Local adaptation is also not evident in differences in survival and 
flowering. While we saw variation in survival among populations and flowering likeli-
hood among sites and populations, there was no local advantage for either. These results 
contrast with those of several other studies that have found widespread local adaptation 
in other invasive plants (Leger and Rice 2007; Leger et al. 2009; Colautti and Barrett 
2013; Li et al. 2015; Oduor et al. 2016), but agree with others reporting a lack of local 
adaptation (Williams et al. 1995; Pahl et al. 2013).

There are several features of R. japonica invasion and life history that could explain the 
overall lack of local adaptation in these populations. There is substantial genetic variation 
and a high degree of genetic differentiation among populations, based on mitochondrial 
haplotypes, in its native range in Japan (Inamura et al. 2000). It is unlikely that these were 
introduced with regard to provenance, setting up a scenario known as a “mosaic of mal-
adaptation” (Dlugosch and Parker 2008). That is, R. japonica genotypes have been intro-
duced into sites irrespective of, and potentially contrary to, their optimal habitat condi-
tions. However, since its introduced range is likely well within the plant’s environmental 
tolerance, it has persisted despite the possible mismatch. We have observed that plants in 
the wild exhibit high seed production and similar biomass at all sites examined, indicating 
this broad environmental tolerance. Clonal growth can impede local adaptation by restrict-
ing the genetic diversity available for selection. While R. japonica reproduces clonally, we 
found genetic differentiation of phenotypic traits, and genetic studies on a broad scale have 
found genetic differences (Grimsby and Kesseli 2010), indicating that some genetic diver-
sity is present. Given enough time, plants may adapt to local habitats, but the fact that R. 
japonica has a long generation time and clonal growth may cause it to require a longer 
period than the 150 years it has been growing in North America. A similar reciprocal trans-
plant study of two long-lived (woody) species showed that local adaptation was more pro-
nounced after several decades, suggesting that a long-term study may be necessary (Ben-
nington et al. 2012). Unfortunately, this is not normally feasible for a controlled invasive 
plant. In one study that attempted a multi-year reciprocal transplant, Williams et al. (1995) 
found that an apomictic Hawaiian invasive grass was not locally adapted to an elevation 
gradient. Similar to our study, these authors found a lack of local adaptation, likely due to 
low genetic diversity, as well as large phenotypic plasticity in several growth traits (Wil-
liams et al. 1995). A reciprocal transplantation study within the native range could indicate 
whether or not local adaptation is likely over a longer time period, but to our knowledge, 
such a study has not been conducted for R. japonica.

At the invasion front, an invader is continuously colonizing habitat that is more likely 
to differ from its original niche, which may promote local adaptation (Phillips et al. 2006). 
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While this was not directly examined here, we may have been more likely to observe local 
adaptation at the invasion front, as was the case for Lythrum salicaria in Canada (Colautti 
and Barrett 2013) and Bromus tectorum in Nevada (Leger et al. 2009). The range of R. 
japonica extends far north into Canada (latitude 48.43; Groeneveld et al. 2014), and south 
to Georgia (with rare reports in Florida as far South as latitude 30.17; Barney unpublished 
data, used with permission). Though the populations at the range limits are more newly 
established than those we sampled, and therefore have had less time to locally adapt, these 
sites may be more different from the R. japonica native habitat, and under strong selection 
to adapt to the more novel conditions, so could potentially show greater local adaptation 
(Ehrenreich and Pfennig 2015).

While our sample size was adequate to account for variation, as is evidenced by the 
power to detect fitness differences between sites and populations, had the study included 
more populations it may have increased the ability to detect local adaptation (Blanquart 
et al. 2013). It is also important to point out that few individuals flowered throughout our 
experiment, especially at the NH site, which reduced the statistical power for the analysis 
of the panicle mass, our sexual fitness proxy. Local adaptation is frequently reported in the 
plant literature, but many of these studies do not conform to the strictest definition of local 
adaptation (Leimu and Fischer 2008). Local adaptation is a property of a metapopulation 
rather than an individual population, and is most rigorously defined as a local advantage at 
all transplant sites (Kawecki and Ebert 2004; Blanquart et al. 2013). While we found popu-
lation-level local adaptation at one site, this pattern did not hold true for local transplants at 
all three study sites. Local adaptation at only one focal site has been termed “partial local 
adaptation” (Oduor et al. 2016), and may be informative about local evolutionary dynamics 
(Garrido et al. 2012), but not necessarily indicative of a widespread pattern (Kawecki and 
Ebert 2004). In addition, the sympatric–allopatric (SA) test explicitly tests for local adapta-
tion among all sites. We found no sympatric advantage for any of the fitness or vegetative 
traits we measured. Considering both the LF and the SA comparison, we conclude that R. 
japonica is not locally adapted at the eastern North American metapopulation level.

Genetic differentiation and phenotypic plasticity

Rather than a consistent pattern of local adaptation, we observed pronounced plastic 
responses to site conditions, and evidence of genetic differentiation in several plant traits. 
Average trait values varied significantly for all measured traits between planting location, 
indicating phenotypic plasticity. Basal stem diameter was lower at more northern sites, per-
haps reflective of the lower available sunlight. Plant height, however, did not follow this 
pattern, and was poorly correlated with AGBM. This is best explained by specific growing 
conditions at each site. At the KY and NH sites, plants grew in an open field with little 
competition. However, at the NY site, resident R. japonica infested the plot and shaded the 
study plants. Hence plants likely grew taller in order to better compete for light, again high-
lighting the high phenotypic plasticity seen in this study.

Many invaders may be able to maintain fitness in new habitats without evolutionary 
change. This paradigm is supported for R. japonica by research on its expansion into salt 
marsh habitats (Richards et  al. 2012). In a finding consistent with those of this study, 
researchers found that genotypes of R. japonica and an interspecific hybrid R. × bohemica 
differed in traits when planted in salt marsh and non-salt marsh environments, but plants 
taken from the salt marsh were not locally adapted to that habitat (Richards et al. 2008). 
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Researchers concluded that plasticity in ecologically relevant traits is an important factor in 
R. japonica invasion into new habitats.

While plasticity was common among all populations used in this study, some traits 
were also genetically differentiated. Above- and belowground biomass, as well as basal 
stem diameter, were highest for the NH population at all sites. This indicates a high growth 
rate that may be attributable either to adaptation to conditions in NH, or to pre-adaptation, 
whereby success of a genotype in the introduced range is due to adaptation in the native 
range to similar conditions (Dlugosch and Parker 2007). Since the NH and NY populations 
are genetically similar (VanWallendael, unpublished data) the latter scenario is unlikely. 
More likely is that the presence of stronger selection in the NH sites for higher growth rate, 
perhaps due to the longer day length and shorter growing season, resulted in higher average 
biomass and basal stem diameter for this population.

We also observed phenotypic plasticity in fitness traits. Interestingly, the pattern of 
reproductive output of clonal and sexual reproduction differed between sites. This varia-
tion may be related to habitat quality. Sexual fitness was lowest at the NH site, and plant 
growth was also lower at this site (BSD and plant height), which might indicate that this 
site is of lesser quality than the other two. However, we documented the greatest levels 
of asexual fitness in all plant populations when they were planted at the NH site. Hence, 
it is likely that there is a trade-off between rhizome production and seed production, par-
ticularly in low-resource environments. Indeed, the soil at the NH site was sandy and well 
drained, so rhizome production might be increased at the expense of seed production in 
order to explore for water in this harsher environment. While there is a significant cor-
relation between BGBM and panicle mass (Pearson’s correlation; r = 0.269, p = 0.004), it 
is a weak relationship and would require further exploration. Adaptive plasticity in low 
resource conditions can be important to invasion (Funk 2008). While this study could not 
directly determine the fitness consequences of the observed plasticity, other studies on this 
species have documented adaptive plasticity in several traits (Hirose 1987; Richards et al. 
2008; Walls 2010).

Plasticity has been implicated in invasion success for several long-lived invasive spe-
cies (Williams et  al. 1995; Vretare et  al. 2001; Geng et  al. 2007; Funk 2008; Richards 
et al. 2008). It can be challenging to link invasive success to any particular factor, but high 
phenotypic plasticity in a number of traits likely may play an important role in R. japonica 
invasion. R. japonica is notable for its capacity to produce huge clones, such as the female 
clone that inhabits much of Great Britain (Hollingsworth and Bailey 2000). Therefore, 
unlike primarily sexually reproducing organisms, success in different environments in R. 
japonica is not typically attributed to genetic variation in adaptive traits, only to adaptive 
phenotypic plasticity. While the North American invasion includes more than one geno-
type (Grimsby and Kesseli 2010), there is still extensive clonal reproduction. Despite low 
genetic diversity, other studies have found R. japonica to have a great deal of plasticity 
in salt and drought tolerance, and no local adaptation even to potentially strong selection 
(Richards et al. 2008; Walls 2010). However, it is unclear if phenotypic plasticity is slowing 
local adaptation or merely acting as a precursor to later adaptation. In longer-established 
populations, local adaptation and phenotypic plasticity play complementary roles in allow-
ing plants to adapt to fine- and coarse-grained environmental variability, as was shown in 
a recent study of Poa alpina in the Swiss Alps (Hamann et al. 2016). In colonizing spe-
cies, adaptive plasticity can allow a species to move into a new environment, then genetic 
assimilation can allow the species to become locally adapted (Price et al. 2003; Ghalambor 
et al. 2007). However, in species with longer generation times, this would necessarily take 
more time. In simulations, intermediate levels of plasticity facilitated trait value shift only 
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after 300 generations, far longer than R. japonica has been present in North America (Price 
et al. 2003; Barney 2006).

Unlike several other widespread invasives, we found no consistent evidence of R. japon-
ica locally adapting in its introduced range, likely due to its longer generation time, clonal 
growth and resultant low genetic diversity. Populations show phenotypic differentiation, 
but this is not necessarily adaptive, reflecting traces of its stochastic introduction history. 
Over a longer timescale, these phenotypes may assimilate and become locally adapted, but 
phenotypic plasticity may suffice and prevail, given the extensive clonal reproduction of 
this species.
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