Pre-adaptation or genetic shift after introduction in invasive species? A study on Impatiens glandulifera
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Summary

· Invasive plants often display high competitiveness, reproduction and phenotypic plasticity in their invasive range, which may be essential for successful invasion. However, it remains unclear whether these characteristics are already present in native populations (pre-adaptation hypothesis) or evolve after introduction (genetic shift hypothesis). 
· We compared means, phenotypic plasticity and their genetic variation of vegetative and reproductive traits in four populations of Impatiens glandulifera collected from two sites in the invasive range and two in the native range. From each plant, seeds were sown and resulting plants were exposed to three different experimental environments in a glasshouse. 
· Plants from populations in the invasive range produced less seeds per capsule and had lower total reproductive output than those from the native range. Phenotypic plasticity did not differ between the native and invasive range, except for the number of nodes, where plasticity was higher in the invasive range. Furthermore, we found no evidence of genetic variation in phenotypic plasticity. 
· Post-introduction evolution of traits did not boost the invasiveness of I. glandulifera. Instead, the plants seem to be pre-adapted for invasion. Differences in habitat are probably the main factor in driving the invasibility of this species.

Key words: biological invasion, genetic shift hypothesis, Impatiens, pre-adaptation, phenotypic plasticity

Introduction

Biological invasion is a global phenomenon causing ecological, economic and social disruption (Davis et al., 2000). Alien invasive species often outcompete native species, affecting biodiversity and altering the structure and function of invaded ecosystems (Vitousek et al., 1996; Bossdorf et al., 2005). Identifying mechanisms or properties responsible for species invasiveness is crucial to predict the fate, spread and impact of invasive species and to take sound management decisions. One of the most intriguing features of invaders is their often more vigorous growth and spread in the invasive range than in their native range (DeWalt et al., 2004; Jakobs et al., 2004; Caño et al., 2008; Qing et al., 2011). However, the mechanisms underlying such shifts in behavior are not entirely understood. 
Studies comparing invasive and non-invasive alien species in the introduced ranges have often suggested that invasiveness is associated with high phenotypic plasticity of morphological and physiological traits (Burns & Winn, 2006; Richards et al., 2006; Van Kleunen et al., 2010a,b, 2011; Davidson et al., 2011; Godoy et al., 2011). High phenotypic plasticity may improve adaptation to new habitats (Sexton et al., 2002; Sultan, 2004), but it remains uncertain whether this characteristic is already present in the native populations, or evolves during invasion (Chapman et al., 2000; Dybdahl & Kane, 2005; Chun et al., 2007). In addition, invasive species are often bigger in the introduced range, giving them a competitive advantage, and their rapid spread also indicates higher reproductive rate (Whitney and Gabler, 2008; van Kleunen et al., 2010b). According to the pre-adaptation hypothesis, species become invasive if certain characteristics that promote invasiveness, such as high competitiveness, reproductive output and phenotypic plasticity, are already present in the native range (Lee & Gelembiuk, 2008; Mason et al., 2008; Hejda et al., 2009; Schlaepfer et al., 2010). Alternatively, the genetic-shift hypothesis states that rapid evolution after introduction gives rise to phenotypes with such characteristics, which do not occur in the native range (DeWalt et al., 2004; Caño et al., 2008; Lande, 2009; Qing et al., 2011). 
Distinguishing whether high competitiveness, abundant reproduction and high phenotypic plasticity were pre-adapted before invasion or evolved after introduction, can be achieved by comparing those traits between native and invasive populations of the same species along a common environmental gradient (DeWalt et al., 2004; Maron et al., 2004; Caño et al., 2008; Qing et al., 2011; Moroney et al., 2013). If the offspring from the invasive range have different values for traits related to competitiveness and reproduction than the offspring from the native range, genetic adaptation to the environment in the invasive range may have taken place. In contrast, comparing reaction norms between populations from the native and invasive range can indicate pre-adaptation if no differences between ranges are observed. Some previous studies found evidence for the pre-adaptation hypothesis (e.g. DeWalt et al., 2004; Hejda et al., 2009; Schlaepfer et al., 2010), while others support the genetic shift hypothesis (e.g. Siemann & Rogers, 2001; Maron et al., 2004; Caño et al., 2008; Qing et al., 2011; Moroney et al., 2013). A number of these studies (Siemann & Rogers, 2001; Hejda et al., 2009; Schlaepfer et al., 2010) only included differences in means, while DeWalt et al. (2004) calculated an index of phenotypic plasticity and Maron et al. (2004), Caño et al. (2008), Qing et al. (2011) and Moroney et al. (2013) used models where the slope of the reaction norm to two environmental treatments represents phenotypic plasticity. 
Studies on invasion biology often focus on either the ecological side (are invasives more phenotypically plastic than natives?) or the evolutionary side (when did greater phenotypic plasticity evolve?) (Richards et al., 2006). Here, we investigate both to bridge the gap between the two perspectives. We collected seeds from four populations of the invasive plant species Impatiens glandulifera, two from the native range and two from the invasive range. After germination, we exposed the plants to three different environmental treatments in a glasshouse and compared their trait means and phenotypic plasticity for three vegetative and four reproductive traits. In addition we distinguished whether high competitiveness, abundant reproduction and high phenotypic plasticity were pre-adapted before invasion or evolved after introduction. Finally, we statistically tested for genetic variation in trait means and phenotypic plasticity, which to our knowledge has not been done before in alien invasive plant species. This test allowed us to verify whether differences in trait means and phenotypic plasticity between the invasive and native range originated from differences in genetic variation.

Materials and Methods

Study species and populations
The Himalayan balsam, Impatiens glandulifera Royle (Balsaminaceae) is a widespread, often riparian weed native to the western Himalaya from Kashmir to Garhwal (India) (Hulme & Bremner, 2006). After introduction in Great Britain in 1839 it spread through Europe (Beerling & Perrins, 1993), where it increased dramatically in abundance and distribution during the past 30 to 40 years. Nowadays the species can be found in about two third of the European countries, but also in North America and New Zealand (Beerling & Perrins, 1993; Kollmann & Banuelos, 2004; Lambdon et al., 2008). I. glandulifera is classified as one of the 100 most invasive species in Europe (DAISIE, 2008).  It occurs in many different habitat types, but thrives best when there is high nutrient and water availability (Beerling & Perrins, 1993; Pysek & Prach, 1995). It can reach a height up to 2.5 m and the plants in the invasive range are generally taller than those in the native range (Beerling & Perrins, 1993; Pysek & Prach, 1995). Seed capsules contain 4 to 16 seeds and are dispersed by ballistochory (Chapman & Gray, 2012). Long-distance dispersal often occurs by water currents, by small rodents or by man’s deliberate or inadvertent spread (Beerling & Perrins, 1993). This annual species has a limited seed bank and no vegetative reproduction, therefore successful seed production and recruitment each year is crucial for maintenance and spread of populations (Skálová et al., 2012).  
Seeds from I. glandulifera were collected during August and September 2011 in two populations in the native range in Kashmir (India) and two populations in the invasive range around Trondheim (Norway) (see Table 1 for population’s coordinates and characteristics). In each population, mature seeds from a large number of capsules were collected from 30 randomly selected maternal plants. After measuring the plant height, the plants were harvested and oven dried at 60°C for 72 hours to determine the aboveground biomass. The average number of seeds per capsule was obtained by dividing the total number of collected seeds by the number of collected capsules. The average seed mass was obtained by dividing the mass of all collected seeds by the total number of seeds. In each population, four PRS (Plant Root Simulator) probes (Western Ag Innovations Inc., Saskatoon, Canada) were inserted vertically into the soil (5 cm depth) to measure the soil nitrogen availability during six weeks of the growing season (from mid-June until the end of July 2011). During the same period, two data loggers (DS 1921G, NexSens Technology, Fondriest environment Inc., Beavercreek, Ohio, USA) per population were used to measure temperature of the soil’s top layer (2 cm depth) every hour. All populations were found along roads and were assumed to have experienced similar disturbance regimes.

Experimental design
The seeds were air dried at room temperature for two months and cold stratified at 4°C for three months. We subsequently sowed 30 seeds from each of the 20 randomly selected maternal plants per population in Petri dishes. After germination, the seedlings were planted in the glasshouse of the Department of Biology at NTNU (Trondheim, Norway). From each maternal plant, five developed seedlings from the 30 sown seeds were randomly selected and transplanted into one pot (diameter 12 cm, 15 cm deep) filled with peat soil. When the seedlings entered the true two-leaves stage, three seedlings per maternal plant (family) were transplanted individually into separate pots (diameter 12 cm, 15 cm deep) and each seedling was subjected to one of three different environments (see below). This represented 240 individuals (2 ranges × 2 populations × 20 families × 3 treatments).
The experiment was performed in three different compartments of the glasshouse, using one treatment per compartment. Pots with individuals from the four populations were randomly spread on a large tray within each compartment that could be filled with nutrient solution. Environmental variation was generated by supplying nutrients at different frequencies: once per week (High treatment), once every two weeks (Intermediate treatment) or once every three weeks (Low treatment). The added nutrients (YaraLiva™ CalciNit) contained 15.5% nitrogen and were added in a total concentration of 640 ppm.  After 24 hours the nutrient solution was removed and high water availability was maintained by keeping the trays filled with 5 cm of water the rest of the time. There was no temperature control system in the different compartments and the high nutrient compartment of the glasshouse was warmer than the other two compartments. Although this design prevents us from assigning the effects to differences in nutrient availability only, possible other effects do not affect the comparison of the phenotypic plasticity between populations from the native and invasive range because each population was exposed to the same environmental variation (i.e. to the three glasshouse compartments). 

Measurements
In July and August 2012, we measured four reproductive and three vegetative traits on each plant, these traits being related to fitness either via the total reproductive output of the plant or its growth (Pérez-Harguindeguy et al., 2013). The reproductive traits included the number of flowers, the average number of seeds per capsule, the mean seed mass, and the total reproductive output (see below). To estimate the average number of seeds per capsule, we performed hand pollinations on several flowers per plant (mean=25, range=2-57) (Pérez-Harguindeguy et al., 2013). Hand pollinated capsules that developed were covered with paper teabags and collected around the 15th of August when most capsules had burst. Seeds per capsule were counted and dried at room temperature for one year. All seeds collected per individual were then weighted and the average seed mass was obtained by dividing the total mass by the total number of seeds. The total number of flowers per plant was determined by counting the receptacles at the end of the growing season. Based on these data, a proxy value for total reproductive output was calculated by multiplying the total number of flowers with the average number of seeds per capsule and the percentage of pollinated capsules that formed seeds. The vegetative traits were number of nodes, plant height and aboveground biomass. The number of nodes on the main stem was counted at first flowering. Early August, plant height was measured from the base of the stem to the highest point of the plant. After the 15th of August, when all other measurements were taken, the aboveground biomass was harvested per individual, oven dried at 60°C for 72 hours and weighted to the nearest 0.1 g. 

Statistics
All statistical analyses were done with R (R Development Core Team, 2012). First we verified if differences in means between the populations on the field could be explained by differences between the native and invasive range. This was done by comparing models including population (four levels) or range (two levels) as explanatory factor for every trait measured in the field. Model comparison was performed with likelihood ratio test. Note that only the field data from the 20 mother plants used in the experiment were included in the analysis of the field populations. To distinguish between genetic and environmental effects the offspring from these plants were grown in common-garden in the glasshouse. Differences in reaction norms across populations in the glasshouse were tested with mixed-effects models where treatment and population were fixed factors and maternal family was a random factor (Supporting information Table S1). Treatments were categorized as -1, 0 and 1 for Low, Intermediate and High treatment, respectively, such that the intercept corresponds to the trait mean in the Intermediate treatment. Phenotypes were observed in three different environments, therefore giving the possibility for non-linear reaction norms. In environment x, the individual phenotypic value y is given by y = A + Bx + cx² + E , where A, B and c are the additive genotypic values for the intercept, the slope and the curvature of the reaction norm, respectively, and E is the environmental effect with a variance . If a and b denote the population mean of A and B, respectively, and assuming no genetic variance in c, the observed phenotypes should be normally distributed with mean E(Y) = a + bx + cx2 and a variance , where the genetic variance and covariances of A and B are , , and  , respectively. In the mixed-effects models, the random (family) variance can be used to estimate the genetic variance in intercept (A) and slope (B). Indeed, considering two half-sibs in environments x1 and x2, their phenotype will be determined by the parental genotypic values as 
, 
and 
,
where Am, Af, Bm and Bf are the genotypic value for the intercept and the slope of the mother and father, and ’s, representing Mendelian sampling and segregation, are normally distributed with zero means and variance  and   for the intercept and the slope, respectively. The covariance between the phenotypic values of both half-sib Y1 and Y2 is given by: 
 ,
 which simplifies to:
. 
The family variance estimated by the random term therefore represents ¼ of the additive genetic variance, assuming that the pure maternal effect (independently of the dominance and epistatic effect) is negligible. Because random variance in the slope  was never observed, we did not have to consider the possible genetic covariance between the intercept and the slope. Assuming that the environmental variance equals the residual variance minus three times the family variance (because residual variance still contains the genetic variance due to the contribution of the male and Mendelian sampling variance equal to ), heritability was estimated as: h² = 4×family variance / (residual variance + family variance). Note that if the different seeds from the same mother are sired by the same father, the estimate of the random variance will represent ½ of the additive genetic variance. 
In order to test the statistical significance of the random (family) variance we compared models fitted with REML with different random effect (random effect for the slope and intercept vs. random effect for the intercept only) using likelihood ratio test. When statistically significant random variation in the slope or intercept were found, we further tested whether populations differed in their random variation by fitting the model anew for each population separately. The total log-likelihood for the model with variances differing between each population was then given by the sum of the log-likelihood of each separately fitted model. We used the change in log-likelihood between the two models which is Chi-square distributed (df = 3) to test whether or not a model with different random variances was statistically better than a model with a single random variance common for the four populations. We performed model selection, based on AIC values, for the fixed effects using models fitted with ML. Parameter estimates were subsequently obtained for the best model by refitting the model with REML. Finally, we tested for differences in phenotypic plasticity between native and invasive populations by comparing the best model with a model where the factor population was replaced by a factor range of origin (invasive vs. native).
Because we were interested in comparing relative difference among populations and traits, we performed all analyses on log-transformed data. Note that the models with log-transformed data had also slightly better fit than the models performed on raw data (not shown).  

Results

Field populations 
In the field, models including only populations were better than those including only range to explain differences in plant height and dry aboveground biomass (Table 2). Therefore, for these two traits, possible differences between the native and invasive range were masked by the among-population differences within range (Table 2). For the number of seed per capsule and the seed mass, differences among ranges were statistically significant and larger than those among populations. Overall, plants in the invasive populations produced 66% less seeds per capsule than those in the native populations, while these seeds were 42% heavier (Table 3). 

Glasshouse populations 
In general, traits increased form the Low to the High treatment, except for the average number of seeds per capsule which was not affected (Fig. 1; Table 4). For the other traits, the increase from Intermediate to High was generally stronger than the increase from Low to Intermediate, generating non-linear reaction norms (Fig. 1; Table 4). For four out of the six traits affected by the treatment, neither the slope nor the curvature of the reaction norm differed among populations or ranges (Table 4, Fig. 1). Hence, for these traits, phenotypic plasticity was similar in native and invasive populations. For total reproductive output, the slope of the reaction norm differed among populations. One invasive population showed a modestly increasing reaction norm between the Low and Intermediate treatment, while the other three populations showed a slight decrease (Fig. 1). For the number of nodes, the curvature of the reaction norm was more pronounced in plants from the invasive range (Fig. 1; Table 4). This indicates greater phenotypic plasticity in the invasive (10% and 13% increase from Low to High in invasive population 1 and 2, respectively) than in the native populations (2% and 3% increase from Low to High in native population 1 and 2, respectively).
In the glasshouse, plants from the invasive range produced less seeds per capsule and also reached lower total reproductive output than plants from the native range (Fig. 1, Table 3). For these two traits, the model with range of origin as explanatory variable was better than the model with the separate populations (Table 2). For the other traits, the best model was the one including populations as explanatory variable, indicating that possible differences among ranges were overshadowed by the among-population differences within range (Table 2). 
None of the traits showed statistically significant random variation in slope, and only one trait, the number of nodes, showed significant random variation in the intercept (Table 4), suggesting that this trait harbored genetic variation. Furthermore, the amount of family variance for this trait differed among populations (= 12.11, df = 3, p = 0.007) and was statistically significant only in one of the native populations, while it was marginally significant in one native and one invasive population (Table 5). Heritability estimates for the number of nodes based on the assumption that individuals from the same maternal plant were half-siblings, were particularly high for the three populations harboring family variation (0.79 to 1.31). This suggests that most siblings were probably full-sibs (Table 5).

Discussion

In this study we did not find clear evidence for invasive populations of I. glandulifera having greater vegetative growth or greater reproductive output than native populations, suggesting these traits would not be at the basis of any competitive advantage conferring invasiveness. In the field, no differences in plant height and aboveground biomass between the native and invasive range were observed. This seems to contradict the general expectation of more vigorous growth in the invasive range (Beerling & Perrins, 1993; Pysek & Prach, 1995; DeWalt et al., 2004; Jakobs et al., 2004; Caño et al., 2008; Qing et al., 2011; Moroney et al., 2013), but given that the populations in Trondheim (Norway) were from the northern end of the invasive distribution (Beerling & Perrins, 1993; Kollmann & Bañuelos, 2004), low temperatures probably explain their lower growth. Kollmann & Bañuelos (2004) indeed established such a latitudinal trend in plant height and biomass in the invasive range of this species. Assuming that the growth of native species is also impeded by low temperature, I. glandulifera could still be more competitive in this northern environment. In the field the invasive populations produced fewer seeds per capsule, although these were heavier than in the native populations. Sowing these seeds in the glasshouse confirmed the lower number of seeds per capsule in offspring from the invasive range, leading to a lower total reproductive output.  This indicates that the difference in number of seeds per capsule (in the field as well as in the glasshouse) has a genetic origin and cannot be attributed to environmental influences. Kollmann et al. (2007) found no variation in the number of seeds per capsule in I. glandulifera across different environments along latitudes within the invasive range, indicating that this trait is mostly genetically determined with little genetic variation. This hypothesis is supported by the absence of a treatment effect on this trait in the current study.  The difference in seed mass observed among populations in the field, on the other hand, was no longer present in the offspring in the glasshouse, indicating an environmental rather than a genetic origin. It should be noted that besides genetic and environmental differences a maternal effect could also have affected the observed pattern.
Given the lower reproductive output, plants from the invasive range appeared to have a lower fitness. Since I. glandulifera is a very successful invader (Beerling & Perrins, 1993; DAISIE, 2008), its invasiveness must be based on other mechanisms.  Possibly, the greater seed mass observed in the invasive populations in the field could play a role. One environmental factor that may be important for the seed mass is the amount of nutrients available to the plant. In the glasshouse, the seed mass showed a profound increase when more nutrients were supplied. Moreover, in the field, more nutrients were available to the invasive populations than to the native ones. Since seed mass is important for seedling survival (Schmitt & Ehrhard, 1990; Skálová et al., 2011), part of the invasiveness of this species may be generated by the production of larger seeds with higher seed quality under high nutrient conditions typically occurring in the invasive range.
For most of the traits we detected no difference in phenotypic plasticity between the ranges in the greenhouse. Therefore, we did not find evidence for the genetic-shift hypothesis in I. glandulifera in most traits. If phenotypic plasticity played a role in the invasiveness of this species, it seems that it was already present at a similar level in the native populations, therefore supporting the pre-adaptation hypothesis. The additional random terms in the model allowed us to ascertain whether differences in means and phenotypic plasticity could be explained by genetic variation (mean: intercept, phenotypic plasticity: slope). Sufficient additive genetic variation is essential for evolutionary adaptation to new environments (Lee, 2002). The absence of genetic variation in the slope of the reaction norm suggests that the lack of change in phenotypic plasticity between native and invasive populations resulted from low genetic variation in phenotypic plasticity initially harbored by this species. One trait, the number of nodes, was more plastic in the invasive (steeper slope and stronger curvature) than in the native range. However, for this trait as well, genetic variation in plasticity was absent, as only the mean value of this trait had genetic variation.
Among studies lending support to the genetic shift hypothesis (e.g. Siemann & Rogers, 2001; Maron et al., 2004; Caño et al., 2008; Qing et al., 2011 Moroney et al., 2013), research on Senecio pterophorus (Caño et al., 2008), Spartina alterniflora (Qing et al., 2011) and Centaurea melitensis (Moroney et al., 2013) not only established higher trait values in the invasive populations, but also found evidence for increased phenotypic plasticity after introduction. In contrast, our study indicates that for most traits I. glandulifera is pre-adapted for invasion. In studies on other species that also support the pre-adaptation hypothesis (e.g. DeWalt et al., 2004; Hejda et al., 2009; Schlaepfer et al., 2010), only DeWalt et al. (2004) studied phenotypic plasticity and they found no evidence for a shift in phenotypic plasticity of morphological and photosynthetic traits in Climedia hirta.
Our data thus do not corroborate the idea that selection on invasive plants enhances competitive ability and reproductive capacity after introduction to its invasive range. We conclude that the plants originating from the invasive range were not fitter than the plants from the native range when grown under similar conditions and therefore we did not find evidence for post-introductory micro-evolutionary factors responsible for the invasiveness of I. glandulifera. Most likely, differences in habitat drive the invasion of this species. Since plants in the invasive range mainly occupy disturbed and nutrient rich sites, these conditions may be the key determinant of the invasion process.
We recommend that future studies not only focus on differences in phenotypic plasticity between the native and invasive range but also investigate whether differences originate from pre-adaptation or genetic shift. In addition, including a genetic test can reveal possible underlying genetic causes for the observed differences. These integrated methods enable one to broaden the view on plant invasions and bridge the gap between ecological and evolutionary approaches in invasion biology.
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Figure legends
Figure 1: Mean ± se on log scale of the trait values of Impatiens glandulifera for each population (Invasive 1 [image: ]; Invasive 2 ;[image: ]Native 1 [image: ]; Native 2 [image: ]) in each treatment for (a) Number of flowers, (b) Number of seeds per capsule, (c) Seed mass, (d) Total reproductive output, (e) Plant height, (f) Aboveground biomass and (g) Number of nodes. 
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Table S1 Model selection for the different traits


Table 1: Location, soil nitrogen availability (measured with PRS probes) and average soil temperature (measured with dataloggers) during six weeks in the growing season for the four study populations of Impatiens glandulifera. 

	Population
	Coordinates
	Altitude (m)
	Nitrogen (µg m-² per 6 weeks)
	Average soil temperature (°C)

	Invasive 1 (Malvik, Norway)
Invasive 2 (Stjørdal, Noway)
Native 1 (Gokhama, India)
Native 2 (Paris Pora, India)
	63.413 ° N/ 10.809 ° E
	35
	65.3
	12.8

	
	63.484 ° N/ 10.985 ° E
	170
	12.2
	12.5

	
	34.077 ° N/ 74.488 ° E
	1850
	7.7
	21.6

	
	34.087 ° N/ 74.534 ° E
	1700
	1.9
	21.5





Table 2: Results of the likelihood ratio test comparing models contrasting the four populations of Impatiens glandulifera with models contrasting the two ranges (native vs. invasive) for each trait measured in the field or in the glasshouse. 

	Field
	Trait
	F
	df
	p-value

	
	Plant height
	7.47
	2
	<0.001

	
	Aboveground biomass
	15.63
	2
	<0.001

	
	Number of seeds per capsule
	0.21
	2
	0.808

	
	Average seed mass
	2.38
	2
	0.099

	Glasshouse
	Trait
	Chi-square
	df
	p-value

	
	Plant height
	17.69
	2
	<0.001

	
	Aboveground biomass
	15.80
	2
	<0.001

	
	Number of nodes
	17.92
	6
	<0.001

	
	Number of flowers
	7.423
	2
	<0.001

	
	Average number of seeds per capsule
	2.73
	2
	0.256

	
	Average seed mass
	27.03
	2
	<0.001

	
	Reproductive rate
	7.89
	4
	0.096


Significant p-values indicate that the model with population (4 levels) explains the trait variation better than the model with range (2 levels).
Table 3:  Mean ± se per population (I: invasive, N: native) of Impatiens glandulifera for the four plant traits measured in the field and the seven plant traits measured in the glasshouse under the different nutrient treatments.

	
	Pop.
	Number of flowers
	Average number of seeds per capsule
	Average seed mass (mg)
	Total reproductive output
	Plant height (cm)
	Aboveground biomass (g)
	Number of nodes

	Field
	I1
	
	4.6±1.4
	10.3±0.6
	
	154.4±7.8
	9.0±1.1
	

	
	I2
	
	4.1±0.6
	10.9±0.5
	
	142.4±6.0
	9.1±1.0
	

	
	N1
	
	11.7±0.7
	7.0±0.2
	
	109.2±5.8
	10.2±1.3
	

	
	N2
	
	11.7±0.7
	7.8±0.3
	
	143.3±7.4
	27.3±3.7
	

	Glasshouse Low
	I1
	97.7±1.1
	3.2±0.1
	4.5±0.2
	39.7±1.3
	132.4±1.2
	9.4±0.2
	6.9±0.0

	
	I2
	95.6±2.1
	3.4±0.1
	2.0±0.0
	84.4±3.2
	111.5±1.6
	10.5±0.1
	6.6±0.1

	
	N1
	87.7±1.9
	7.0±0.1
	3.0±0.1
	264.3±9.6
	96.6±0.9
	17.0±0.3
	7.9±0.1

	
	N2
	122.7±2.0
	5.9±0.1
	2.4±0.1
	246.0±8.7
	88.5±0.9
	12.0±0.1
	7.0±0.1

	Glasshouse Intermediate
	I1
	99.5±1.2
	3.3±0.1
	4.8±0.2
	54.8±1.6
	121.5±0.7
	7.7±0.1
	6.8±0.0

	
	I2
	99.9±1.9
	2.5±0.1
	2.9±0.1
	66.3±3.4
	118.5±1.5
	8.6±0.1
	6.8±0.0

	
	N1
	98.1±2.6
	6.5±0.1
	2.4±0.0
	232.0±9.8
	109.0±1.3
	11.5±0.3
	7.9±0.1

	
	N2
	115.7±2.5
	5.6±0.1
	2.0±0.1
	225.9±6.8
	109.9±1.2
	9.2±0.3
	7.2±0.1

	Glasshouse High
	I1
	188.6±1.9
	3.1±0.1
	7.2±0.1
	260.2±10.9
	169.4±1.0
	7.7±0.2
	9.2±0.0

	
	I2
	182.0±2.1
	3.0±0.0
	4.4±0.1
	172.6±5.2
	140.9±1.7
	10.5±0.2
	8.1±0.1

	
	N1
	193.7±3.4
	5.9±0.1
	4.2±0.1
	713.3±23.1
	137.1±1.6
	11.9±0.3
	8.3±0.1

	
	N2
	210±3.6
	6.2±0.1
	4.1±0.1
	758.9±18.5
	113.5±1.6
	8.9±0.1
	7.4±0.1



Table 4: Parameter estimates ± se on log scale for the effects of treatment and population (I: invasive, N: native) and statistical significance level of the random effects for the slope and intercept on seven traits in Impatiens glandulifera in the glasshouse. 
	
	Number of flowers
	Average number of seeds per capsule
	Average seed mass (mg)
	Reproductive rate
	Plant height (cm)
	Aboveground biomass (g)
	Number of nodes

	Fixed effects
	
	
	
	
	
	
	

	Population I1
	4.54±0.08
	1.09±0.05
	1.28±0.08
	3.67±0.13
	4.89±0.04
	2.10±0.07
	1.91±0.04

	Population I2
	4.45±0.08
	1.03±0.05
	0.80±0.08
	3.76±0.13
	4.74±0.04
	1.86±0.07
	1.91±0.04

	Population N1
	4.40±0.08
	1.82±0.05
	0.86±0.08
	5.15±0.13
	4.67±0.04
	2.31±0.07
	2.05±0.04

	Population N2
	4.63±0.08
	1.73±0.05
	0.74±0.08
	5.12±0.13
	4.57±0.04
	2.06±0.07
	1.95±0.04

	Treatment
	0.35±0.04
	
	0.30±0.04
	
	0.14±0.02
	0.12±0.04
	

	Treatment²
	0.36±0.07
	
	0.28±0.07
	0.75±0.11
	0.05±0.03
	0.23±0.06
	

	Treatment:Population I1
	
	
	
	0.93±0.13
	
	
	0.14±0.02

	Treatment:Population I2
	
	
	
	0.45±0.13
	
	
	0.11±0.02

	Treatment:Population N1
	
	
	
	0.53±0.13
	
	
	0.02±0.02

	Treatment:Population N2
	
	
	
	0.61±0.13
	
	
	0.03±0.02

	Population I1:Treatment²
	
	
	
	
	
	
	0.15±0.04

	Population I2:Treatment²
	
	
	
	
	
	
	0.07±0.04

	Population N1:Treatment²
	
	
	
	
	
	
	0.03±0.04

	Population N2:Treatment²
	
	
	
	
	
	
	0.00±0.04

	Random effects
	
	
	
	
	
	
	

	Slope: Chisquare 
	1.56
	1.05
	1.6e-08
	0.39
	0
	1.7e-08
	0.94

	            df
	2
	2
	2
	2
	2
	2
	2

	            p-value
	0.46
	0.59
	1
	0.82
	1
	1
	0.62

	Intercept: RLRT
	0
	0
	0
	0
	0
	0
	7.00

	                  p-value
	0.49
	0.49
	1
	1
	0.49
	1
	<0.01


Parameters were obtained from the best model fitted with REML without global intercept. Consequently, the estimates for each population correspond to the mean value for each population in the Intermediate treatment. Models included population and treatment as fixed factors and maternal family as a random factor.
The p-values for the random variance in the intercept were calculated using the exactRLRT function in R.
Table 5: Heritability (h²) estimated for the number of nodes of Impatiens glandulifera from the different populations assuming that offspring were half- or full-sibs. 
	Population
	h2 full sib
	h2 half sib
	p-value random effect

	Invasive 1
	0.00
	0.00
	0.477 (RLRT=0.00)

	Invasive 2
	0.43
	0.86
	0.057 (RLRT=2.39)

	Native 1
	0.39
	0.79
	0.072 (RLRT=2.03)

	Native 2
	0.65
	1.31
	0.011 (RLRT=5.48)


The p-values and likelihood ratio test for the statistical significance of the random variance in the intercept for each population are also reported.
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