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Abstract: Plastic traits are argued to favor the establishment of invasive alien plants and to evolve
during the invasion process, so that invasions may be favored by both plasticity and evolutionary
changes in plasticity. Despite this aspect being pivotal to understanding invasion processes, no
information is available about the effect of residence time on the evolution of phenotypic plasticity
of aliens to produce locally adapted phenotypes. Therefore, we aimed to evaluate changes in the
morpho-functional traits of the invasive alien Ambrosia trifida L. over time. Specifically, we grew
A. trifida plants under laboratory (at different temperatures: 10 ◦C, 20 ◦C and 25 ◦C) and field
conditions by using seeds collected from 2011 to 2020 from an Eastern European population. Data
about seedling emergence, vegetative (laboratory and field) and reproductive (field) traits were
collected, e.g., maximum plant height (cm), total dry biomass (g), number of flowers (n) and number
of new seeds (n). Analysis of variance (ANOVA), linear regressions and a plasticity index were
applied to assess differences in plant performances when grown from seeds of different ages. An
auto-regressive integrated moving average (ARIMA) model was applied to predict future trends of
some key plant traits (maximum height, total dry biomass and number of new seeds). Overall, the
time of seedling emergence was not statistically different among seeds of different age, and regression
analyses exhibited a positive relationship between residence time (seed age) and vegetative and
reproductive parameters of A. trifida. Only male flower production exhibited a negative trend over
time. At all temperatures (especially at 25 ◦C), the vegetative parameters increased with the decrease
in residence time. The plasticity index of the measured traits tended to decrease over time for most
traits both in the field and in the laboratory trials. The ARIMA model predicted that plant traits will
continue to increase in size over time by 2030, suggesting further plastic adaptation of A. trifida. The
results highlighted that residence time influences the evolution of phenotypic plasticity of A. trifida,
which has strengthened its adaptability to the new conditions over a decade, also demonstrating a
great adaptive and invasion potential for the future.

Keywords: giant ragweed; plasticity; adaptations; invasion; plant traits

1. Introduction

Biological invasions, representing one of the main components of global change, can
have negative consequences on the structure, function and dynamics of ecosystems [1].
The success of biological invasions depends on a species’ potential to colonize new habitats
(e.g., high dispersal efficiency, the persistence of the seed bank, and population density)
and on its competitive ability against native plant species (i.e., fast plant growth in terms
of higher biomass production and high regeneration capacity; see [2]). In general, the
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impact of biological invasions on the resident community depends both on the biological
characteristics of the invader and on those of the invaded community [2].

In particular, as highlighted by genetic studies, many invasive species show a quite
rapid adaptation to novel environments, occurring within less than 20 generations [3,4].
However, the different speed of adaptive evolution across invasive species make it difficult
to predict the potential range expansions of species, especially considering that this aspect
has been scarcely considered until recently [5].

Recent studies have attempted to clarify how evolutionary changes are influenced
by phenotypic plasticity, as the success of an invasive species has often been attributed
to an all-purpose genotype that produces a suitable phenotype in different environments,
implying a high level of phenotypic plasticity [6,7]. Plastic traits have been reported to
evolve during the invasion process, so that invasions may be favored by both plasticity and
evolutionary changes in plasticity [7]. Nevertheless, only a few studies have documented
the divergence of traits in natural populations, after observing a gradient of plasticity in
the same populations [6,8–10]. Specifically, the “plasticity first” hypothesis predicts that
phenotypic plasticity may promote adaptive evolutionary changes by producing popula-
tions with increased fitness under different environmental conditions across the species’
distribution ranges (stressful or novel) [11,12]. Over time, environmentally modulated
changes in traits can be optimized through a genetic accommodation (i.e., selection) [13].
In this framework, during the period of climate change, many invasive alien species are
predicted to be in the process of adaptation over a short time, which could lead to increased
populations with better fitness [14–16]. In turn, trait plasticity could confer a competitive
advantage to invasive aliens compared to native species, augmenting their impact on
ecosystems [17]. Therefore, some plant traits could be modulated by new environmental
conditions (for species colonizing new territories) via phenotypic plasticity and could be
responsible for the invasion success of alien species [17]. Considering such important
issues, more studies predicting how invasive species will behave and adapt to new environ-
mental conditions are needed. Specifically, during biological invasions, species commonly
spread over large and climatically diverse areas [18]. Therefore, predicting how plants will
respond to new areas needs to be understood in terms of adaptation of local populations
to the new conditions. Temperature in particular can exert effects on plants directly, and
also indirectly through environmental factors that covary with temperature [19]. Ambrosia
trifida L. is one of the most noxious alien plant species in Europe. It is native to North
America, and today it occurs in almost all United States and Canadian provinces, with a
lesser presence in the western part of the continent [20]. It has been widely introduced into
Europe [21] and reported in many regions of Europe and Asia [22,23]. A. trifida is mostly
in the naturalization phase, with a tendency to spread to new areas. In Central Europe,
the species’ populations have been recorded in wide areas in a phase of spreading [22,24].
The species is known to be highly variable morphologically and genetically and highly
competitive for resources and space [25,26]. Indeed, it is among the first plant species
emerging in early spring [27]. By late May, plants can reach a height of up to 4 m [28].
A. trifida is highly efficient in utilizing water and nutrients from soil and thus affects the
availability of natural resources needed for the growth and development of other plant
species [29,30]. As an agricultural weed, A. trifida may lead to significant yield losses of
certain crops [31]. For example, Baysinger and Sims [32] and Harrison et al. [33] reported
losses in maize and soybean yields of 13% and 50%, respectively, with only one A. trifida
plant/m2. In addition, Harrison et al. [31] found a yield loss in corn of 60% with 14 plants
of A. trifida/10 m2. In addition, in non-agricultural habitats, it can negatively affect the
biodiversity of local flora and vegetation by suppressing autochthonous, non-native, rare
and endangered species [34]. Finally, it is also an allergenic species. Its pollen is an impor-
tant source of aeroallergens, and it has become the most serious and persistent cause of
allergy-associated respiratory diseases in invaded areas [20,23]. Many researches have also
demonstrated that plant diffusion and the prevalence of allergy are increasing worldwide
due to all the drivers of global change and in particular to temperature rise [20].
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Despite its potential for invasiveness, studies about the adaptation potential and
plasticity of A. trifida are scarce. Previous research has mainly investigated its negative
effects on agricultural production [32,35], herbicide resistance [36,37] and its distribution in
Europe [22]. No information is available about the effect of residence time on the evolution
of phenotypic plasticity to produce locally adapted phenotypes.

In this paper, considering A. trifida ecological characteristics, we hypothesized that the
residence time of its populations in the invaded area may have promoted the adaptation of
the species to the new environment by changing the morpho-functional traits associated
with invasiveness to maximize the plant fitness. Specifically, starting from the scientific
evidence of the high level of phenotypic plasticity of A. trifida, we assumed that the
initial invasive environment had induced a phenotype characterized by traits that allowed
the species to satisfy its needs, which, over time and with the persistence of the same
environmental conditions, became heritable.

To test the hypothesis, we examined the morpho-functional traits of A. trifida plants
from 10 seed populations collected in the same agriculture area during 10 consecutive
years (from 2011 to 2020). Trait changes detected under different temperatures in con-
trolled conditions and in field were statistically elaborated to determine the effect of the
residence time on the evolution of phenotypic plasticity of A. trifida and to estimate its local
adaptive potential.

2. Materials and Methods
2.1. Sampling

Ambrosia trifida L. seeds were collected from an agriculture area in Central Bačka
(Vojvodina Province), Republic of Serbia (45◦30′ N, 19◦31′ E), each year from 2011 to
2020. The seeds were collected at maturity (in autumn) from at least 100 different mother
plants (every year), then brought to the lab and stored at room temperature (20 to 23 ◦C)
until use. To determine the changes in morpho-functional traits of plants grown from
the 10 seed populations, a laboratory experiment was performed at the Institute for Plant
Protection and Environment (Belgrade), and a field experiment was carried out at a farm
near Dobrić, Republic of Serbia (44◦41′ N, 19◦34′ E) in 2021. Over the period of seed
collection (2011–2020), the climatic conditions during A. trifida vegetative season (mean
temperature and total rainfalls) at the site of seed collection and at the experimental site
were similar (about 18 ◦C and 500 mm).

2.2. Laboratory Experiment

All the 10 stocks of A. trifida seeds were tested for emergence and growth under
controlled conditions. To break the dormancy of seeds, they were exposed to stratification
treatments in three steps: low temperature (4 ◦C/7 days), high temperature (40 ◦C/2 days)
and low temperature again with the addition of KNO3 (4 ◦C/7 days).

Emergence tests were conducted in the soil substrate (Cultivo, Zeleni Hit, Belgrade,
Serbia) (10 seeds/pot) at three different temperatures for 28 days and repeated three times:
10 ◦C, 20 ◦C and 25 ◦C. Such temperatures were chosen based on literature indicating
that A. trifida germination occurs within a temperature range of 5–41 ◦C, with a maxi-
mum germination rate at 20 ◦C and an optimum between 10 and 25 ◦C [38]. Thus, we
chose the three temperatures with the temperature of 20 ◦C corresponding to the peak
of maximum germination and the 10 and 25 ◦C as the lower and upper optimum. With
regards to 10 ◦C, we specifically chose this temperature also because A. trifida has been
observed to be one of the first summer annual weeds to emerge under this soil temper-
ature early in spring ([22] and according to the Republic Hydrometeorological Institute
of Serbia). In addition, testing different temperatures can highlight the ability of the
species to adapt to different climatic conditions, as already observed for A. artemisiifolia [17].
The sprouted seeds were then used to test plant growth and development at the three
different temperatures (10 ◦C, 20 ◦C, 25 ◦C) in three growth chambers with identical pho-
toperiods and light intensity (16/8 h light/dark). We used 150 pots (140 mm × 110 mm)
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(3 temperatures × 5 replications per year × 10 years). Pots were arranged in a completely
randomized design and were rotated weekly to minimize spatial variation. The seeds
were planted at 0.5 cm depth in each pot and regularly watered to maintain soil moisture.
After sprouting, one seedling was grown per pot for about 2 months, for each treatment.
The experiment was set up on 12 April, and the following plant traits were recorded on
three subsequent dates (3 May, 24 May and 14 June): maximum plant height (cm), plant
number of leaves (n), maximum plant width (cm), fresh and dry biomass of roots (g) and
total plant dry biomass (g).

2.3. Field Experiment

The experiment was performed between April and October 2021 (Dobrić, Serbia, 44◦41′ N,
19◦34′ E) in a fallow field where no crop had been sown for more than seven years. The
results of the chemical analysis of powdered clay soil regarding the basic agrochemical
properties, the experiment timeline and the mean daily air temperature and precipitation
during the trial period are reported in the Supplementary Materials: Tables S1–S3; Figure S1.

The experiment was set up on the principle of a completely randomized block design
with three replications (Supplementary Figure S2). In particular, 10 treatments, correspond-
ing to seeds collected for 10 successive years, from 2011 to 2020, were considered. Each year,
seeds were sown in three parcels of 1 m2 × 1 m2 and grown at a density of five plants per
square meter. The given plant density was maintained by thinning spontaneous vegetation
growing in the parcels every 7 to 10 days over the season. The distribution of A. trifida
within the parcels was kept uniform to minimize differences due to competition among
individuals [34]. During plant growth, the following data about vegetative and repro-
ductive traits were collected: maximum plant height (cm), maximum plant width (cm),
number of leaves (n) (20 May, 20 June, 24 July, 24 August, 15 September), total dry biomass
(g) at the end of the experiment (15 October), number of inflorescences (n) (24 August),
number of male flowers (n) (24 August), number of seeds (n) (15 October) and seed mass
(g) (15 October). Plant maximum height and width were measured with a wooden pullout
meter, while dry biomass was measured with a precision scale in the laboratory. The seed
mass was measured on an analytical balance, and the seed counter determined the exact
number of seeds per plant (The Contador: Pfeuffer GmbH, Kitzingen, Germany, an optical
seed counter with an integrated vibration channel).

2.4. Statistical Analysis

ANOVA and Bonferroni’s test were applied to determine statistical differences in seed
mass and time of emergences among populations (2011–2020) during the laboratory test.
The relationships between the residence time and the recorded A. trifida traits in control
and field conditions were analyzed by linear regression. Standard error of parameters and
adjusted R2 were used to show model fitness. Based on the data obtained, the behavior
of the future generations of A. trifida were predicted by applying the ARIMA model [39].
Phenotypic plasticity of individual traits was calculated for the species for each observation
year with the relative distance plasticity index (RDPI), as described by [40]. The RDPI is
calculated as the Euclidian distances between the expressed trait values of individuals
exposed to different temperatures in both control and field conditions. In particular, the
RDPI considered interactions with temperature in lab and field conditions for all traits year
by year. All analyses were performed in R version 4.2.2. [41].

3. Results

Overall, although the 10 seed populations of A. trifida of different ages showed the
same average mass (F = 0.789, p > 0.05, Figure 1) and the same mean time of seedling
emergence at 10 ◦C (F = 1.202, p > 0.05, Figure 2), 20 ◦C (F = 2.189, p > 0.05, Figure 2) and
25 ◦C (F = 1.024, p > 0.05, Figure 2), their derived plants varied in vegetative and generative
traits under both laboratory and field conditions.



Agronomy 2024, 14, 1601 5 of 14

Agronomy 2024, 14, x FOR PEER REVIEW 5 of 14 
 

 

3. Results 
Overall, although the 10 seed populations of A. trifida of different ages showed the 

same average mass (F = 0.789, p > 0.05, Figure 1) and the same mean time of seedling 
emergence at 10 °C (F = 1.202, p > 0.05, Figure 2), 20 °C (F = 2.189, p > 0.05, Figure 2) and 25 
°C (F = 1.024, p > 0.05, Figure 2), their derived plants varied in vegetative and generative 
traits under both laboratory and field conditions. 

 
Figure 1. Mean mass of A. trifida seeds collected in successive years from 2011 to 2020. Identical 
letters indicate non-significant differences between years (p > 0.05). 

 
Figure 2. Time required for seedling emergence from the 10 seed populations of A. trifida at different 
temperatures (10 °C, 20 °C and 25 °C) under laboratory conditions. Identical letters indicate non-
significant differences (p > 0.05) between the years. 

3.1. Plant Traits Measurements in Controlled Conditions 
Regression analyses exhibited a positive relationship between residence time (seed 

age) and vegetative parameters of A. trifida (Figure 3). At all temperatures, the vegetative 
parameters increased with the decrease of residence time; the increase was most 
pronounced at 25 °C (Figure 3). Specifically, a relatively marked positive relationship was 

Figure 1. Mean mass of A. trifida seeds collected in successive years from 2011 to 2020. Identical
letters indicate non-significant differences between years (p > 0.05).

Agronomy 2024, 14, x FOR PEER REVIEW 5 of 14 
 

 

3. Results 
Overall, although the 10 seed populations of A. trifida of different ages showed the 

same average mass (F = 0.789, p > 0.05, Figure 1) and the same mean time of seedling 
emergence at 10 °C (F = 1.202, p > 0.05, Figure 2), 20 °C (F = 2.189, p > 0.05, Figure 2) and 25 
°C (F = 1.024, p > 0.05, Figure 2), their derived plants varied in vegetative and generative 
traits under both laboratory and field conditions. 

 
Figure 1. Mean mass of A. trifida seeds collected in successive years from 2011 to 2020. Identical 
letters indicate non-significant differences between years (p > 0.05). 

 
Figure 2. Time required for seedling emergence from the 10 seed populations of A. trifida at different 
temperatures (10 °C, 20 °C and 25 °C) under laboratory conditions. Identical letters indicate non-
significant differences (p > 0.05) between the years. 

3.1. Plant Traits Measurements in Controlled Conditions 
Regression analyses exhibited a positive relationship between residence time (seed 

age) and vegetative parameters of A. trifida (Figure 3). At all temperatures, the vegetative 
parameters increased with the decrease of residence time; the increase was most 
pronounced at 25 °C (Figure 3). Specifically, a relatively marked positive relationship was 

Figure 2. Time required for seedling emergence from the 10 seed populations of A. trifida at different
temperatures (10 ◦C, 20 ◦C and 25 ◦C) under laboratory conditions. Identical letters indicate non-
significant differences (p > 0.05) between the years.

3.1. Plant Traits Measurements in Controlled Conditions

Regression analyses exhibited a positive relationship between residence time (seed
age) and vegetative parameters of A. trifida (Figure 3). At all temperatures, the vegetative pa-
rameters increased with the decrease of residence time; the increase was most pronounced
at 25 ◦C (Figure 3). Specifically, a relatively marked positive relationship was recorded
between the residence time of A. trifida and the trait of maximum height (F = 6.835, p < 0.01),
which was most pronounced at temperatures of 10 ◦C (R2 = 0.231, p < 0.01) and 25 ◦C
(R2 = 0.355, p < 0.01) (Figure 3A). A positive trend was also recorded for the parameters
of maximum plant width (F = 17.285, p < 0.01) (Figure 3B), number of leaves (F = 21.632,
p < 0.01) (Figure 3C), root dry biomass (F = 14.34, p < 0.01) (Figure 3E) and the total plant dry
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biomass (F = 72.065, p < 0.01) (Figure 3F), which was most pronounced at 25 ◦C (R2 = 0.662,
p < 0.01) (Figure 3F). Significant interactions between temperature and year were recorded
for number of leaves (F = 3.91, p < 0.05), fresh root mass (F = 5.477, p < 0.05), dry root mass
(F = 8.833, p < 0.01) and dry mass (F = 14.04, p < 0.01).
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Figure 3. Influence of residence time on vegetative traits (A—maximum height; B—maximum plant
widht; C—number of leaves; D—root fresh biomass; E—root dry biomass; F—total plant dry biomass)
of A. trifida plants grown in controlled conditions at different temperatures.

3.2. Plant Traits Measurements in Field Conditions

In the field experiment, the effect of residence time on vegetative and reproductive
traits was similar to that observed in control conditions (Figure 4). With decreasing seed age,
vegetative and almost all generative parameters increased. Regression analysis confirmed
the significant influence of residence time on the examined parameters. Throughout the
growing season, height, width and number of leaves of the plants exhibited a positive
trend (Figure 4A–C). Specifically, in the last assessment, a statistically significant positive
relationship (p < 0.01) was found between residence time and plant maximum height
(F = 58.521, R2 = 0.283, p < 0.01) (Figure 4A), total dry biomass (F = 141.03, R2 = 0.488,
p < 0.01) (Figure 4D), number of inflorescences (F = 83.618, R2 = 0.487, p < 0.01) (Figure 4E)
and number of newly produced seeds (F = 66.467, R2 = 0.309, p < 0.01) (Figure 4G).
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Figure 4. Influence of residence time on morpho-functional vegetative (A—maximum height;
B—maximum plant width; C—number of leaves; D—total dry biomass) and reproductive traits
(E—number of inflorences; F—number of total male flower; G—number of new seed; H—mass of
ten seed) of A. trifida plants grown in field.

A less marked relationship was found for the parameters of plant width (F = 34.812,
R2 = 0.191, p < 0.01) (Figure 4B) and number of leaves (F = 19.746, R2 = 0.118, p < 0.01)
(Figure 4C). Conversely, a negative correlation in the total production of A. trifida male flow-
ers per plant was recorded (F = 8.953, R2 = 0.092, p < 0.05) (Figure 4F), and the relationship
between residence time and mass of 10 newly produced seeds was not significant (F = 1.468,
R2 = 0.012, p = 0.176) (Figure 4H). Moreover, significant positive Pearson’s correlations
between plant mass and seed production were recorded for all 10 consecutive years of seed
populations (F = 39.14; R2 = 0.756, p < 0.01 for 2011, F = 130.53; R2 = 0.911, p < 0.01 for 2012,
F = 21.76; R2 = 0.626, p < 0.01 for 2013, F = 128.1; R2 = 0.91, p < 0.01 for 2014, F = 48.97;
R2 = 0.791, p < 0.01 for 2015, F = 45.26; R2 = 0.77, p < 0.01 for 2016, F = 65.25; R2 = 0.83,
p < 0.01 for 2017, F = 154.6; R2 = 0.92, p < 0.01 for 2018, F = 139.13; R2 = 0.91, p < 0.01 for
2019, F = 58.88; R2 = 0.82, p < 0.01 for 2020) (Figure 5).
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3.3. Plasticity of Traits

The phenotypic plasticity according to the RDPI, considering interactions with tem-
perature in lab and field conditions, was calculated for all traits (Figures 6A and 6B,
respectively). Overall, all traits exhibited significant differences (all with p < 0.001) over
the investigated period, most notably for the highest and the lowest RDPI values across
years (ANOVA and post hoc tests are shown in the Supplementary Materials). In the lab
conditions, under the effects of different temperatures, the traits exhibited RDPI values
ranging between 0.074 (plant width) and 0.539 (dry root mass). In the field conditions, the
traits exhibited RDPI values ranging between 0.015 (number of inflorescences) and 0.471
(number of new seeds). Overall, both in the lab and the field, the plasticity of most of the
traits tended to decrease through two main patterns over time: (a) a linear decreasing trend
(e.g., root dry biomass in the lab; plant height in the field) and (b) a downward parabola
trend, with a peak in the intermediate years of observation (e.g., plant height in the lab;
total dry biomass and number of seeds in the field). A few traits showed a stable trend
(total dry biomass in the lab; number of inflorescences in the field).
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3.4. Prediction (ARIMA Model) of the Future Performance of A. trifida

Measurements in field of the maximum plant height, plant dry biomass and number
of produced seeds were used for predicting the future performance of A. trifida. Predictions
revealed that all three parameters were statistically significant with positive trends. In the
case of the maximum height, the ARIMA model was best fitted, and the expected maximum
plant height is estimated to be 287.86 cm at 2030. For the same year, the expected dry mass
and number of seeds are estimated to be 359.12 g and 2944.37/plant, respectively (Figure 7,
Supplementary Materials: Table S4).
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4. Discussion

Our results show that in a 10-year experiment in both an agricultural area of Serbia,
within its invasive range, and in lab conditions, A. trifida has modified most of its vegetative
and reproductive traits, increasing its performance over time. This suggests that the species
is adapting to local conditions through a genic and/or non-genic control of the main
phenotypic traits. In our experiment, the residence time did not affect the germination
time but modulated the plant development, generating ever larger individuals capable
of producing more and more seeds. This trend was observed in both laboratory (at three
different temperatures) and field experiments, suggesting an environmentally induced
trait change refined through selection over time. Indeed, when undergoing change to
adapt to new environments, populations that express a variety of phenotypes, as shown
for A. trifida [42], are more likely to be able to adapt quickly, since beneficial phenotypes
are more likely to be present and selected for [43]. We point out that the mechanisms
enabling plant adaptation are still unclear [43,44] and the analysis of trait variation alone
is not sufficient to determine the contribution of genetic and epigenetic factors. However,
the reduction of the phenotypic plasticity that we observed in our experiments for most
traits within a period of only 10 years suggests the heritability of those traits that allow
the species to meet its needs in that specific environment and then its adaptation to local
conditions. It is important to underline that we excluded the influence of seed collection
and/or storage on our results. The ever larger plants that we obtained from the populations
of seeds collected in the subsequent 10 years were not from larger seeds, which are reported
to have higher germination and survival rates [45], as seeds were collected from over
100 different plants each year, and no statistical differences in their mean mass, viability
and germination (percentage and time) was observed among the seed populations at the
beginning of the experiment.

In any case, our results are different from those reported by [46]. They found that
young natural populations of the invasive species Mikania micrantha were competitively
inferior to the old ones, also considering an increasing distance from the source population,
suggesting that invasive plants can achieve invasion success by modulating phenotypic
plasticity and then changing their traits and genetic characters [46]. On the other hand,
in our results in both field and lab conditions, a decrease in seed age corresponded to an
increase of vegetative traits at all the tested temperatures (lab conditions), indicating a
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certain equilibrium between plasticity and trait heritability (genetic or epigenetic mecha-
nisms) over time. Accordingly, Hovick et al. [47] suggested that the increasingly successful
spreading of this species in new environments and regions can be attributed, at least in
part, to its adaptive potential. Interestingly, so far, the average height of A. trifida plants in
Europe, its invasive range, is about half of that recorded in America [48], its native range
(2 vs. 4 m), and is increasing and expected to reach 3 m in 10 years according to our data
and the predictive ARIMA model. It seems that adaptation to the invasive range tends
to make the species regain the size and, in general, the better performance it displays in
its native range. We can speculate that the better native population performance, at a
vegetative but also reproductive level, relates to genotypes that are probably similar to
those that characterized the populations of A. trifida at the beginning of its introduction
into Europe, which did not perform as well in this new environment, and which started a
gradual adapting process.

Across the literature, several plants and, in particular, invasive species show evidence
of plasticity and genetic adaptation to environmental gradients [17,49,50]. In fact, in
variable environments, invasive species are reported to rapidly adjust those traits generally
associated with invasive potential, such as generation time, growth rate, and dispersal
ability, which result in phenotypic plasticity and new genetic architectures or adaptation
abilities to new regions through genetic accommodation that can subsequently occur [4,51].
In our results, plasticity occurs over time with a multi-temporal shift of traits and growth
adjustments. Of particular interest in our experiment was the different resource allocations
for reproduction. We observed that the residence time of A. trifida was negatively correlated
with male flower production, whereas it was positively correlated with plant biomass and
seed production. In species belonging to the genus Ambrosia, the pattern of male and female
flowers is peculiar, with a more significant number of male than female inflorescences [52].
This trend can indicate that different conditions may cause different resource allocations in
the studied species, likely acting on phenotypic plasticity [42,53].

Although there is not a great amount of data in the literature about morphological
differences within the same population at the multi-year age level of the species, some
investigations have reported that many biotic and abiotic factors (of which some are impli-
cated in the environmental changes) might result in the rapid selection and evolution of
plant phenotypes. Some species can adapt to local climatic conditions after only one gener-
ation [54]. Franks et al. [55] found rapid evolution of flowering time in Brassica rapa under
the influence of climate change, after just three generations. Additionally, Nowak et al. [56]
demonstrated the adaptive evolution of Noccaea caerulescens via trait variation after one
generation of exposure to various levels of Zn contamination in the soil. In the same
way, adaptive changes in life-cycle length in response to water stress have been observed
over a few generations in Arabidopsis thaliana [57]. In the case of A. trifida, many different
abiotic and biotic environmental factors can have contributed to the species’ adaptation
to the new environment by driving changes in the morpho-functional traits in order to
maximize the plant’s fitness. However, at the state of the art, it is difficult to determine what
environmental factors have driven this change. Climate matching is a basic requirement
for persistence in a new area. According to its global distribution, A. trifida comes from
temperate areas. Although with several exceptions, this species mainly “moves” from/to
warm temperate climate regions, generally avoiding equatorial, arid and snow climates,
and apparently shows a limited shift of climatic niche between the native and adventive
range [23]. In agreement with this, our laboratory test showed a better performance of
the species at 20–25 ◦C than at 10 ◦C, regardless of the seeds’ age. In addition, a limited
shift of climatic niche is also supported by the analysis of mean daily temperatures and
precipitations in the A. trifida native range and during its residence time in the invasive
range, which did not change significantly. However, in addition to climate, many other
abiotic and biotic factors can contribute to the difference between native and invasive
niches [42]. Thus, further specific studies are needed to understand the factors that have
determined the lower performance of A. trifida at the early stage of introduction and its
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need for adaptation by changing the morpho-functional traits generally associated with
invasive potential [58]. The concern, of course, is that the acquisition of adaptive traits
associated with invasiveness may favor the spread of A. trifida in Europe in the next several
years with negative impacts at the environmental, social and economic levels. As several
studies have highlighted, plasticity across generations would influence the ecological and
evolutionary dynamics of weed adaptation [59–61].

Considering that our results were produced in a short observation period, it is rea-
sonable to assume a positive effect of changes in plant size rather than a negative one, as
already observed for most invaders, since they are generally highly adaptable and success-
ful in new environments. The cases reporting that invasive species can experience declines
in fitness and adaptability are rare across the literature and generally occur over medium
to long time periods (see, for instance, [62]).

In conclusion, our results showed that a 10-year residence time of A. trifida populations
in the invasion area under steady-state conditions has likely promoted a continuous trend
of trait adjustment, allowing the adaptation of the species to the new environment through
more vigorous vegetative growth and more efficient reproduction. Indeed, while the
mechanisms enabling plant adaptation are still unclear, the reduction of the phenotypic
plasticity that we observed in our experiments for most traits over time suggests the
heritability of the favorable traits that allow adaptation to local conditions. The results
seem to confirm the hypothesis that the adaptability potential of A. trifida was drastically
strengthened over a decade, and that in the future we can expect plants with a larger
vegetative performance and fitness that may greatly influence the spread of this species.
Nevertheless, further studies about the genetic mechanisms involved in the accommodation
of invasive plant traits are needed.
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