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1 | INTRODUCTION

Abstract

Invasive species are a worldwide problem, and the germination process is use-
ful to understand the characteristics that allow alien species to be invasive and
their projected response to global climate change. Phytolacca americana is one
of the most invasive plants in Italy, and we tested, for different populations
(from different altitudes) how light, temperature, and cold stratification affect
seed germination. According to our analyses, P. americana produces an excep-
tionally high number of seeds that may potentially survive in soil for extended
periods. Seeds subjected to cold stratification and exposed to warmer tempera-
tures, both in light and darkness, exhibited faster germination, with a higher
germination rate and a shorter T50. Seeds collected at the highest elevation
(337 m a.s.l.) have germinated in all tested thermal conditions, albeit with a
lower germination percentage and a longer T50 compared with seeds collected
at lower elevations (5 and 50 m a.s.l.) and tested under warm and moderate
temperatures. In general, P. americana seems to adapt to moderate-warm tem-
peratures (at low elevations) and moderate-cool temperatures (at highest eleva-
tions) and appears to increase germination with seeds exposed to cold
stratification. These results, in a scenario of climate change, show that the

invasiveness of P. americana may increase in the future.
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exchange of allochthonous (i.e., introduced) species (Van
Kleunen et al., 2015), dramatically increasing introduction

Invasive alien species are a worldwide problem having a  rates, leading to the erosion of biogeographical barriers,

negative impact on ecosystems and representing a compo- reducing biodiversity richness, and increasing the homog-
nent of human-induced environmental change (Keller enization in several environments (Daru et al., 2021).
et al.,, 2011). Globalization has promoted the transfer of Humans have introduced thousands of species in

organisms between different continents and facilitated the regions outside their native ranges, and several of them
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have become permanent components of the local fauna
and flora (Seebens et al., 2018). More than 50% of alien
plant species were introduced for ornamental and horti-
cultural purposes (Kowarik, 2011; Pepe et al., 2020; Pergl
et al., 2016). Almost two-thirds (62.8%) of the established
plant species in Europe were introduced intentionally,
and the percentage of introduced species that become
invasive exceeds 50% (Keller et al., 2011; Lambdon et al.,
2008). Europe nowadays has more than 300 invasive
terrestrial plant species (Vila et al., 2010; Vila & Ibanez,
2011).

The effects of invasive species on environments
depend on biological and ecological species characteris-
tics (tolerance thresholds, species adaptability, polymor-
phism, generalism, fitness, and dispersion), ecological
compatibility among invasive species, and the vulnerabil-
ity of ecosystems (Dullinger et al., 2013). Seed production
and germination, associated with the initial phase of
plant establishment, are key processes that determine the
outcome of invasion into new regions (Moravcova et al.,
2006) and can help us to understand the dynamics of
invasion (Pysek et al., 2008). Understanding seed produc-
tion is useful for unraveling reproduction mechanisms
and developing preventive measures for weedy plants
(Zeng et al., 2021). Germination in invasive species typi-
cally occurs rapidly, it is highly synchronous, and
exhibits broad environmental tolerance (Diaz-Segura
et al., 2020; Gioria & Pysek, 2017). Germination time is
associated with successful naturalization and invasive-
ness in South African Iridaceae species and some intro-
duced herbaceous species in North America (Schlaepfer
et al., 2010; Van Kleunen & Johnson, 2007). Early germi-
nation is a crucial trait, as it allows species to gain access
to resources and space while reducing competition dur-
ing the initial stages of establishment (Gioria & Osborne,
2014; Godoy et al., 2009; Pysek & Richardson, 2007). Sev-
eral invasive plants have been reported to experience pos-
itive effects on growth and fecundity due to early
germination (Dickson et al., 2012; Engelhardt &
Anderson, 2011).

The European Commission, with the EU Regulation
1143/2014, addressed the issue of invasive alien species to
counteract their effect on ecosystems. All species listed
under the Alien Species of Union Concern require mea-
sures from all EU countries to prevent, detect, eradicate,
and manage the associated biodiversity risks. One of the
species included in this list is Phytolacca americana L., a
polycarpic perennial herb native to North America. In its
native range, it is a pioneer plant for open and disturbed
areas (Pepe et al., 2020).

In Southern Europe, it has been cultivated as a garden
plant since the seventeenth century (Steinmetz, 1963). It
has been widely introduced into central Europe, the Med-
iterranean Basin, and East Asia (Balogh & Juhdsz, 2008;
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Orrock & Damschen, 2005; Pepe et al., 2020). The species
has been classified as harmful due to its negative impact
on ecosystems (e.g., in South Korea, Min, 2014 and in
Italy, Lazzaro et al., 2020). The effects include competi-
tion with native plants for space, light, and nutrients, as
well as toxicity for animals and production of allelopathic
compounds that can affect soil microbial community and
other organisms. Indeed, P. americana altered arthropod
community structure and repels many earthworm species
(Campana et al., 2002; Dumas, 2011; Orwig & Foster,
1998; Schirmel, 2020). Another effect of P. americana on
abiotic conditions is the accumulation of potassium in
the soil, forming reserves of the element in the environ-
ment (Dumas, 2011). This species is highly distributed in
Italy, but its effects and impacts are not fully known; the
“European Risk Assessment” for P. americana is not com-
plete (Armesto et al., 1983; Dumas, 2011). The plant is
favored in propagation by temperatures around 20°C and
is rarely found in places where temperature is below
—15°C for prolonged periods in winter (Balogh &
Juhasz, 2008). Additionally, it exhibits physiological dor-
mancy in seeds, with optimal germination conditions
ranging between 10°C and 30°C (Pepe et al., 2020), and
seeds are considered orthodox, as their moisture content
(MC) is lower than 15% at maturity (SID, Kew Gardens).
Moisture content also affects the speed of metabolic pro-
cesses and, consequently, seed longevity (Bacchetta
et al., 2006). Orthodox seed production is a characteristic
of plants that grow in disturbed environments such as
roadsides because these seeds can remain dormant until
the propitious time to germinate. On the other hand,
recalcitrant seeds do not form soil seed banks, as they
cannot remain viable without internal water, losing vital-
ity in a short time (Bacchetta et al., 2006). Therefore, the
production of seeds that can persist in soils for prolonged
periods emerges as a crucial survival strategy (Bacchetta
et al., 2006), enabling species to adapt to different ecologi-
cal conditions and significantly enhancing the survival of
their seedlings (de Lima et al., 1997). Phytolacca ameri-
cana is mainly found in highly anthropized environ-
ments, as allochthonous species are frequent in areas
where humans introduce them, either accidentally or for
ornamental purposes. Anthropic areas have a high envi-
ronmental heterogeneity that can satisfy the ecological
needs for a wide range of species. The ripening period for
the species is November (Pignatti et al., 2017).

Southern Europe may be increasingly suitable for
P. americana establishment under a climate change sce-
nario (over the next 30-50 years) due to increased tem-
perature and length of growing season and both
increased summer and winter temperatures would bene-
fit the species. Increased precipitation and CO, levels, as
a result of climate change, could also be beneficial
(Aislabie & Cefas, 2020).
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The aim of this study was to assess whether popula-
tions from different elevations, and consequently with
individuals grown at different temperature and rainfall
conditions, exhibit distinct germination patterns in
response to different temperatures, light availability, and
cold stratification.

2 | METHODS

2.1 | Field sampling

Phytolacca americana seeds were collected in November
2020 from three sites in Rome and its province: the
Botanical Garden of Sapienza University of Rome (BG,
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41°53'53" N, 12°28'46” E, 50 m a.s.l.), Zagarolo (ZAG,
41°50'38"76 N - 12°48'41”04 E, 337 m a.s.l.), and Ostia
(0S, 41°44'51.511" N - 12°1624.732" E, 5m a.s.l.). The
sites have an average distance between them of
about 40 km.

The values considered for the different collection sites
were the mean air temperature (°C) and the mean of
monthly precipitation for 30 years (mm) (Figure 1). The
climate diagrams, according to Bagnouls and Gaussen
(1953), show that the ZAG site is characterized by higher
rainfalls and lower temperatures than the BG and OS
sites. Sampling of individuals was carried out according to
the protocols of Bacchetta et al. (2006). Twenty individuals
were sampled in each site, ensuring a distance among
individuals of at least 100 m for genetic variability of the

(a) Botanical Garden of Rome

250 35
=200 30
€ - 2 2 L 25 &
= ® [ ]
g 150 4 L 20 5
s ;¢ . g
£ 100 | ° 5 15 §
o S
8 - 10 g
" Nl ams 5
0 L I ! ! 0
Jan Feb Mar Apr May  June Jul Aug  Sept Oct Nov Dec
Months
(b) Fiumicino
250 35
. L 30
£ 200 A S
£ 3 B3 25 &
@ 150 - ¢ ° | 55, &
g .
£ 100 - - r15 g
S . o i £
. 9] 10 g
FIGURE 1 Climate data & 50 4 ° ° - ° 5 =
were taken from the regional i '
meteorological website (Regione & 0
. L. Jan Feb Mar Apr May  June Jul Aug  Sept Oct Nov Dec
Lazio, https://www.arsial.it/) for Months
the period 1990-2020.
Umbrothermal barplot (c) zagarolo
according to Bagnouls and 250 35
Gaussen (1953) for monthly L 30
mean (and standard deviation) g 200 -+ 3 _1_ . %)
temperature (°C) and monthly 5 b * o
o € 150 ° L 20 5
mean precipitation for 30 years 2 =
(mm) at (a) the Botanical % 100 - : b 4 L 15 g
Garden of Rome (BG), (b) Ostia S P T Ll L 10 g
(0S), and (c) Zagarolo (ZAG). & 07 (o (¢ el 5 -
Data were provided by “Agenzia 5 I_I—‘ 6
Regionale per lo sviluppo e Jan Feb Mar Apr May June Jul Aug Sept Oct Nov  Dec

I'Innovazione dell'Agricultura
nel Lazio.”

RIGHTS L1 N Hig

Months

O Precipitations (mm) @ Temperature (°C)

85U8017 SUOWWOD BRI 3(edl|dde auy Aq peusenob ae seolLe VO ‘8sn JO S8l J0) ARIq 1 8Ul|UO 8|1 UO (SUOIPUOD-PUR-SLLIBI WD A8 | 1M AReq 1 jBul [Uo//Sdy) SUOTPUOD pUe swie | 84 88S *[20z/0T/2z] Uo A%iqiauljuo A8|iMm ezusides e ewoy Id AIseAIUN A] £8K2T ¥86T-ZkFT/TTTT 0T/I0P/L0Y 8| im AReld i jpul|uo's euIno -ksy/sdny wo.y pepeojumod ‘0 ‘v86TZirT


https://www.arsial.it/
https://esj-journals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2F1442-1984.12483&mode=

PANERO ET AL.

4 PLANT SPECIES
L wiLey-

collection. Two racemes were collected from each healthy
individual plant of comparable size and exposure.

Fruits were sampled at the end of the ripening period
reported for the species, which is November (Pignatti
et al., 2017). The fruits were dark purple in color and had
reached maximum size. The number of completely
immature, partially immature and mature fruits was
counted to evaluate possible differences among different
sites. Fruit color and the ratio between fruit diameter and
length of tepals were chosen as parameters to distinguish
the three stages of maturity: Dark purple fruits were clas-
sified as mature if their fruit diameter was twice the
length of tepals; green fruits were classified as partially
immature if their size was equal to the length of tepals;
and the remaining fruits were classified as completely
immature. Fruits were postripened for 2 days in open
containers at the Germplasm Bank of the Botanical Gar-
den of Rome. The process occurred in a controlled envi-
ronment, shielded from heat and bright light sources,
maintaining room temperature 20°C-30°C and relative
humidity below 40%. This postripening method, follow-
ing the protocols of Bacchetta et al. (2006), aimed to stan-
dardize fruit ripeness levels. It allowed all fruits to reach
a uniform stage of maturity, addressing variations
observed in seeds collected at different maturity stages by
employing a postmaturation period to ensure uniformity
in seed maturity. At the end of the postripening phase,
40 fruits were randomly taken for each site, and the num-
ber of seeds for each fruit was counted.

2.2 | Seed morphometric traits

Seed morphometric traits included major axis (A, mm),
minor axis (a, mm), seed fresh mass (SFM, g), seed dry
mass (SDM, g), and MC (%).

For axis measurements, four containers were used,
for each maturity level and each site, containing 25 seeds
each. The major and minor axes of each seed in different
samples were measured using NIS-Element Br. 2.10 with
images from a Nikon Digital Sight DS-U1 digital camera,
mounted on a Carl Zeiss stereo microscope.

The determination of SFM of P. americana was con-
ducted on four lots containing 50 seeds, for each of the
three stages of maturity and for each of the three sites
considered. Since the collections contained fewer than
200 seeds from fully immature fruits, measurements were
carried out for all available seeds (ranging from a mini-
mum of 18 to a maximum of 22 seeds).

Seed dry mass determination was conducted on seeds
used for fresh mass measurements. Seeds were placed in
an oven at 103°C for 17 h to remove water and then
allowed to cool to room temperature for 15 min
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(Bacchetta et al., 2006), before any dry mass measure-
ments. All measurements were carried out using a
Gilbertini precision balance with a precision of 0.1 mg.

In accordance with Roberts (1973), the percentage of
water within the seed, expressed as MC, allows discrimi-
nation between orthodox and recalcitrant seeds (Chin
et al.,, 1989). Orthodox seeds achieve an internal MC
lower or equal to 15% (Roberts, 1973). The moisture per-
centage of a seed can be determined experimentally using
various methodologies (International Seed Testing Asso-
ciations, ISTA, 2005). For the calculation of the internal
moisture of seeds, the formula proposed by ISTA was
used (2005, Equation (1)).

Water Content (mc, %)
= [(fresh weight — dry weight) /fresh weight] (1)

x 100.

2.3 | Effect of different temperature and
light regimes on seed germination

The purpose of the germination tests was to determine
the germination potential of one or more seed lots by
subjecting seeds to different germination temperatures
and controlled dark-light cycles, following the protocols
of Bacchetta et al. (2006) and ISTA (International Seed
Testing Association, 2005). The analyses were conducted
exclusively on seeds from ripe fruits.

For both experiments (i) and (ii), we evaluated the
germination process of seeds from each sampling site at
different temperature ranges, that is, 6°C-15°C (cool tem-
perature), 10°C-20°C (moderate temperature), 15°C-
25°C (warm temperature), combined with two different
light conditions, that is, 12-h dark (at the lower tempera-
ture) and12-h light (at the higher temperature) and 24-h
dark. These experiments (i, i) were conducted using four
Petri dishes (25 seeds per dish) for each thermal regime.
We placed the Petri dishes inside three germination cabi-
nets (each germination cabinet is set to a different tem-
perature among those mentioned earlier).

The germination cabinets were adjusted so that the
12 h of light coincided with the highest temperature, mir-
roring natural conditions. Seeds from the 24-h dark cycle
were covered with a double layer of aluminum foil to
produce a no-light condition. Light treatments were per-
formed by incubating Petri dishes with cool white-
fluorescent tubes, providing a photon flux density of
80 pmol (photon m 2 s~ ). Seeds for each replicate were
placed on filter paper and moistened with distilled water.
Distilled water (1 mL) was added every 3 days to main-
tain seed moisture. Germination was assessed daily for
each seed in each Petri dish for 60 days.
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Seeds were considered germinated when they pro-
duced a visible radicle with a length greater than 1 mm
(ISTA, 2005). The dishes placed in the dark were opened
every day from the aluminum foil covering for up to
1 min, and the number of germinated seeds was counted.
The capsules were then covered with a double layer of
new aluminum foil.

In our experimental design, temperature was consid-
ered a qualitative variable with three levels, and light
treatment was considered a qualitative variable with two
levels.

2.4 | Data analysis

We estimated Poisson generalized linear models (GLMs)
with logarithm as link function to investigate any poten-
tial variations in the number of seeds per berry and the
number of mature, immature, and fully immature fruits
depending on the sampling sites. For overdispersed
counts we estimated a quasi-Poisson GLM.

The difference in MC (%) among the three sites was
investigated by estimating a beta regression model. This
model is suitable for a response variable within (0,1)
interval since proportions, generally, exhibit strong skew-
ness, and thus inference based on the assumption of nor-
mality is often incorrect (Ferrari & Cribari-Neto, 2004).
For this reason, all the percentages of the MC were
divided by 100 to obtain values between 0 and 1. The link
function, used in beta regression models, is the logit.

To compare the minor and major axes of the seeds of
the three different sites, based on the maturity stage, we
estimated a linear model.

Germination rates were evaluated using nonlinear
models with logistic curves. Logistic models are used for
germination assay analysis, as they provide a good fit to
data derived from germination (Ritz et al., 2015). The
analysis was performed using log-logistic curves
(Equation (2)). In the logistic curves, the response vari-
able is the percentage of germinated seeds over time.

Y(%) = d/(1+ exp[b(log(t) — log(e))])- (2)

In Equation (2), Yt represents the percentage of ger-
minated seeds at time t. The theoretical lower limit was
set to 0. From this model, we estimated three parameters:
“b,” “d,” and “e.” The parameter “b” corresponds to the
slope of the logistic model at the inflection point.
The parameter “d” corresponds to the upper asymptote
and represents the maximum of the germination process.
The parameter “e,” here, represents the T50, that is, days
needed to reach a percentage of germinated seeds equal
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to the half of d (Ritz et al., 2015) The data analysis was
carried out with the R software (version 4.2.0).

3 | RESULTS

3.1 | Seed morphometric traits

The number of mature and immature fruits did not dif-
fer among the sampling sites (p > 0.05), as indicated by
the estimated GLMs, which showed no difference in
the numbers of fully immature, immature, and ripe
fruits across racemes from collection sites (Figure 2,
Table S1). The estimated GLMs indicated no variation
in the number of seeds per fruit among the three differ-
ent sites (p > 0.05), demonstrating that the fruits sam-
pled at these sites did not differ in seed quantity
(Figure 2d, Table S1). The estimated linear model did
not show axis differences for seeds taken from ripe
fruits among the three sites (p > 0.05). Differences in
axis sizes (p < 0.05), however, were found among the
three sites for seeds taken from immature and fully
immature fruits, but such differences are likely not bio-
logically significant (Figure 3, Table S2).

The beta regression model was estimated to analyze
the differences of MC among sites. In the model output,
BG represents the corner point of the qualitative variable
“Site.” The ZAG and OS levels are not statistically differ-
ent from the BG level (p > 0.05). There was no evidence
that collection site influenced the MC (%) of seeds
(Figure 4, Table S3).

3.2 | Effect of different temperature and
light regimes on seed germination

The logistic model output without cold stratification
(i) for warm temperature level and dark level showed
partially overlapping confidence intervals for the three
sampling sites.

For the moderate temperature level, the nonlinear
models did not show a trend, as germination was concen-
trated in the last week of the experiment, except for ZAG
(Figure 5a). The limited number of seeds germinated in
BG and OS resulted in inconclusive estimates, as the
model could not accurately estimate growth under the
cool temperature level. The outputs of the minimum tem-
perature level showed no meaningful estimates, as seeds
germinated to very low percentages (<30%) (Figure 5a).

Model results showed that, at the warm temperature
level, seeds had increased germination, speed, and antici-
pated T50 in each sampling site (Figure 5).
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When cold stratification was applied to seeds (ii), the
output of the models showed completely different results
compared with non-pretreated seeds (Figure 5b).

At warm temperature and for both light levels, seeds
from the BG and OS showed partially overlapping confi-
dence intervals (Figure 5b). Sites from lower elevations
(BG and OS) had faster germination rates and an earlier
T50 than seeds from ZAG when exposed to the warm
temperature level and cold stratification. Warm tempera-
ture accelerated seed germination and increased the per-
centage of germinated seeds (Figure 5b). The ZAG site
had seeds with a lower percentage of germination than
OS and BG for the same parameters (warm temperature
at both light levels). Moreover, this site showed a lower
T50 and germination speed than the other sites
(Figure 5b).

Moderate temperature and both light parameters
always show differences among the three sites. The sites
at lower elevations (BG and OS) showed seeds with faster
germination rates and earlier T50 than seeds from ZAG,
located at the highest elevation. However, seed exposure
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to light level increases the germination rate and antici-
pates T50, stimulating germination.

At the cool temperature level, the site with the most
germinating seeds, both in light and dark conditions, was
located at the highest elevations (ZAG).

4 | DISCUSSION

In this study, the seeds’ MC (%), morphometry, and ger-
mination capability among different populations of poke-
weed (P. americana) were assessed. The preliminary
determination of seed recalcitrance or orthodoxy showed
that the MC of seeds was below 15%. These results are
consistent with previous classifications of the species'seed
as orthodox, improving the chances to produce a seed
bank in the soil for a prolonged period, as other
allochthonous species (Gioria et al., 2019; Presotto et al.,
2020). Moreover, seeds from the three sites did not show
biologically significant differences in internal seed mois-
ture, highlighting the same invasive potentiality.

85U8017 SUOWWOD BRI 3(edl|dde auy Aq peusenob ae seolLe VO ‘8sn JO S8l J0) ARIq 1 8Ul|UO 8|1 UO (SUOIPUOD-PUR-SLLIBI WD A8 | 1M AReq 1 jBul [Uo//Sdy) SUOTPUOD pUe swie | 84 88S *[20z/0T/2z] Uo A%iqiauljuo A8|iMm ezusides e ewoy Id AIseAIUN A] £8K2T ¥86T-ZkFT/TTTT 0T/I0P/L0Y 8| im AReld i jpul|uo's euIno -ksy/sdny wo.y pepeojumod ‘0 ‘v86TZirT


https://esj-journals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2F1442-1984.12483&mode=

PANERO ET AL.

PLANT SPECIES 7
BT WILEY-L

(a) Ripe fruits (b)  Immature fruits () Fully immature fruits
3.6 3.6+ 3.6
£321 = - - 3.2 3.2
-~ -
o 2.8 2.8 2.8
X 2.4 2.4 2.4 =
5 2.0 2.0 2.0
T 46 i 4
s 1.6 1.6 1.6
1.2 ! ! ! 1.2 ! ! ! 1.2 ! I .
BG 0s ZAG BG 0s ZAG BG 0s ZAG
Site Site Site
(d) Ripe fruits (€)  Immature fruits (®  Fully immature fruits
3.6 3.6 3.6
E 3.2 3.2 3.2
3287 I E I 281 - . 2.8
% 2.4- 2.4- 2.4- = X
’é 2.0 2.0 2.0 =
= 1.6 1.6 1.6
1.24 1 | i 1.24 i 1 | 1.2 | i !
BG (0] ZAG BG 0s ZAG BG 0s ZAG
Site Site Site
FIGURE 3 Results of the estimated linear models. (a-c) Major axis length among sampling sites. (d-f) Minor axis length among

sampling sites. Dots represent the model estimates, and lines represent the 2.5% (lower bar) and 97.5% (upper bar) confidence intervals.

Seeds from immature and fully immature fruits show differences between the three stations in both the major axis (b, ¢) and minor axis (e,

f). BG, Botanical Garden of Rome; OS, Ostia; ZAG, Zagarolo.

FIGURE 4 Results of the 204
estimated beta regression model. Dots

represent the model estimates, and
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and 97.5% (upper bar) confidence 17 4

intervals. BG, Botanical Garden of
Rome; OS, Ostia; ZAG, Zagarolo.
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One of the characteristics that allows a species to
invade an area is the abundance of seeds produced by the
introduced species (Widrlechner et al., 2004). The results
of the number of seeds per fruit and fruits per maturity
stage showed no differences among sites. Phytolacca
americana produces a high number of seeds, and this
could be one of the features that make it an invasive
plant, in addition to its high adaptability to different envi-
ronments (Grotkopp et al., 2002). Consequently,
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0s ZAG
Site

ecological factors do not appear to limit fruit and seed
production in these areas.

Morphometric analyses are a crucial tool for discern-
ing diverse characteristics of examined seeds, with seed
size widely recognized as a key indicator of seed quality
(Harms et al.,, 2000; Leishman et al., 2000). Seed
quality encompasses a range of characteristics (biological,
physiological, and agronomic) that seeds must possess to
demonstrate viability and germinability (Harms
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Percentages and trends of germinated seeds (left y-axis) for each treatment ([a]: no pretreatment/not stratified; [b]: cold

stratification) over 60 days (x-axis) for the three stations (green = Botanical Garden; yellow = Ostia; light blue = Zagarolo) at different
temperatures (rows) and different light regimes (columns). The semitransparent areas (same color as the stations) show the confidence

intervals of the estimated logistic models, while the dashed and dotted lines represent the germination data. Panel (a) shows the results for
non-pretreated seeds, whereas panel (b) shows results for pretreated seeds: germination of seeds in dark (i) and light (ii) conditions at a
temperature of 10°C-20°C; germination of seeds in dark (iii) and light (iv) conditions at a temperature of 15°C-25°C; germination of seeds in

dark (v) and light (vi) conditions at a temperature of 6°C-15°C; germination of previously cold-stratified seeds in dark (vii) and light
(viii) conditions at a temperature of 10°C-20°C; germination of previously cold-stratified seeds in dark (ix) and light (x) conditions at a

temperature of 15°C-25°C; and germination of previously cold-stratified seeds in dark (xi) and light (xii) conditions at a temperature of 6°C-
15°C. The three stations without cold stratification (a) and exposed to minimum temperatures (panel [a]: v and vi) do not show an estimated
model because germinations were concentrated in the last days of the experiment. The Botanical Garden station with pretreatment (b) and
at minimum temperatures (panel [b]: xi and xii) has no estimated model because the trend deviates from a sigmoid. Some lines do not show
confidence intervals, as the model did not estimate any results due to very few germinations or germinations concentrated in the last week

of the experiment.

et al., 2000; Leishman et al., 2000). Seed size is influenced
by the environmental conditions in which seeds are pro-
duced (Mamo et al., 2006). Therefore, differences in envi-
ronmental conditions among the three sites do not
appear to have any impact on seed size. These two simi-
lar results for the morphometric analysis, regarding fruit
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number and seed dimensions, could be an indicator of
the species’ adaptation versatility to biotic and abiotic
ecological factors.

The germination capability of a plant and the charac-
teristics of seeds are useful to understand and interpret
the mechanisms and dynamics of invasiveness of an
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allochthonous species (Pysek et al., 2008). In fact, inva-
sive species exhibit a rapid growth rate (Grotkoppet al.,
2002; Widrlechner et al., 2004). The abundance of seeds
produced by plants and the rate of germination are key
determinants in the initial invasion phase of a plant
(Grotkoppet al., 2002; Widrlechner et al., 2004). The
results of the germination test with and without pretreat-
ment indicate greater germination of the three popula-
tions after stratification, under light and at maximum
alternating temperatures, compared with the correspond-
ing experimental sets not subjected to such stratification.
From an ecological perspective, the cold stratification
seems necessary to release dormancy of the seeds,
enabling the germination in the correct season with the
right levels of humidity and temperature, preventing ger-
mination in unfavorable environmental conditions. In
addition, the percentage of germinating seeds increased
with higher temperature (Schiitz & Rave, 1999). Light
probably does not have a considerable effect on the ger-
mination of P. americana at average and minimum tem-
perature as this plant is weakly sciaphilous
(Steinmetz, 1963). The ability of P. americana to germi-
nate under both light and dark conditions allows it to col-
onize a range of environments, including forest edges.
The reduced role of light in seed germination at maxi-
mum temperatures can be explained by the fact that the
seeds exposed to alternating daily temperatures possess
low light requirements, whereas seed germination is
more controlled by temperature conditions (Catara
et al., 2016; Koutsovoulou et al., 2014; Pepe et al., 2020;
Thompson & Grime, 1983; Vazquez-Yanez & Orozco-
Segovia, 1994).

Temperature appears to significantly influence seed
behavior. In fact, warmer temperatures promote seed ger-
mination, intensify germination speed, and reduce
T50 days. Higher temperatures in cities, influenced by
urban heat islands, could make them more susceptible to
invasion by P. americana. This species has demonstrated
increased germination rates under higher temperatures,
as evidenced by the results (McKinney, 2006). It is not a
coincidence that this species often appears on the check-
lists of European urban floras (Casanelles-Abella
et al., 2021; Zavyalova, 2008); furthermore, it has even
increased in other areas and cities (Fratarcangeli
et al., 2022).

Collection sites, on the other hand, appear to influ-
ence seed germination. In fact, the seeds collected in
the three sites, located at different elevations, show dif-
ferences in germination. Without cold stratification,
differences are detectable only at moderate tempera-
tures, both in light and dark conditions. In fact, seeds
taken in ZAG (337 m a.s.l.) have a higher germination.
This could be because seeds gathered from the site

RIGHTS L
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from the highest elevation had already been exposed to
a longer period of cold weather at the time of sam-
pling, resembling a form of “cold stratification.” This
period of exposure to cold could have partially released
seed dormancy. Alternatively, studies have suggested
that seeds from colder climates often exhibit decreased
dormancy, requiring shorter dormancy-breaking periods
compared with seeds from warmer climates (Baskin &
Baskin, 2022). Cold stratification amplifies the differ-
ences between the three sites. It is likely that seeds of
OS and BG are adapted to warmer environments, with
optimum germination occurring at higher tempera-
tures. The seeds from the ZAG site, at moderate tem-
perature, always show a lower germination percentage
and a higher T50 than the other two sites. A possible
explanation could be that the individuals from BG and
OS are more adapted to warm and moderate tempera-
tures than the ZAG ones. Likely, lowland individuals
are less adapted to cool temperatures. Consequently,
seeds collected from the ZAG site can germinate more
at cool temperatures than the other two. Cool tempera-
tures, therefore, limit the sites at low elevations (5 m
and 50 m a.s.l.) more than the site at high elevations.
To prevent germination in autumn, most seeds proba-
bly rely on a combination of environmental and endog-
enous factors (low temperatures, hard integument, and
autotoxicity; Bewley & Black, 1994). The inhibition of
germination by lower temperatures is an established
adaptation in several species that mature seeds in the
fall season (Bewley & Black, 1994). In addition, vari-
ability among plants may be due to factors such as dif-
ferences in phenotypic plasticity, resource availability,
and/or plant age (Armesto et al., 1983).

Variations in germination rates may have a genetic
origin or be caused by the environmental conditions (day
length, temperature, light quality, water availability, and
elevation) in which the seed matured (Loha et al., 2006)
and can be greatly influenced by the position of the seed
on the fruit and/or infructescence (Gutterman, 2000).
The discordant behavior of P. americana seeds at differ-
ent sites may be a response to the great phenotypic plas-
ticity of this plant. The OS and BG sites do not differ
much from an altitudinal point of view, and, in fact, their
germination capabilities are much more similar com-
pared with the ZAG collection. Elevation seems to pos-
sess an effect on seed germination ability in
P. americana. This likely explains the colonization suc-
cess in different environments of this species. However,
genetic differences among P. americana populations
should also be explored in the future.

The results on P. americana highlight important inva-
siveness characteristics: It has high seed production
regardless of elevation and has seeds that do not require
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light to germinate. The ability to germinate in the
absence of light and the possession of orthodox seeds
allow Phytolacca americana to persist in the soil for pro-
longed times without germinating and, consequently, to
survive harsh conditions not suitable for establishment.

In general, P. americana seems adapted to warmer
temperatures at lower elevations and cooler temperatures
at higher elevations, with all populations demonstrating
increased germination in response to cold stratification.
Knowing the mechanism of invasion, the extent of germi-
nation, and the altitudes at which it spreads optimally, is
important for planning strategies to control invasive
allochthonous species. These results, in a scenario of cli-
mate change, show that the invasiveness of Phytolacca
americana may increase in the future.
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