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Abstract
Rising temperatures due to climate change are expected to interplay with biological invasions, and may enhance the spread 
and growth of some alien species upon arrival in new areas. To successfully invade, a plant species needs to overcome mul-
tiple biological barriers. Among the crucial life stages, seed germination greatly contributes to the final species assembly 
of a plant community. Several studies have suggested that alien plant success is related to their high seed germination and 
longevity in the soil. Hence, our aim is to test if the germination potential of alien seeds present in the seed bank will be 
further enhanced by future warming in temperate dry grasslands, an ecosystem that is among those most prone to biologi-
cal invasions. We designed a laboratory germination experiment at two temperatures (20 and 28 °C), to simulate an early 
or late heat wave in the growing season, using seeds from nine common grassland Asteraceae species, including native, 
archaeophyte and neophyte species. The test was performed on both single and mixed pools of these categories of species, 
using a full-factorial orthogonal design. The warmer germination temperature promoted neophyte success by increasing 
germination probability and germination speed, while negatively impacting these parameters in seeds of native species. 
The co-occurrence of native and archaeophyte seeds at the lower temperature limited the invasiveness of neophytes. These 
results provide important information on future management actions aimed at containing alien plant invasions, by improving 
our knowledge on the possible seed-bank response and interaction mechanisms of common species occurring in disturbed 
natural areas or restored sites.

Graphical abstract
Summary of the experimental results. The colour of the flowers represent the status, divided as native (blue), neophyte (red) 
and archaeophyte (green). Each flower symbol represents the species pool for each plant category (i.e. NA = Buphthalmum 
salicifolium, Carlina vulgaris, Centaurea scabiosa; NE = Artemisia annua, Symphyotrichum novi-belgii, Senecio inaequidens; 
AR = Centaurea cyanus, Cichorium intybus, Tripleurospermum inodorum). The number of flowers represent the germination 

Communicated by Jaime Moyano.

 *	 Giacomo Trotta 
	 giacomo.trotta@phd.units.it

1	 Department of Environmental and Life Sciences (DSV), 
University of Trieste, Via Licio Giorgieri 5, 34127 Trieste, 
Italy

2	 Department of Agricultural, Food, Environmental 
and Animal Sciences (DI4A), University of Udine, Via delle 
Scienze 99, 33100 Udine, Italy

3	 Department of Agroecology, University of Aarhus, 
Forsøgsvej 1, 4200 Slagelse, Denmark

4	 SemeNostrum, Via Pozzuolo 324, 33100 Udine, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s11258-023-01365-7&domain=pdf


1098	 Plant Ecology (2023) 224:1097–1111

1 3

percentage of the various category assembly. In the columns are divided the various combination. From up to bottom the 
trend of germination percentage at 20 and 28 °C are shown.

Keywords  Alien species · Asteraceae · Biological invasion · Climate change · Dry grassland · Native species · Seed 
ecology

Introduction

Global change is recognized as one of the major threats to 
biodiversity across most terrestrial biomes (Pressey et al. 
2007). The last Intergovernmental Panel on Climate Change 
report showed an expected increase temperature of around 
1.5 °C (IPCC 2022) in the next two decades, with significant 
consequences for species distribution (Parmesan and Yohe 
2003). Climate change is also expected to increase extreme 
weather events in temperate zones, for example, increasing 
the frequency of heat waves which will affect plant growth 
and reproduction during the whole life cycle (Jolly et al. 
2005; De Boeck et al. 2010; Perkins-Kirkpatrick and Lewis 
2020).

Besides global warming, biological invasion is drastically 
reducing native biodiversity (Hulme 2009), causing a global 
homogenization of biological systems (McKinney and Lock-
wood 1999). Europe, alien species are commonly divided 

into two categories: archaeophytes (i.e. plants which arrived 
before 1492) and neophytes (i.e. plants which arrived after 
1492), showing consistent distribution patterns and puta-
tively similar mechanisms of spread (Chytrý et al. 2008). 
Nonetheless, archaeophytes are more frequent in agricultural 
areas (Chytrý et al. 2008; La Sorte and Pyšek 2009; Zając 
et al. 2009), while neophytes are more related to landscape 
disturbance caused by urbanization (Boscutti et al. 2022). 
Among the neophytes, invasive alien species (hereafter IAS) 
have shown their potential to: alter ecosystem processes 
(Root et al. 2003; Raizada et al. 2008); decrease native spe-
cies abundance and richness via competition, predation, 
hybridization and indirect effects (Blackburn et al. 2004; 
Gaertner et al. 2009; Boscutti et al. 2020; Vitti et al. 2020); 
change native community structure (Hejda et al. 2009); alter 
nutrient cycling (Pellegrini et al. 2021a, b); impact land-
scape perception (Pejchar and Mooney 2009); and alter 
genetic diversity (Ellstrand and Schierenbeck 2000).



1099Plant Ecology (2023) 224:1097–1111	

1 3

Climate change and biological invasion are two of the 
most studied issues in plant ecology, but their interplay 
has been less well studied. Indeed, rising temperatures are 
expected to enhance biological invasion by several mecha-
nisms related to the phenotypic and genotypic plasticity 
of alien plants (Dukes and Mooney 1999; Jarnevich and 
Stohlgren 2009). In particular, higher temperatures might 
favour invasive alien species that are able to occupy new 
niches created by changes in local conditions (Bradley 
et al. 2010). IAS are usually well-adapted to cope with 
rising temperatures (Crooks and Soulé 1999), increasing 
their ability to replace more climate-sensitive native spe-
cies (Byers 2002).

The success of establishment and spread of an intro-
duced taxon and its invasive potential is related to its abil-
ity to overcome geographical and reproductive barriers 
(Blackburn et al. 2011), respond to disturbance (Geppert 
et al. 2021) and to spread in the landscape, mainly across 
human-made land uses (Pellegrini et al. 2021b; Boscu-
tti et al. 2022). These abilities are often linked to plant 
traits. An ideal IAS has a short life cycle, self-compat-
ibility, early and long flowering, high seed production 
and effective dispersal mechanism and high germination 
(Rejmanek and Richardson 1996; Pyšek and Richardson 
2007). Among all traits, those related to seed germination 
play a crucial role in alien plant invasion (Lake and Leish-
man 2004), showing a potential interaction with land use 
change (Becker et al. 2016). In particular, rapid spread 
and colonization by an alien species from the original 
source populations is usually due to its germination suc-
cess, speed and timing (Zhang et al. 2011). The faster the 
emergence of seedlings, the sooner the access to resources 
and space, enhancing the competitiveness of IAS against 
natives in the first stage of establishment (Wainwright 
et al. 2012; Gioria et al. 2018; Lami et al. 2021). Moreo-
ver, higher germination success increases the chance of 
establishment of alien propagules. This can lead to sub-
stantial plant and population growth before other species 
(Abraham et al. 2009). The positive effects of early ger-
mination on growth have been reported for several IAS 
(Abraham et al. 2009; Dickson et al. 2012; Vaughn and 
Young 2015) but less is known about the interaction at 
the seed level.

Asteraceae is counted as the largest eudicotyledonous 
angiosperm family with nearly 24,700 species (Stevens 
2001; Christenhusz and Byng 2016). Among alien species, 
Asteraceae is one of the most represented families and one 
of the most prone to become invasive (Pyšek 1998). Indeed, 
this family possesses a number of advantageous features for 
the invasion process, e.g. high reproductive rate, specialized 
dispersal structures, diverse secondary metabolites provid-
ing protection from grazing, high levels of apomixis and 
self-compatibility (Heywood 1989; Pysek 1997; Hao et al. 

2011), growth–defence/stress tolerance trade‐offs (Turner 
et al. 2014) and allelopathic substances (Vidotto et al. 2013; 
Kudryavtseva et al. 2020).

Among terrestrial ecosystems, temperate semi-natural dry 
grasslands are considered important hotspots of biodiversity 
(Wilson et al. 2012), but also one of the ecosystems most at 
risk of biological invasions (Boscutti et al. 2020). Species 
assembly in semi-natural grasslands represents the result of 
disturbances associated with cultivation and domestic graz-
ing (Hobbs and Huenneke 1992). In recent times, this distur-
bance event has created the opportunity for alien species to 
invade those habitats (Boscutti et al. 2018). The susceptibil-
ity to invasion highlights the importance of understanding 
the invasion process and increasing the resistance of native 
grassland community species (Yannelli et al. 2017).

In the literature, several studies considered the plant 
germination response to temperature (Baskin and Baskin 
1985; Iba 2002; Franklin 2009; Bewley and Black 2012), 
but few studies have considered this aspect in alien plants. 
Moreover, little is known about the plant-plant interactions 
occurring during the germination stage of alien and native 
plants (Schlau et al. 2023).

In this context, we designed a laboratory germination 
experiment aimed at elucidating the IAS success in future 
warming scenarios, as a driver of change in species composi-
tion of the grassland plant community. We selected common 
native, archaeophyte and neophyte grassland Asteraceae 
species, testing their germination in single- (i.e. seeds sur-
rounded by species with the same alien status) and multi-
category tests (factorial design; i.e. seeds surrounded by spe-
cies with different alien status). We hypothesized that higher 
temperature would increase the likelihood of alien plants 
outperforming native plants during the germination stage 
by increasing their speed and probability of germination, 
both when sown alone or mixed with native plants. In par-
ticular, we postulated that there would be faster germination 
of neophytes at higher temperature and lower germination 
ability of native species, and that these trends are shaped by 
plant-plant interactions.

Material and methods

Plant species

This research was carried out on nine common dry grass-
land species belonging to the Asteraceae family, all occur-
ring in the region of Friuli Venezia Giulia, North-East Italy. 
The species were selected according to their frequency and 
abundance in the local dry grassland. A brief description is 
included in the supplementary materials (Table S1). They 
were divided into three different plant categories according 
to Buccheri et al. (2019) and Poldini et al. (2002): native 
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(hereafter NA), archaeophytes (hereafter AR) and neophytes 
(hereafter NE). The species chosen were: Buphthalmum 
salicifolium L. (NA), Carlina vulgaris L. (NA), Centaurea 
scabiosa L. (NA), Centaurea cyanus L. (AR), Cichorium 
intybus L. (AR), Tripleurospermum inodorum  (L.) Sch.
Bip (AR), Artemisia annua L. (NE), Symphyotrichum novi-
belgii (L.) G.L.Nesom (NE) and Senecio inaequidens DC. 
(NE).

Seed collection

Seeds of Symphyotrichum novi-belgii  and Senecio 
inaequidens were collected in January 2022, at the time 
of natural dispersal, in a disturbed dry grassland habitat in 
the neighbourhood of Udine, North-East Italy. All the other 
seeds were provided by SemeNostrum, a north-eastern Ital-
ian seed company member of the European Native Seed Pro-
ducers Association. Seeds were harvested at the producer's 
nursery in summer 2021 from cultivated plants derived from 
germplasm of wild populations present in the Region. Har-
vested seeds were manually cleaned and kept for 2 months 
in paper bags at 15 °C and 15% relative humidity to ensure 
uniform seed drying and then stored in sealed vials in the 
same environment for approximately 3 months, when the 
germination experiment commenced. Preliminary germi-
nation tests were run on each species. The tests confirmed 
that the vitality was in a range between 70 and 94%, with 
a mean value of 88%. The seeds germinated without seed 

pre-treatment, with the exception of a brief sterilization with 
sodium hypochlorite (5% v/v, 10 min).

Experimental design

The pools of each plant category (i.e. NA, NE, AR) were 
represented by the three species selected (3species × 3 cat-
egories). Using the category pool species as experimental 
factor (i.e. NA, NE, AR), a full-factorial experiment was 
performed encompassing all the possible combinations 
between plant categories (Fig. 1, were each seed symbol 
represents a pool of 3 species of each category). In par-
ticular, the combination were: NA assembly (mix of the 3 
native species), AR assembly (mix of the 3 archaeophyte 
species), NE assembly (mix of the 3 neophytes species), 
NA–AR assembly (mix of the 3 native and 3 archaeophyte 
species), NA-NE assembly (mix of the 3 native and 3 neo-
phyte species), AR–NE assembly (mix of the 3 archaeo-
phyte and 3 neophyte species), NA–AR–NE assembly (mix 
of the 3 native, 3 archaeophyte and 3 neophyte species). In 
this experiment, we did not consider the results about single 
separated species, focussing our aims on the interactions 
between species of the same or different status. Seed pattern 
distribution on each replicate was assigned with the aim of 
testing all the different interactions. The seed allocation was 
designed randomly, but consistently throughout the repli-
cates (Fig. S1). More specifically, the seeds were placed on 
the plate in such a way that each species was surrounded at 

Fig. 1   Experimental design. From left to right: species chosen 
divided by status; Venn-diagram showing the seven assembly com-
binations based on status; and the two temperatures tested. Each 
seed symbol represents the species pool for each plant category (i.e. 

NA = Buphthalmum salicifolium, Carlina vulgaris, Centaurea sca-
biosa; NE = Artemisia annua, Symphyotrichum novi-belgii, Senecio 
inaequidens; AR = Centaurea cyanus, Cichorium intybus, Tripleuro-
spermum inodorum)



1101Plant Ecology (2023) 224:1097–1111	

1 3

least once by every other species present. A paper grid was 
placed at the base of the plate to keep track of the observed 
species. Seeds were not clean out of their pappuses. Each 
seed was made recognisable following a distribution scheme 
of each Petri dish. The seeds were evenly distributed in the 
Petri dish, with an average distance of 10 mm between each 
seed at the start of the experiment.

Each combination was replicated five times under two 
temperature regimes (n = 70; 7 species assembly combina-
tions × 2 temperatures × 5 replicates). The two temperatures 
were 20 and 28 °C, to simulate a heatwave due to climate 
change during the early germination stages. The choice 
of the high temperature treatment was done to mimic the 
effect of a late or early heat wave during the growing season, 
according to the seasonal temperature trends of the region.

Germination assays

Germination assays were performed using six seeds of 
each species per replicate, sown in Petri dishes of 90, 
120 or 150 mm ∅, for single, double or triple species cat-
egory assemblies, respectively. Seeds were placed on 
0.8% agar–water solution. The Petri dishes were randomly 
arranged in thermostatically controlled growth cabinets 
(20 and 28 °C), equipped with cool white fluorescent tubes 
(Osram FL 40 SS W/37) providing 14 h light day−1, simulat-
ing the photoperiod that occurs at this region latitudes during 
late spring. All Petri dishes were wrapped with Parafilm M® 
to prevent moisture loss. The dishes were monitored daily 
and RGB images were captured by digital camera (Pana-
sonic, model Lumix GH5) with a high resolution macro lens. 
Based on the captured images, seeds with visible radicle 
protrusion were counted as germinated. Germinated seeds 
were not removed after germination but remained in the Petri 
dish as well as not germinated seeds. The final germination 
percentage was scored after an incubation period of at least 
20 d, until no more germinated seeds were recorded over 3 
consecutive days. At the end of each germination test, non-
germinated seeds were cut-tested, confirming that they were 
viable.

Statistical analyses

The germination records were analysed considering three 
main species assembly groups: single category assem-
bly (i.e. NA, NE and AR), double category assembly (i.e. 
NA–NE, NA–AR and AR–NE) and triple category assembly 
(i.e. NA–AR–NE). The germination behaviour of each status 
assembly was analysed separately by nonlinear regression. 
The model choice and parameter estimation were based on 
time-to-event analysis (i.e. for the model it is necessary to 
consider viable seeds that have not germinated/emerged at 
the end of an experiment; Onofri et al. 2010, 2022), also 

providing inferences on germination events that did not 
occur at the specific time of evaluation, but during the inter-
val between evaluations (Ritz et al. 2013). The model is log-
logistic and the formula includes 3 germination parameters 
as follows:

where F(t) is the fraction of germinated seeds between time 
interval t, d is the parameter referring to the total germina-
tion (i.e. the higher asymptote of the function), b is the slope 
of the curve at the inflection point (i.e. usually described as 
seed uniformity) and e is the time needed to reach 50% of 
the total germination (usually known as T50), here used as a 
measure of germination speed.

All the statistical analyses were performed in R environ-
ment (R Core Team 2022). The dataset was prepared for 
analyses using the function “mel_te” (i.e. reshaping time-to-
event datasets) of the “drcte” R package (Onofri 2022), an 
implementation of the “drc” package (Ritz et al. 2015). The 
model was performed using the “drmte” function (i.e. fitting 
time-to-event models for seed science; Onofri 2022). The 
difference between b, d and e parameters between different 
community assemblies and the two temperatures were tested 
with the function “compCDF” (i.e. compare time-to-event 
curves, comparing the difference in each model; Benaglia 
et al. 2010). The difference was considered statistically sig-
nificant when the p value was < 0.05.

The main responses of the seed community were sum-
marized by Richards diagrams showing the trends in the 
parameters d (i.e. germination percentage), e (i.e. T50) and b 
(i.e. seed uniformity) in the interactions between the status 
and treatments.

Results

The results are presented in three sections considering the 
(i) germination probability (i.e. d parameter), (ii) speed (i.e. 
e parameter) and (iii) uniformity (i.e. b parameter). Within 
each section we first show the status response, using the 
nonlinear model trends (Figs. 2, 3, 4), and consequently the 
overall plant community response, using the Richards dia-
grams (Fig. 5).

Effects of temperature on alien and native plant 
germination probability

Temperature did not significantly affect the germination 
probability of NA, NE or AR species in their single assem-
blies. The highest germination probability was achieved by 
NE at 28 °C in the single category assembly (i.e. neophytes 

F(t) =
d

1 + exp{b
[

log(t) + log(e)
]

}
,
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surrounded by only neophytes) with 83.2% seed germination 
probability. (Fig. 2). The lowest was found in AR at 20 °C in 
the single category assembly, with 44.4% seed germination 
probability. NE germination probability was always higher 
than AR, but only reached higher germination probability 
compared with NA at the higher temperature in the single 
assembly.

Differences in germination probability were found when 
comparing NA and NE at 20 °C in a double category assem-
bly (Fig. 3). The germination probability of NE seeds in this 
NA–NE assembly was also significantly different between 
20 and 28 °C (p value < 0.05). The seeds of AR species 
displayed no significant difference in the double category 
assembly at different temperatures. A lower germination 
was noticed for NA species seeds at 28 °C compared with 
20 °C in the NA–AR assembly. NE exhibited higher germi-
nation probability compared with AR in the double category 
assembly, regardless of the temperature.

In the triple category assembly, at 20 °C, NA species 
seeds exhibited the highest germination probability (80%), 

with a significant difference between each of the other 
species categories or temperature considered (Fig. 4). The 
high temperature did not affect NE seed germination (p 
value > 0.05), but it decreased the germination probability 
of NA seeds. In this triple category assembly, NE seeds 
had a significant higher germination probability than NA 
seeds at 28 °C (p value = 0.087, 2-way ANOVA, Fig. 4).

Overall, the plant community seems to have consist-
ent germination probability at 20 °C between the various 
category assemblies, except for the NA with AR (Fig. 5a). 
On the contrary, at 28 °C we found a general decrease 
in the germination probability of the plant community, 
compared with the single category assembly, mainly due 
to lower germination of NA seeds (Fig. 5b). As found at 
20 °C, at 28 °C the plant community showed a decrease in 
germination probability when NA seeds are in proximity 
with AR seeds.

Fig. 2   Seed germination progress for single category assemblies of 
species: natives (blue), archaeophytes (green) and neophytes (red). 
The circles represent the observed germination proportion; the lines 
(cumulative probability of germination) show the results of fitting 
Eq. (1) to the data. The empty dots and dashed lines represent the 20 

°C treatment; the full dots and lines represent the 28 °C treatment. 
Inset table shows the results of comparing value of d or e param-
eters between the various species categories. p value is expressed 
as follows: ns (p value > 0.1), •(0.1 < p value < 0.05), *(0.05 < p 
value < 0.01), **(0.01 < p value < 0.001), ***(p value < 0.001)



1103Plant Ecology (2023) 224:1097–1111	

1 3

Effects of temperature on alien and native plant 
germination speed

Germination speed varied between 20 and 28 °C within 
the various status assemblies (Figs. 2, 3, 4). In particular, 
AR and NE seeds germinated faster at the highest tem-
perature. In the single category assembly, NA seeds were 
the slowest to germinate while AR seeds were the fastest 
(Fig. 2). NA seeds showed no significant differences in 
germination speed between the different temperatures in 
the single assembly.

No difference was found in germination speed between 
NA and NE seeds at 20 °C in the double category assem-
bly (Fig. 3). Moreover, no difference due to increased tem-
perature was observed for NA seeds in double category 
assembly. NE seed germination at 28 °C was faster than 
NE germination at 20 °C and NA germination at 28 °C. 
In the NA–AR assembly, temperature appears to have a 
significant role in increasing the speed of germination, 
both for NA and AR seeds. Similar results were found in 
the NE–AR assembly, where germination was faster at 28 
°C than at 20 °C.

Fig. 3   Seed germination curve of double category assembly. The col-
ours represent categories as follows: blue (natives), green (archaeo-
phytes), red (neophytes). The empty dots and dashed lines rep-
resent the 20 °C treatment. The full dots and lines represent the 28 
°C treatment. Inset table shows the results of comparing value of d 

or e parameters between the various species categories. p value is 
expressed as follows: ns (p value > 0.1), •(0.1 < p value < 0.05), 
*(0.05 < p value < 0.01), **(0.01 < p value < 0.001), ***(p 
value < 0.001)
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Remarkably, in the triple category assembly, NA seeds at 
20 °C were the slowest to germinate (Fig. 4). No differences 
were found between the speed of germination of NA seeds 
at 28 °C or of NE seeds at either 20 or 28 °C. AR were the 
fastest in the triple category assembly, with 28 °C AR faster 
than 20 °C. We also found that temperature increased the 
speed of germination of NE seeds.

Overall, the plant communities respond differently to the 
increase in temperature (Fig. 5). In particular, at 20 °C, seed 
performance in the double assembly communities seems to 
be quite consistent on seed germination speed in the sin-
gle assembly, in particular the one involving NA and NE. 
Interestingly, we found that for either the double or triple 
category assemblies, temperature enhanced the speed of 
germination of the overall plant communities. In particular, 
at 20 °C the mean T50 of the plant community is around 
4.3 days while at 28 °C it is less than 3 days (Fig. 5c, d).

Effects of temperature on alien and native plant 
germination uniformity

The b parameter showed consistent results across the 
experiment (Tab. S5). In particular, in the single category 
assembly, there were no differences between treatment and 
alien status. In the double category assembly, we found that 

temperature tended to increase the germination uniformity 
(i.e. lower b value). In particular, this was true in NA–AR 
for both NA and AR seeds (p value NA = 0.0015, p value 
AR = 0.0006, compared with the b-values at 20  °C), in 
NA-NE the increase in seed uniformity was for NA seeds 
(p value = 0.025) and in AR–NE, the increase was found for 
NE seeds (p value = 0.0035). In the triple category assembly, 
NE seeds had higher germination uniformity at 28 °C (p 
value = 0.0013).

The overall community response (Fig. 5e, f) displayed 
slightly differences between the various interactions of cat-
egory assembly, with the AR-NA less uniform that NA-NE 
at 20 °C. Interestingly, we found that the germination uni-
formity of the plant community was higher (i.e. lower value 
of b) at 28 °C.

Discussion

Increasing temperatures due to climate change and bio-
logical invasion are among the top most threats to biodi-
versity, often interacting with other environmental factors 
in altering the ecosystem equilibrium (Bellard et al. 2022; 
Jaureguiberry et al. 2022). Our study uniquely evidenced 
that the seed interactions between different alien and native 

Fig. 4   Seed germination curve 
of triple category assembly of 
species (i.e. neophytes, archaeo-
phytes and natives). The colours 
represent categories as follows: 
blue (natives), green (archaeo-
phytes), red (neophytes). The 
empty dots and dashed lines 
represent the 20 °C treatment. 
The full dots and lines represent 
the 28 °C treatment. Inset table 
shows the results of compar-
ing value of d or e parameters 
between the various species 
categories. p value is expressed 
as follows: ns (p value > 0.1), 
•(0.1 < p value < 0.05), 
*(0.05 < p value < 0.01), 
**(0.01 < p value < 0.001), 
***(p value < 0.001)
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plants significantly affect their germination under a simu-
lated heatwave during germination stage, which are expected 
to be more intense and frequent due to climate change (Per-
kins-Kirkpatrick and Lewis 2020). While we acknowledge 
that these findings may not be entirely reflective of the whole 
plant community, we consider the responses exhibited by 
some of the most common species to be somewhat insight-
ful, highlighting the need for future studies. In particular, we 

found temperature to be a key factor for seed germination of 
the community created by the pools of study species, shap-
ing the uniformity, the timing (i.e. speed) and abundance 
(i.e. probability) of seedling establishment (Fig. 5). Moreo-
ver, the temperature effect depended on the plant alien status 
(i.e. natives, neophytes, archaeophytes) and their interac-
tion (i.e. when comparing seeds germinating surrounded by 
species of the same status to seeds germinating in different 

Fig. 5   Richards diagrams showing the behaviour of the various spe-
cies assemblies at 20 and 28 °C. The parameters shown are the d, e 
and b parameters derived from the germination progress curves (Ono-
fri et al. 2010, 2022). They represent respectively: the higher asymp-
tote (i.e. the maximum proportion of germinated seeds), the median 

germination time (i.e. T50) and the slope at the inflection point (i.e. 
seed uniformity). The ‘number of category assembly’ refers to how 
many species status categories were evaluated. The colours describe 
status as follows: blue (natives), green (archaeophytes), red (neo-
phytes)
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assembly status combinations). Higher temperature seems 
to be detrimental for the germination success of NA species 
when surrounded by NE and AR, while NE germination 
potential is not influenced as much by a warmer climate. 
Temperature also enhanced the germination speed of NE and 
AR species. Interestingly, at low temperature, NA species 
exhibited higher germination success compared with NE and 
AR species (Figs. 3, 4), in the double and triple category 
assemblies, suggesting their potential capacity to curb the 
studied alien species establishment at low temperatures. We 
also found that temperature increases germination uniform-
ity of all species, independent of the seed mixture.

Our data suggest that a future warmer temperature might 
undermine the studied native Asteraceae species germina-
tion only when surrounded by alien species, favouring the 
success of alien plants. In the light of the increased tempera-
ture due to climate change and related heat wave event inten-
sification (Meehl and Tebaldi 2004; Perkins-Kirkpatrick and 
Lewis 2020), we believe these results may help in the under-
standing of future plant community assembly.

Effects of temperature and species interaction 
on seed germination parameters

Seeds of NA species did not have different germination 
probabilities under the tested temperatures when seeds were 
surrounded by other native species, similar to reports for 
other Asteraceae species (Hou et al. 2014). However, the 
germination of NA seeds in the triple category assembly (i.e. 
close to NE and AR seeds) was affected by temperature: low 
temperature enhanced the germination success of NA seeds 
while no difference was observed in the germination of NE 
or AR seeds in the same assembly depending on tempera-
ture (Fig. 4). Hence, warmer temperatures may significantly 
shape the final plant community assembly, by reducing the 
germination success of native plant species. The implica-
tion of this result is that, at low temperature, seeds of native 
Asteraceae species appear to be more likely to germinate, 
thus leading to a larger number of individuals compared with 
NE or AR species. This seems to be an important result, 
given that the number of individuals from a population can 
act as a barrier to biological invasion by reducing the eco-
logical space for alien plants (Oduor 2013). It is also con-
sistent with the results of Levine et al. (2004) where the 
biotic resistance displayed by the native community seldom 
empowers them to repel invasions, opting instead to lower 
the population of invasive species post-establishment, simi-
larly to what occurs in forest fragments (Trotta et al. 2023). 
In particular, the relative size of the native population stud-
ied may affect the way the native responds to alien species 
competition due to their biomass (Dawson et al. 2011), phe-
notypic plasticity, genetic drift or genetic diversity (Strauss 
et al. 2006; Leger and Espeland 2010).

Interestingly, we found that temperature did not affect 
the germination probability of NE seeds in both the pure 
NE assembly and in mixtures with seeds of NA or AR spe-
cies (Figs. 2, 3). Moreover, the lack of major temperature 
effects on germination probability of NE seeds is consist-
ent with previous results (Jeffery et al. 1988; López-García 
and Maillet 2005; Hou et al. 2014), highlighting that tem-
perature may not reduce the invasiveness of neophytes 
species acting on seed germination, due to their better 
performance at this critical stage (seedling establishment) 
of the plant life cycle. This can probably be explained 
by the fact that invasive species (neophytes in our case) 
are more wide-temperature tolerant, and this trait has led 
them to become invasive (Thuiller et al. 2007), also in 
temperate dry grasslands. Indeed, our results show that 
while increasing temperature decreases the probability of 
germination for NA species, there was no impact on the 
germination of NE species in the warmer environment. In 
fact, low temperatures are a limiting factor for the spread 
of alien plant propagules (Alexander et al. 2011; Marini 
et  al. 2013; Lembrechts et  al. 2016). Contrary to our 
expectations, AR species had lower germination potential 
compared with the other species, in particular at 20 °C in 
the single category assembly (Fig. 2).

The speed of seed germination (i.e. expressed as the e 
parameters of our model) is also crucial to plant commu-
nity assembly dynamics, being the timing at which plants 
make their first access to environmental resource (Gioria 
et al. 2018). Our results suggest that at low temperature, in 
a single status community, NE and NA seeds reach T50 at 
the same time, while at 28 °C NE seeds were faster to ger-
minate than NA seeds. Conversely, NE seeds germinated 
significantly faster than NA seeds when sown in a mixture 
with the other status at 20 °C. At this lower temperature, NE 
seeds appear to germinate earlier than natives, gaining the 
benefit of access to environmental resources before competi-
tors (Gioria and Pyšek 2017). This is consistent with studies 
showing that a germination advantage or priority is a key 
factor facilitating plant invasions in many ecosystems, espe-
cially invasions by annual plants (Godoy et al. 2009; Abra-
ham et al. 2009; Wainwright and Cleland 2013). At higher 
temperature, in contrast to our expectations, NE and NA 
seeds had similar germination speeds. Moreover, NA seeds 
at 28 °C in the assembly with NE and AR germinated faster 
compared with the NA seeds at low temperature in the same 
category assembly (Fig. 3). This increase is a recognized 
phenomenon that occurs during seed germination at high 
temperature (Roberts 1988), where the rate of seed metabo-
lism is accelerated by moderately warmer temperatures (i.e. 
too high temperature will inhibit the germination as well). 
This has important implications on seed germination dynam-
ics under the effect of global change, as already shown in 
other studies (Cochrane et al. 2011; Newton et al. 2020).
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Archaeophytes appear to be the species with the earliest 
germination compared to the other species, with an increase 
in speed at high temperature (Figs. 2, 3, 4). It has been dem-
onstrated that early-germinating species may have several 
benefits, such as size-asymmetric competition (Abraham 
et al. 2009), resource pre-emption (Ross and Harper 1972) 
and detrimental effects on the establishment and diversity 
of later-germinating species (Cabin et al. 2000; Rice and 
Dyer 2001). The timing of germination determines the post-
germination conditions experienced by seedlings (Donohue 
2003, 2005), including the competitive environment (Forbis 
2010) and can strongly affect the fitness, growth and sur-
vival of a species in a community (Donohue 2005; Verdú 
and Traveset 2005), and thus its invasiveness or resistance 
to invasion.

Effects on the final species assembly

Our results suggest that temperature is a key factor that can 
modify the future assembly of plant communities, as abi-
otic filter acting at the germination stage. In particular, it 
could be possible to make some speculations on the way 
the plant community of dry grassland can be affected by 
climate change. We are aware that these findings might not 
be representative of the whole plant community, but we 
believe that response shown by some of the most common 
species is somewhat revealing and future studied are needed. 
Based on the results of our species, we can hypothesize that 
the response of the plant community will depend on three 
principal factors: (i) number of individuals, (ii) increasing 
temperatures and (iii) interaction among different types of 
species, specifically NA and AR species versus NE species.

NE seeds exhibit a higher germination percentage and 
speed at 28 °C when not surrounded by seeds of other sta-
tus, compare with NA seeds. Invading species may need to 
easily access resources such as light, nutrients and water, 
and will therefore have greater success in invading a com-
munity if it does not encounter intense competition for these 
resources from resident species (Davis et al. 2000). Thus, 
future climate conditions will probably exacerbate the prob-
lem of plant invasion in the highly disturbed environment of 
already-degraded temperate grasslands, where NE species 
are commonly surrounded by other NE species. Populations 
of NA species, reduced by NE plants, appear to be less able 
to compete with IAS (Holle and Simberloff 2005).

For example, warmer temperatures caused by early sea-
son heat waves, will accelerate seed germination speed. The 
overall plant community will grow faster at warmer tem-
perature, with no significant difference depending on species 
status in terms of germination potential. However, the dif-
ference between NA and NE species was almost significant 
(p value = 0.087), with the NE species seeds reaching higher 
germination probability (Fig. 2). Once again, this provides 

evidence that increasing temperature might increase the 
invasiveness potential of NE species, in terms of germina-
tion speed. We also want to underline that our experiment 
focussed on a temperature range compatible with seed ger-
mination, conscious that extreme heat might have negative 
effects on any of NA, AR or NE.

Finally, at low temperature, the presence of NA and AR 
seeds curbed the success of neophytes, with an increase 
in germination potential of NA, significantly higher than 
the competitors. We believe that the faster germination 
rate of the AR seeds hinders the germination of NE seeds, 
through competition for resources (Gioria and Pyšek 2017) 
or allelopathic effects (Chen et al. 2017). Indeed, there is 
increasing interest in possible allelopathic effects exerted 
by plants against IAS. Many native species produce allelo-
chemicals that may function as a weapon against IAS, and 
thus strengthen the resistance of native species communities 
to exotic invasion (Zhao et al. 2008; Yu et al. 2011; Christina 
et al. 2015).

The leached of organic substances can hinder or facilitate 
the germination of neighbouring seeds (Renne et al. 2014), 
thus leading to the importance of understanding how the 
seeds interact in the seed bank. Choosing the right timing of 
germination appears to be crucial for the seedling develop-
ment (Cohen 1967). Early germination can indeed be con-
sidered adaptive in many plant species. This phenomenon 
is often driven by a variety of ecological and evolutionary 
factors, and one of the key advantages is the potential for 
fast-emerging seedlings to gain a competitive edge over 
slower-emerging ones (Tielbörger and Prasse 2009; Gioria 
and Pyšek 2017).

Although NA are slower to germinate in the triple cat-
egory assembly, they appear to be more competitive in 
terms of germination potential. Thus, the presence of a well-
formed and biodiverse plant community appears to be one of 
the key factors to preserve the high value of dry temperate 
grasslands.

Seed germination and seedling emergence may also be 
strongly influenced by other factors not considered in this 
experiment, such as maternal effects (Roach and Wulff 1987) 
or seed density (Laterra and Bazzalo 1999). All the Aster-
aceae species considered produce a large number of seeds 
each reproductive season, but with some variation depend-
ing on the species, so their density in the seed bank may be 
variable, which is relevant information to consider in future 
research (Guido et al. 2017).

We demonstrated that some common native and archaeo-
phytes grassland’ species not only have the potential to delay 
NE plant germination, but also to decrease its final germina-
tion percentage. These results may reveal potential solutions 
for restoring invaded areas by reintroducing the native and 
archaeophyte studied seeds to the seed bank, as delays in 
germination and growth can have important implications for 
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preventing NE colonization in dry grasslands. The timing 
of this reintroduction appears to be critical. Reintroduction 
plans should focus on early-spring, when heat events are 
less likely, at least under current climate projections (IPCC 
2022).
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