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growth of both plants, including lupine’s allelopathic 
effects on daisy. We set up a full-factorial greenhouse 
experiment that utilised activated carbon to neutralise 
putative allelopathic compounds in the soil in relation 
to non-treated soils. The used field soils with natural 
microbial communities and abiotic soil properties 
were exposed to lupine for ca. 5 years, 10 years or 
15 years, or had no known prior exposure (controls). 
Lupine significantly suppressed the growth of daisy 
in the first month and its final biomass. However, 
lupine’s allelopathy did not appear to be the cause for 
the suppression of daisy seedlings that were grown 
next to lupine for two months. In addition, while the 
biomass of daisy benefitted from growing in previ-
ously lupine-invaded soils, both daisy and lupine, 
and their coexistence were not affected by the time 
soil was exposed to lupine. These results demonstrate 
that while time since invasion could be important for 
ecological impacts of some invasive alien plants or in 
older invasions, the suppressive effect of the invasive 
lupine on 1–3-month-old daisy was immediate and 
stable.

Keywords  Time since invasion · Soil legacies · 
Invasion history · Invasive plants · Lupinus 
polyphyllus · Competition

Abstract  Whilst temporal dynamics of the abun-
dance of invasive alien species has gained inter-
est, less is understood about complex interactions 
determining their impacts on, e.g., how coexistence 
mechanisms and the resulting ecological impact of 
alien species change with time. Using the invasive 
nitrogen-fixing Lupinus polyphyllus (lupine) and its 
native competitor Leucanthemum vulgaris (daisy), we 
investigated the effect of time since invasion on the 
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Introduction

Temporality is fundamental to many hypotheses 
testing the spread of invasive alien species and their 
impacts, thus leading to numerous calls for consid-
ering invasion history and time since invasion (Sim-
berloff and Gibbons 2004; Strayer et al. 2006, 2017; 
Inderjit et  al. 2011; Strayer 2012; Ricciardi et  al. 
2013; Crystal-Ornelas and Lockwood 2020a). How-
ever, temporal aspects of species invasions have 
been understudied (Iacarella et al. 2015; Grove et al. 
2017a, but see e.g., Lankau et  al. 2009; Diez et  al. 
2010; Dostál et al. 2013) with over half of articles on 
invasion biology not reporting or considering time 
since introduction or invasion (Crystal-Ornelas and 
Lockwood 2020a). Compared to temporal changes in 
the abundance of invasive plants, less is known about 
their ecological impacts at different invasion stages 
(Dostál 2024). Studies across taxa, including plants, 
suggest that the ecological impact of invasive alien 
species might weaken (Iacarella et al. 2015; Závorka 
et al. 2018), remain constant (Yokomizo et al. 2017; 
Crystal-Ornelas and Lockwood 2020b; Prass et  al. 
2022), or increase with time since invasion (Dostál 
2024). Here we conducted a greenhouse experiment 
to examine whether time since invasion affects the 
competitive impact, or more specifically, the immedi-
ate allelopathy and soil legacies of the invasive leg-
ume, Lupinus polyphyllus (garden lupine), on growth 
of the native plant, Leucanthemum vulgare (ox-eyed 
daisy).

Dostál (2024) recently reviewed 19 study systems 
of invasive plants with long-term data or the space-
for-time approach, which highlighted that multiple 
processes were involved in determining outcomes and 
temporal change within coexistence between species, 
including enemy accumulation, traits and abundance 
of the invasive alien plant itself, and evolutionary 
processes. For example, investigating recently estab-
lished and up to 140 year old populations of the inva-
sive Alliaria petiolata (garlic mustard), Lankau et al. 
(2009) revealed that allelopathic compound produc-
tion declined with time since invasion, presumably 
due to changes in coevolutionary relationships with 
microbes and plant competitors (Lankau 2012).

Indeed, the novel weapons hypothesis has been 
proposed as one of the mechanisms to explain the 
success of invasive species (Callaway and Riden-
our 2004). It suggests that allelopathic biochemical 

compounds of invasive plants might affect evolution-
arily naïve species more strongly compared to plant 
species in their native range (Callaway et  al. 2008; 
Inderjit et  al. 2011). Allelopathy is an interference 
competition strategy defined as the release of bio-
chemicals by a plant to reduce the establishment and 
growth of other plants nearby (Inderjit et  al. 2011). 
The allelopathic impact is mediated by abiotic con-
ditions, soil chemistry and texture, the exuded dose, 
other organisms (e.g., competitors, consumers and 
inducers), and potentially, lead to evolutionary and 
adaptive changes across space and time, as show-
cased by A. petiolata and others (Strayer et al. 2006; 
Lankau et al. 2009; Inderjit et al. 2011; Iacarella et al. 
2015; Shannon-Firestone and Firestone 2015; Grunt-
man et al. 2017). While soil microbes readily degrade 
allelopathic compounds (e.g., Kaur et  al. 2009), 
degradation may be impeded for invasive species if 
the microbial communities are evolutionarily naïve 
(Inderjit and van der Putten 2010; Li et al. 2017). Yet, 
frequent demonstrations of microbial communities 
alleviating or eliminating allelopathic effects of inva-
sive plants suggest that soil communities can adapt 
or evolve to degrade the allelopathic compounds 
(Lankau 2010; Zhu et  al. 2011). With exposure and 
time since invasion, a higher degradation ability may 
accumulate (Li et al. 2015, 2017).

Besides microbial legacies that plants leave in the 
soil (Hannula et al. 2021), allelopathic compounds of 
invasive plants can affect other plant species directly 
and indirectly via legacies of changes in micro-
bial communities such as reduced fungal richness 
or altered community composition (Cipollini et  al. 
2012; Grove et  al. 2012; Souza-Alonso et  al. 2015; 
Roche et  al. 2020; Zhang et  al. 2021a). While there 
has been mixed evidence for the persistence of allelo-
pathic chemicals per se after the removal of invasive 
plant species (Wardle et al. 1998; Inderjit and Calla-
way 2003; Tian et  al. 2007; Del Fabbro and Prati 
2015), changes in microbial communities can accu-
mulate (Li et al. 2017; Zhang et al. 2020) and persist 
longer as legacy effects (Kulmatiski and Beard 2011; 
Grove et al. 2012, 2017a; Del Fabbro and Prati 2015). 
Legacy effects via changes in fungal communities 
have been shown to particularly affect succeeding 
vegetation (Grove et  al. 2012, 2017b; Heinen et  al. 
2020; Roche et  al. 2020), while bacterial legacies 
might fade quicker (Hannula et al. 2021). Soil legacy 
effects can also be positive for succeeding plants. For 
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example, Del Fabbro and Prati (2015) reported that 
when native plants grew in mixtures with invasive 
species, soil legacies appeared to alleviate immediate 
negative allelopathic interference of the invasive spe-
cies. However, no soil legacy effects were observed 
when native plants grew in monocultures on soils 
conditioned by invasive plants. These authors specu-
lated that different biochemicals could be involved 
over time and microbial communities could adapt to 
degrade these biochemicals, or the degrading bio-
chemical could fertilise the soil (Del Fabbro and Prati 
2015).

Lupinus polyphyllus (henceforth lupine), the model 
species studied here, exudes numerous allelopathic 
alkaloids such as lupanine, sparteine, and 4-hydrox-
ylupanine (Wink et  al. 1983). These quinolizidine 
alkaloids can inhibit seed germination and seedling 
growth (Wink 1983; Muzquiz et al. 1994; Loydi et al. 
2015; Lyytinen and Lindström 2019), and the growth 
of bacteria and fungi (Wink 1984). As lupine is often 
considered a non-mycorrhizal plant (Oba et al. 2001), 
it could potentially inhibit mycorrhizal symbiosis, 
and the growth of plants dependent on mycorrhiza 
(sensu Grove et al. 2012; Roche et al. 2020). In Fin-
land, where this study was conducted, the invasive 
lupine has no native congeners from the Lupinus fam-
ily, and thus, the soil microbial communities could be 
evolutionarily naïve. However, other legume species 
do occur and lupine was introduced and spread to nat-
ural habitats more than a century ago (Lampinen and 
Lahti 2019). In the study region, it has been recorded 
from 1936 (Erkamo 2021) but remained rare until 
the 1980s (Hovi Antti, unpublished results). Now, it 
is a common and widespread plant in southern Fin-
land. Thus, if the regional scale is relevant, lupine 
could have evolved during the invasion process (sensu 
Lankau 2012), or its soil microbial communities 
could have evolved to degrade its biochemicals (sensu 
Li et al. 2015). Otherwise, degradation capacity could 
accumulate with time since invasion at the population 
scale. Lupine forms nodules in symbiosis with bacte-
ria that fix nitrogen (Ryan-Salter et al. 2014; Kalske 
et al. 2022a), but besides soil nitrogen levels, Lupinus 
species can enhance the soil carbon and organic mat-
ter content (Evans et al. 1987; Halvorson et al. 1991; 
Titus 2009). Thus, Lupinus species can have both 
facilitating and inhibiting effects on co-occurring 
plants that may change with community age (Morris 
and Wood 1989).

To examine complex interactions, and in particu-
lar, how the allelopathic effects of invasive lupine 
could change with local invasion history, or with time 
since invasion, we grew native, mycorrhizal Leu-
canthemum vulgare (ox-eyed daisy) plants with and 
without lupine in a greenhouse experiment, where we 
utilized field soils of varying exposure time to lupine 
(ca. ≤ 5, 10, ≥ 15 years since local lupine invasion, 
and controls with no exposure). We added activated 
carbon (AC) to half of the pots to neutralise potential 
allelopathic biochemicals. We investigated 1) whether 
allelopathy affects the growth of the native plant 
when grown in the presence or absence of lupine, 
and 2) the effect of soil legacies (i.e., exposure time 
to lupine) on this potential allelopathic impact. We 
hypothesised that lupine would reduce the growth of 
L. vulgare (henceforth daisy) more without AC com-
pared to soils with AC (i.e., direct allelopathy), but 
this difference would be reduced in soils with longer 
exposure to lupine, for example, due to the adaptation 
of microbial communities to degrade its allelopathic 
biochemicals. Alternatively, if potential changes in 
microbial communities are detrimental to daisy, it 
would grow worse in soils with longer exposure to 
lupine. We additionally controlled whether AC or dif-
ferent times since lupine invasion would affect lupine 
itself, since, for example, alien species can accumu-
late belowground enemies with local residence time 
(e.g., Stricker et al. 2016).

Material and methods

Study species

Lupinus polyphyllus Lindl. (Fabaceae) is a peren-
nial herb originating from western North America 
but has become regionally invasive in temperate-
humid climates worldwide (Eckstein et  al. 2023). In 
its invasive range, lupine can grow 50–120 cm tall 
(Mossberg et  al. 2005). It can dominate plant com-
munities with a cover of over 60–90% and may cause 
significant changes in species richness and the com-
position of invaded plant communities and associated 
arthropod abundances (Otte and Maul 2005; Valtonen 
et  al. 2006; Ramula and Pihlaja 2012; Ramula and 
Sorvari 2017; Prass et  al. 2022). In the introduced 
range, lupine grows in various open environments, 
from dry ruderal habitats to moist meadows and open 
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pine forests but thrives especially along road verges 
in Fennoscandia (Mossberg et al. 2005; Robson et al. 
2008; Fremstad 2010; Ramula and Pihlaja 2012; Eck-
stein et al. 2023).

Leucanthemum vulgare Lam. (Asteraceae) is a 
perennial herb native to Europe, but has become inva-
sive in North America, Australia and parts of Asia 
where it can form dense stands (Clements et al. 2004; 
McDougall et  al. 2018; Stutz et  al. 2018). Daisy 
can grow 20–70 cm tall and thrives in a wide vari-
ety of open habitats and soils (incl., nutrient levels), 
although it often grows better on nutrient-poor soils 
as it does not tolerate strong interspecific competi-
tion of dense vegetation (Clements et  al. 2004 and 
references therein). Daisy forms vesicular–arbuscu-
lar mycorrhizal (VAM) and AM symbioses (Wang 
and Qiu 2006; Noori et al. 2014). We chose daisy to 
investigate allelopathic effects because it often occurs 
in the same habitats with lupine and is not particularly 
sensitive to changes in soil nutrient levels (i.e., we 
can test microbial legacy effects irrespective of poten-
tially higher nitrogen levels due to lupine). Moreover, 
to our knowledge, no allelopathic effects have been 

associated with daisy (Rowland 2012), although it 
has been suggested to have some allelopathy potential 
(Beres and Kazinczi 2000; Stellick et al. 2020).

Experimental setup

This study was performed in a greenhouse at Viikki 
campus, University of Helsinki, Finland, using pot-
ted plants. We utilised field soils rather than short-
term conditioning or microbial inoculation into 
purchased or sterilised soils because field soils host 
natural microbial communities and abiotic soil qual-
ities that can influence allelopathic effects and coex-
istence with other species (Brinkman et  al. 2010; 
Inderjit et  al. 2011; Kalske et  al. 2022a). In late 
November 2018, we collected soil from 16 gravelly 
or sandy grassland sites around the city of Lahti 
(60°59′N, 25°39′E), southern Finland (see Prass 
et al. 2022 for additional details) because lupine and 
daisy frequently occur in these soils in Finland. At 
each site, we collected six 7 L soil samples: three 
from lupine-invaded areas and three from unin-
vaded control areas (i.e., no lupine plants) at least 

Fig. 1   Setup of the greenhouse experiment. a Soil for the 
experiment was collected from three random locations in 
lupine-invaded areas and in control areas without lupine indi-
viduals at 16 paired sites (i.e., all sites contained both areas). 
b Each sample was then divided between four treatments: 1) 
Leucanthemum vulgare (daisy) with Lupinus polyphyllus 

(lupine) (competition) and activated carbon (AC), 2) daisy 
without lupine but with AC, 3) daisy with lupine and without 
AC, and 4) daisy without AC and lupine. In the figure, lupine 
is denoted as a tall plant and daisy as a short plant. The setup 
totalled in 384 pots
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10 m from the invaded area (Fig.  1a), because we 
could not observe any lupine individuals at such 
distance, and past existence was unlikely given the 
disturbance history of the sites as explained below. 
We also chose the 10 m distance to ensure that soil 
conditions are as similar as possible per site. In the 
invaded area, soil was taken from the rhizosphere 
of adult lupine plants to obtain lupine-affected soil, 
whereas soil in the control areas was collected in 
similar volume and from the same depth at random 
locations under various plant species. Rocks and 
plant roots were discarded. Aside from lupine pres-
ence and slightly reduced plant species richness at 
lupine-invaded sites, plant communities in the study 
sites were generally similar at lupine-invaded and 
uninvaded areas and did not differ in relation to 
time since lupine invasion (see Prass et  al. 2022). 
Before collecting another soil sample, shovels were 
washed with tap water and sterilised by sprinkling 
pure ethanol onto the wet shovels. The soil samples 
were then stored individually in plastic bags in an 
outdoor storage room at approximately 5 °C until 
being divided into pots in a greenhouse.

To examine the influence of time since invasion 
on the competitive impacts of lupine, the field sites 
for soil collection were identified based on their 
estimated lupine invasion age, besides soil type. 
After mapping lupine occurrences and their soils in 
the Lahti area, we used a combination of site visits, 
yearly orthoimages (Lahti city map portal 2018) and 
information from residents to ascertain when lupine 
established. We were able to identify a major distur-
bance resulting from, e.g., demolition or construc-
tion activities, affecting the entire site. Although 
we cannot exclude the possibility of lupine occur-
ring in the area prior to disturbance, we believe 
that our age estimates are reasonably accurate. Due 
to known lupine populations, it was possible to 
track their development from orthoimages, where 
they were visibly distinct from other vegetation. In 
addition, we interviewed residents and could often 
confirm our estimated lupine invasion time. Based 
on our findings from orthoimages and interviews, 
lupine was introduced either intentionally or acci-
dentally, presumably with machinery. As a limita-
tion to our approach, we could not find lupine popu-
lations that had gone locally extinct. Likewise, we 
cannot exclude the possibility of extinct microsites 
or individuals having occurred outside of the main 

lupine invasion. However, we did not notice such 
individuals 10 m away from the invasion front.

We classified the soil collection sites into 3 groups 
based on the estimated time since lupine establish-
ment at the invaded area of each site (see Prass et al. 
2022), which was associated with disturbance in both 
lupine-invaded and control areas. Invaded areas were 
exposed to lupine for approximately 5 years, 10 years 
or 15 years, i.e., young (n = 6), intermediate (n = 7) 
and old (n = 3) invasions, respectively (Fig.  1). We 
were able to locate only three sites with old lupine 
invasions that had gravelly or sandy soils. At each 
site, there were no obvious differences in soil condi-
tions between the control and invaded areas, both 
were disturbed at the same time, and we assume that 
the location of lupine invasion is random. However, 
to consider any possible differences in soils between 
the control and invaded areas, we analysed several 
soil variables (see Soil analysis below).

In the greenhouse, any remaining stones (⌀ ≥ 2 cm) 
and larger plant material were removed, and each soil 
sample was mixed well with a garden spade. To avoid 
homogenizing the microbial communities of the soil 
samples, we used gloves and sterilised all contact sur-
faces with ethanol (70%) after first washing with tap 
water and drying these. Each soil sample was divided 
into four 1.5 L pots (⌀ = 13 cm), representing the four 
treatments (Fig.  1b): 1) daisy with lupine (competi-
tion) and activated carbon (AC), 2) daisy without 
lupine but with AC, 3) daisy with lupine and with-
out AC, and 4) daisy without AC and lupine. As a 
result, the total number of pots was 384 (16 sites × 4 
treatments × 3 soil histories × 2 areas (lupine-invaded, 
control)). For treatments 1 and 2, we mixed 20 ml of 
AC per litre of soil to neutralize allelopathic chemi-
cals in the soil and detangle an allelopathic effect 
from other potential effects of lupine. The concentra-
tion of AC we used (2% volume) has also been used 
in previous experiments on allelopathy (e.g., Inderjit 
and Callaway 2003; Lau et al. 2008; Del Fabbro and 
Prati 2015). As AC, we used a commercially avail-
able water purifier grade Aktivt Kol (0.35—1.18 mm) 
from Clean Carbon (Sweden). AC itself can produce 
artifacts (Zhang et al. 2021b), but a full-factorial set-
ting allowed us to distinguish the potential effects of 
AC per se on the native plant. Thus, to maintain the 
natural microbial communities, we did not fertilise 
the soils even though AC may improve nutrient avail-
ability (Lau et al. 2008). During soil preparation, soils 



	 M. Prass et al.  190   Page 6 of 16

Vol:. (1234567890)

in the pots were air dried until seeds were added to 
the pots.

We added 5 lupine seeds to half of the pots (i.e., 
treatments 1, 3) in March (week 10 of year 2019) 
(Fig.  1b). The seeds originated from a single lupine 
stand not used in this study. These seeds were surface 
sterilised by submerging into ethanol (70%) for 5 s 
and then rinsed with ample clean water. To improve 
germination, the lupine seeds were subsequently 
scarred by carefully chipping the seed coat with scis-
sors without harming the cotyledons. Lupine seeds 
were germinated in the pots under a plastic film for 
2 weeks and grown until 1 month old (week 15). We 
then chose one of these seedlings and planted it in the 
centre of the pot while the rest were discarded. The 
initial set-up with similarly aged daisy plants failed, 
as the purchased daisy seeds failed to germinate 
in the pots. Three months later, in June (week 23), 
we planted 1  month old daisy seedlings next to the 
3 month old lupine plants. The daisy seedlings were 
purchased from Terolan Taimitarha (Tuulos, Fin-
land) where they were grown in a potting soil, which 
we carefully rinsed off with tap water before plant-
ing. The daisy seedlings were always planted to the 
same location irrespective of treatment: 2.5 cm from 
the edge and centre of the pot. The pots were placed 
randomly on four tables with abundant drainage gut-
ters, and the location of pots was changed monthly to 
avoid potential differences in growing conditions. The 
pots were weeded and watered regularly. The distance 
between individual pots was ca. 15 cm. We watered 
the pots from above delicately to reduce potential 
cross-contamination between individual pots. All the 
equipment, gloves and tables were cleaned with etha-
nol (70%) as needed (e.g., when relocating the pots or 
weeding).

We measured the diameters of lupine and daisy 
plants from the top view in the beginning of the 
experiment (i.e., week 23 of year 2019), and then 
after one and two months (i.e., at finishing). Since 
lupine leaves can be distributed unevenly and far 
from the centre, we also measured plant height and 
number of leaves for lupine, but these correlated 
with plant diameter and were not used in the anal-
yses (r = 0.6 for both height and leaf number with 
plant diameter). To measure the final biomass of 
plants, we delicately extracted plants from the pots 
at the end of the experiment in July (i.e., week 31) 
and washed the roots thoroughly with tap water 

to remove any traces of soil. The plants were then 
dried in an oven at 70 °C for 48 h, and weighted 
for total, above- and belowground biomass. Due to 
strong correlations between the three biomass val-
ues (r > 0.7 for all cases), we only analysed total 
biomass. Similarly, lupine diameter correlated with 
its total biomass (r = 0.7), and we thus analysed 
only the more precise total biomass for lupine, and 
not diameter.

Soil analysis

Despite selecting sandy or gravelly sites, soil struc-
ture varied within and between sites. To assess vari-
ation, we analyzed the collected soil samples for 
ammonium (NH4), nitrate (NO3), phosphate (PO4) 
and organic matter (OM) content as well as for soil 
pH and moisture. The three soil samples per area of a 
site were pooled and mixed (Fig. 1a), stones (⌀ = 1.5 
cm) and plant material were removed, and this result-
ing pooled soil sample was analyzed as follows. We 
extracted the water-soluble soil nutrients with dis-
tilled water (standard SFS-EN 13652) and measured 
using a QuickChem Lachat 8000 flow injection analy-
sis system (LACHAT Instruments Inc., Loveland, 
CO, USA) according to standards 10-107-06-1-F for 
ammonium, HPLC K101-NO3-140,407 for nitrate 
and 10-115-01-1-Q for phosphate. Soil moisture and 
OM (i.e., loss on ignition) content were measured 
using air-dried soil, which was then dried at 105 
℃ for 2 h and subsequently again for 2 h at 550 ℃, 
respectively (standard SFS3008). Soil pH was meas-
ured from a suspension of air-dried soil and distilled 
water (1:5 v/v) (standard ISO 10390).

Overall, environmental characteristics of soils 
were similar (Supplementary Information SI1). In 
relation to invaded and control areas, there were no 
meaningful differences in soil pH or NO3 levels, 
but the soil from control areas had a slightly higher 
moisture, OM, NH4 and PO4 content than the lupine-
invaded areas. However, the comparatively higher 
means of control areas were influenced by single val-
ues. Regarding invasion age, there were no clear dif-
ferences in soil variables, only the mean OM content 
and mean moisture were slightly higher in old lupine 
invasions compared to young and intermediate inva-
sions (i.e., 6.6% and ca. 4%, respectively; Supplemen-
tary Information SI1).
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Data analysis

To investigate the effects of lupine allelopathy and 
its soil legacies on the growth of daisy, we utilized 
mixed-effects models (lme4 package; Bates et  al. 
2015) in R (R Core Team 2024). We also tested for 
legacy effects and AC addition on the growth of 
lupine itself. Prior to analysis, we followed the pro-
tocol proposed by Zuur et al. (2010) to explore data 
for outliers, homogeneity, normality, zeros, collin-
earity, relationships, interactions and independence. 
Soil variables were not included in the models, as we 
employed a full-factorial design in the greenhouse, 
and soil conditions were similar. For both daisy and 
lupine, we analysed total biomass (see above). For 
daisy, we additionally calculated a relative growth 
rate (RGR) for the first and second month separately 
as in the equation below, where D0 is the initial plant 
diameter and D1 is daisy diameter one month later, 
and t1 – t0 refers to time between the two measure-
ments (here one month). RGR was not correlated 
with other daisy measurements.

For daisy response variables, we analysed total 
biomass (Gamma distribution) with a log-link 
generalised linear mixed-effect model (GLMM, 
lme4::glmer), and RGR (Gaussian distribution) with 
a linear mixed-effect model (LMM, lme4::lmer4). 
Based on our hypotheses, both models included the 
following fixed explanatory variables: competition 
(a factor with 2 levels: with and without lupine), 
AC addition (yes, no), area (invaded, control), age 
(young, intermediate, old), and all possible interac-
tions among the fixed variables. The models also 
included a nested random factor in which soil samples 
were nested within area, which was further nested 
within site (i.e., site/area/soil sample) to account for 
the non-independence of multiple observations at 
each level (i.e., four treatments per soil sample, three 
soil samples per area, and two areas per site).

To explore potential effects of AC and soil legacies 
on lupine itself, the total biomass of lupine (Gaussian 
distribution) was analysed with a linear mixed-effect 
model. Like models for daisy, it included a nested ran-
dom factor (i.e., site/area/soil sample), and the same 
fixed explanatory variables apart from competition: 

RGR =
1

D
0

×
(D

1
− D

0
)

(t
1
− t

0
)

AC addition (yes, no), area (invaded, control), age 
(young, intermediate, old), and all possible interac-
tions among the fixed variables. Model assumptions 
were verified for all mixed-effects models by plotting 
residuals versus fitted values. Following the analyses, 
significance of the fixed variables was determined 
using a Wald chi-square test for GLMMs (car::Anova) 
and an F-test for LMMs (lmerTest::anova).

Results

By the end of the experiment, total biomass of daisy 
was significantly reduced when grown in competition 
with lupine. While AC addition (an agent to neutral-
ize allelopathic effects) generally increased biomass, 
this occurred irrespective of the presence or absence 
of lupine (Table 1 and Fig. 2a, see also Supplemen-
tary Information SI2 for full GLMM results). Without 
competition, daisy grew larger in previously lupine-
invaded soils compared to uninvaded control soils, as 
indicated by a significant competition × area interac-
tion (Table 1and Fig.  2a). Age of lupine invasion at 
the soil collection sites did not explain daisy biomass, 
neither individually nor in relation to other variables 
(Table 1).

Competition with lupine was associated with 
reduced relative growth rate of daisy, particularly in 
the first month and to a lesser extent in the second 
month (Table  1 and Figs.  2b, c). In the first month, 
the growth of daisy was more than two times slower 
next to lupine than when grown alone (Fig. 2b). In the 
second month, AC addition significantly increased 
the growth of daisy when it grew alone, whereas the 
opposite tended to be true when it grew together with 
lupine (Table 1 and Fig. 2c). However, this effect of 
AC was not related to soil origin (lupine-invaded vs. 
control). In general, site age did not affect the growth 
of daisy (Table  1). However, for growth in the sec-
ond month, there was a significant competition × site 
age × area interaction (Table 1). Without competition, 
daisy grew faster in old soils collected from control 
areas than in old soils collected from lupine-invaded 
areas (Fig. 2c). Yet, the opposite pattern occurred in 
the competition setting with the same soils – daisy 
grew faster next to lupine in old invaded soils than 
in old control soils (Fig. 2c). The AC treatment was 
insignificant in this interaction, albeit, when grown 
alone, daisy grew comparatively slower without AC 
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Table 1   Results from the mixed-effect models of Leucanthemum vulgare (daisy) and Lupinus polyphyllus (lupine) to examine the 
effects of lupine’s allelopathy (AC addition) and soil legacies on the growth of both species

Response variable Explanatory variable Statisticdf,ddf p-value

Leucanthemum vulgare
Total biomass Competition with lupine (yes/no) 617.201  < 0.001

AC addition (yes/no) 5.771 0.016
Site age (young, intermediate, old) 0.832 0.659
Area (invaded, uninvaded) 0.401 0.526
Competition × AC addition 0.681 0.408
Competition × site age 0.492 0.782
Competition × area 10.071 0.001
AC addition × site age 0.082 0.957
AC addition × area 2.731 0.098
Site age × area 0.652 0.720
Competition × AC addition × site age 0.122 0.942
Competition × AC addition × area 0.251 0.614
Competition × site age × area 0.012 0.996
AC addition × site age × area 0.842 0.656
Competition × AC addition × site age × area 4.712 0.095

Relative growth rate, 1st month Competition 245.991, 267  < 0.001
AC addition 0.021, 267 0.876
Site age 0.482, 12 0.631
Area 0.561, 13 0.468
Competition × AC addition 0.501, 267 0.478
Competition × site age 2.312, 267 0.101
Competition × area 1.111, 267 0.292
AC addition × site age 1.372, 267 0.255
AC addition × area 0.121, 267 0.730
Site age × Area 0.322, 13 0.731
Competition × AC addition × site age 1.112, 267 0.329
Competition × AC addition × area 1.841, 267 0.177
Competition × site age × area 0.392, 267 0.678
AC addition × site age × area 0.452, 267 0.640
Competition × AC addition × site age × area 2.562, 267 0.079
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in the second month in soils collected from control 
areas and old sites than in the same soil with AC 
(Fig.  2c). However, variation was high for old soils 
due to small sample size (Fig. 2).

The final total biomass of lupine was not signifi-
cantly related to area nor invasion age (Table 1). Like 
daisy, lupine generally grew larger with AC addition 
and particularly so when grown in old soils (Table 1 
and Fig. 2d).

Discussion

Using soils from field sites of varying lupine expo-
sure time, this greenhouse experiment examined 

legacy effects on coexistence mechanisms; whether 
allelopathic competition of lupine changes with 
time since invasion. Lupine reduced the size of 
daisy, a competing native plant, by significantly 
impeding its growth particularly in the first month 
of the experiment. In contrast to our hypothesis, 
this negative effect on daisy was not ameliorated 
by activated carbon, which implies that lupine was 
not allelopathic to daisy in our experiment. Fur-
thermore, the suppressive effect of lupine on daisy 
did not appear to be affected by invasion history of 
the soil source (lupine-invaded, uninvaded control) 
nor time since invasion at the lupine-invaded sites. 
Also, lupine itself was not significantly affected by 
soils of varying lupine exposure times. Thereby, our 

Statistic refers to χ2 (daisy biomass) or F-value (all other), and df and ddf denote the degrees of freedom in the numerator and 
denominator, respectively, when applicable. Age represents lupine invasion age at the soil collection site. Bold values represent sta-
tistical significance at p-value < 0.05. See Supplementary Information SI2 for full GLMM results

Table 1   (continued)

Response variable Explanatory variable Statisticdf,ddf p-value

Relative growth rate, 2nd month Competition 3.841, 330 0.051

AC addition 1.081, 330 0.299

Site age 0.062, 26 0.941

Area 0.071, 26 0.794

Competition × AC addition 8.571,330 0.003

Competition × site age 2.732, 330 0.067

Competition × area 2.441,330 0.120

AC addition × site age 2.352, 330 0.096

AC addition × area 0.581, 330 0.445

Site age × area 0.572, 26 0.568

Competition × AC addition × site age 0.222, 330 0.799

Competition × AC addition × area 1.241, 330 0.267

Competition × site age × area 3.202, 330 0.042

AC addition × site age × area 0.372, 330 0.690

Competition × AC addition × site age × area 0.552, 330 0.578
Lupinus polyphyllus
Total biomass AC addition 4.541, 90 0.035

Site age 1.532, 13 0.252
Area 0.011, 13 0.925
AC addition × site age 5.772, 90 0.004
AC addition × area 0.311, 90 0.578
Site age × area 0.152, 13 0.859
AC addition × site age × area 0.162, 90 0.850
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results show no temporal changes in the ecological 
impacts of the invasive lupine on daisy or on its own 
performance. Albeit contrary to our hypotheses, this 
is in line with our previous results from a field study 

of lupine (Prass et al. 2022), where time since inva-
sion on a population scale was not associated with 
vascular plant species richness nor lupine cover.

Fig. 2   Predicted plant size (mean ± 95% CI based on fixed 
explanatory variables only) for Leucanthemum vulgare (daisy) 
and Lupinus polyphyllus (lupine) based on mixed-effects mod-
els (Supplementary Information SI2): a Total biomass of daisy, 
b Relative growth rate (RGR) of daisy diameter in the first 
month, c RGR of daisy in the second month, and d Total bio-
mass of lupine. All daisy figures (a-c) show conditions when 

daisy is grown in competition with lupine or on its own, and 
with or without activated carbon (AC) addition (i.e., a proxy 
to allelopathy effect). The plants were grown in field soils that 
originated from sites with young, intermediate or old lupine 
invasions (i.e., ca 5, 10 and 15 years, respectively), and either 
from invaded or control areas without lupine
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The apparent lack of allelopathic effects and asso-
ciated soil legacy effects on daisy might be explained 
by differences in study designs between the present 
and previous studies. The allelopathy of lupine has 
been mostly concluded from experiments with lupine 
leachates and seed germination or the establishment 
of young seedlings when allelopathy is most pro-
nounced (Eckstein et al. 2023 and references therein). 
For example, Loydi et al. (2015) found that in several 
plant species, including lupine, such negative effects 
largely ceased after delaying germination. In general, 
allelopathic interference is weaker for experiments 
using soils compared to leachates or plant residues, 
and with longer experimental durations (a meta-anal-
ysis by Zhang et al. 2021b) when negative effects on 
the performance of a competing plant are likely domi-
nated by other competition mechanisms than allelo-
pathic interference. Here, we found that lupine had 
no allelopathic effects on 1– 3 month old daisies in a 
full-factorial set-up that deployed activated carbon to 
neutralise the allelopathic compounds (if any).

Another explanation for no effect could be that 
evolutionary processes may have been involved, given 
the high intra- and interpopulation variation in genetic 
diversity of lupines (e.g., Galkina et al. 2025). Indeed, 
Kalske et al. (2022b) found that lupine alkaloid diver-
sity was lower in Finland than in native populations, 
indicating a potential trait evolution in response 
to loss of native enemies and changes in resource 
availability. As a limitation to this study, we did not 
measure the content of allelopathic compounds per 
se, nor their potential evolutionary changes. Previ-
ously, Lyytinen and Lindström (2019) suggested 
that allelopathy of lupine is weak. In their common 
garden experiment with potted plants in Finland, the 
final biomass of cow parsley (Anthriscus sylvestris) 
appeared to benefit from AC addition during the first 
growing season, but not in the second growing sea-
son. Importantly, that benefit from AC was similar to 
their fertiliser treatment, and AC increased the final 
biomass of cow parsley irrespective of the presence of 
lupine. Wurst et al. (2010) also report weak allelopa-
thy in Germany, lupine suppressed the adjacent rib-
wort plantain (Plantago lanceolata) only in the first 
days of seedling establishment. In our experiment, 
we used daisy seedlings that were 1-month old at the 
beginning of the experiment. They might have been 
less sensitive to allelopathy compared to younger 
seedlings, but they were probably exposed to more 

natural concentrations of allelopathic compounds 
alongside with natural levels of soil microbes and 
abiotic conditions compared to leachate experiments, 
allowing a more realistic insight into coexistence.

While we did not find evident legacy effects from 
field soils, lupine did evidently reduce daisy growth 
in the first month but not in the second. The fact that 
AC did not alleviate the suppression of daisy growth 
suggests a lack of evident allelopathic interference to 
these 1–3  month old seedlings. Instead, growth was 
likely suppressed because of resource competition. 
We conclude that an allelopathic effect of Finnish 
lupine on daisy was negligible here with natural soils 
and their microbial communities that could have been 
able to degrade allelopathic compounds. However, we 
did not study the microbial communities explicitly. 
Due to the limitations of this study, we cannot assess 
whether allelopathy may be pronounced in differ-
ent settings (e.g., microbial or evolutionary), or exist 
during seed germination or at earlier stages of seed-
ling establishment and subsequently influence plant 
communities through differences in plant sensitivity 
to allelopathic compounds (Zhang et  al. 2021b), but 
these life stages were not considered in our study.

We cannot entirely rule out the possibility that AC 
was ineffective at binding lupine allelochemicals, but 
we find it unlikely because we utilised a full-factorial 
set-up. If AC was ineffective in binding allelopathic 
compounds, combinations with lupine plants or with 
lupine-exposed soils would have been different in 
comparison to those without exposure. Secondly, AC 
has previously been demonstrated to mitigate growth 
suppression by lupine (Loydi et  al. 2015; Lyytinen 
and Lindström 2019). However, the relationship 
between AC addition and lupine competition or soils 
(area) were all insignificant in our study. Only during 
the second month of daisy growth, AC significantly 
interacted with lupine competition—daisy grew 
slower with than without AC adjacent to lupine. This 
result likely arose from lupine growing larger with 
AC addition and hence suppressing the growth of 
daisy more than without AC. It appears that AC itself 
caused artefacts—albeit not consistently, it increased 
the biomass of both lupine and daisy irrespective of 
competition (Fig.  2a, d). Also, Lyytinen and Lind-
ström (2019) showed that AC improved growth of 
both lupine and cow parsley (see above). Inconsist-
ency in AC effects here likely resulted from small 
variations in the quality of natural soils used, since 
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AC particles interact with bulk density and porosity 
of sandy soils (Głąb et al. 2016). In addition, because 
we were only able to include three true replicates for 
old lupine invasions, interpretation for the significant 
AC and age interaction of lupine biomass is limited.

In line with the lack of evidence for allelopathic 
effects here, our results do not show clear soil leg-
acy effects or more specifically, time since invasion 
effects. Previously, numerous allelopathic invasive 
plants have been reported to cause significant micro-
bial changes across various soils (e.g., Grove et  al. 
2012, 2017b; Roche et  al. 2020; Unger et  al. 2022). 
Furthermore, allelopathic plants can have a dispro-
portionately stronger negative impact on AM fungi 
and mycorrhizal plants, as showcased for invasive 
garlic mustard in forest plots (Roche et  al. 2020): 
after weeding the garlic mustard, it took 4–6 years 
to observe clear changes in the plant communities, 
which they speculated could have corresponded to 
the recovery time of mycorrhizal fungal communities. 
However, here, the mycorrhizal daisy grew slightly 
larger in lupine soils when grown without lupine. In 
the competition setting, this minor benefit was no 
longer visible, highlighting the importance of study-
ing legacy effects under more natural conditions. The 
improved growth of daisy in invaded soils could be 
linked to lupine potentially increasing nitrogen and 
phosphorus content of soils (Evans et al. 1987; Titus 
2009) or soil differences, but in our soils, lupine had a 
negligible effect on soil nutrient content and the used 
soils were comparatively similar in relation to non-
invaded and lupine-invaded areas (Prass et al. 2022). 
Alternatively, potential microbial changes in the soils 
could have been favourable to daisy when grown 
alone.

Similar to the daisy, lupine itself appeared to 
be unaffected by soil invasion history, or exposure 
time—its final biomass was not significantly related 
to soil collection area (invaded/uninvaded), age of 
lupine invasion or their interaction. However, this 
conclusion must be treated with caution since we 
only had three sites with 15 year old lupine invasions. 
Furthermore, due to the length of our experiment, 
the likelihood of cross-contamination of microbes 
between pots increased despite careful watering to 
prevent movement of soil particles and microbes. 
However, similar to our results, Prass et al. (2022) did 
not detect changes in lupine covers at differently aged 
lupine field sites. Ramula (2014) found unexplained 

differences in lupine population growth rates, with 
southern and presumably older populations grow-
ing faster than central populations in Finland. These 
results collectively suggest that older lupine-invaded 
soils per se might not reduce species’ performance 
at individual and population levels. On the contrary, 
based on lupine invasions (> 10 years old), we have 
previously observed that lupine tends to benefit from 
its associated soil microbiota (Kalske et  al. 2022a; 
Ramula et al. 2025).

Soil legacy effects from invasive plants may relate 
to the temporal stage of invasion and the identity of 
the study species. Here, the lupine invasions were ca 
5 years, 10 years or 15  years old, whereas marked 
legacy effects have been reported, for example, by 
Grove et al. (2012, 2017b) from sites with 30 year old 
dense Cytisus scoparius (Scotch broom) invasions, or 
from at least 20 year old A. petiolata (garlic mustard) 
invasions (Roche et  al. 2020). When studying over 
10 year old lupine invasions in southwestern Finland, 
Mousavi and Ramula (2024) found some changes 
in soil bacterial composition, but these effects were 
inconsistent across study sites. Currently, lupine-
induced changes in fungal communities are unknown 
and could be potentially more significant, as has been 
suggested by studying plant communities (Heinen 
et al. 2020; Hannula et al. 2021). Therefore, it would 
be valuable to explore lupine-associated microbiota 
(bacteria and fungi) in relation to soil invasion his-
tory. While legacy effects have been well established 
for nitrogen-fixing C. scoparius, Grove et al. (2017b) 
reported that the suppression of ectomycorrhizal 
fungi was constant in 3–31 year invasions, it did not 
change with time. In a review, Grove et  al. (2017a) 
concluded a lack of consistent effects of time since 
invasion on mutualism disruption, or, alternatively, 
that the soil-based effects of C. scoparius develop 
within just a few years and do not change over time.

Our findings suggest that competitive impacts 
of the invasive lupine on co-existing plants occur 
rapidly and can be stable over time. Lupine signifi-
cantly suppressed the growth of daisy early in the 
seedling phase, resulting in a reduced final bio-
mass, but we could not detect clear allelopathic 
effects nor soil legacies on daisy nor on lupine. 
Here, we utilised field soils that host natural den-
sities of microbes and concentrations of potential 
allelopathic chemicals, which provides more realis-
tic conditions compared to short-term conditioning 
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and soil inoculation, or plant leachates (Brinkman 
et  al. 2010). To investigate complex interactions 
and allelopathy, we acknowledge the fact that both 
species should be ideally grown without competi-
tors and under intra- and interspecific competition. 
Furthermore, studying mechanisms explored here 
would benefit from long-term monitoring of alien 
species’ study systems (e.g., Dostál 2024), or her-
barium records and literature to identify older inva-
sions than used here (e.g., Lankau et al. 2009). Yet, 
our exploratory study results are aligned with find-
ing of no legacy effects of lupine on vascular plant 
communities under field conditions (Prass et  al. 
2022) as well as with Ramula and Kalske (2023) 
who found no antagonistic effects of microbial 
communities from lupine-invaded soils on lupine’s 
performance in a common garden experiment with 
autoclaved soils and intact soil inoculums. Our 
results contribute to the literature reporting no 
changes in the performance of invasive plant spe-
cies with invasion history (invaded, uninvaded) and 
time since local invasion.

Acknowledgements  We thank Abdulrahman Al Saffar and 
Changyi Lu from the Faculty of Biological and Environmen-
tal Sciences, University of Helsinki for their help in collecting 
large quantities of heavy soil samples. We are grateful to the 
Viikki greenhouses of the University of Helsinki for providing 
space and assistance for the experiment. We thank the editors 
and two anonymous reviewers for comments that allowed us to 
significantly improve this article.

Author contributions  All authors contributed to the study 
conception and design. Material preparation, data collection 
and analysis were performed by Marju Prass with the support 
of D. Johan Kotze, Satu Ramula, Heikki Setälä and Leena 
Hamberg for data collection and interpretation. The first draft 
of the manuscript was written by Marju Prass, and all authors 
commented on and revised the previous versions of the manu-
script. All authors read and approved the final manuscript.

Funding  Open Access funding provided by University of 
Helsinki (including Helsinki University Central Hospital). 
Funding for this study was primarily provided by Jenny and 
Antti Wihuri Foundation (to MP). Additional funding was pro-
vided by Onni and Hilja Tuovinen Foundation (MP), Societas 
pro Fauna et Flora Fennica (MP), Päijät-Häme Regional Fund 
(MP), Lahti Fund (MP) and the Research Council of Finland 
(#331046 to SR).

Data availability  Datasets generated during the current study 
are available from the corresponding author on request.

Declarations 

Conflict of interest  The authors have no relevant financial or 
non-financial interests to disclose.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67:1–48. 
https://​doi.​org/​10.​18637/​jss.​v067.​i01

Beres I, Kazinczi G (2000) Allelopathic effects of shoot 
extracts and residues of weeds on field crops. Allelopath 
J 7:93–98

Brinkman EP, Van der Putten WH, Bakker EJ, Verhoeven KJF 
(2010) Plant–soil feedback: experimental approaches, 
statistical analyses and ecological interpretations. J Ecol 
98:1063–1073. https://​doi.​org/​10.​1111/j.​1365-​2745.​2010.​
01695.x

Callaway RM, Ridenour WM (2004) Novel weapons: invasive 
success and the evolution of increased competitive ability. 
Front Ecol Environ 2:436–443. https://​doi.​org/​10.​1890/​
1540-​9295(2004)​002[0436:​NWISAT]​2.0.​CO;2

Callaway RM, Cipollini D, Barto K, Thelen GC, Hallett SG, 
Prati D, Stinson K, Klironomos J (2008) Novel weapons: 
invasive plant supresses fungal mutualists in America but 
not in its native Europe. Ecology 89:1043–1055. https://​
doi.​org/​10.​1890/​07-​0370.1

Cipollini D, Rigsby CM, Barto EK (2012) Microbes as tar-
gets and mediators of allelopathy in plants. J Chem Ecol 
38:714–727. https://​doi.​org/​10.​1007/​s10886-​012-​0133-7

Clements DR, Cole DE, Darbyshire S, King J, McClay A 
(2004) The biology of Canadian weeds. 128. Leucanthe-
mum vulgare Lam. Can J Plant Sci 84:343–363. https://​
doi.​org/​10.​4141/​P02-​112

Crystal-Ornelas R, Lockwood JL (2020a) The ‘known 
unknowns’ of invasive species impact measurement. 
Biol Invasions 22:1513–1525. https://​doi.​org/​10.​1007/​
s10530-​020-​02200-0

Crystal-Ornelas R, Lockwood JL (2020b) Cumulative meta-
analysis identifies declining but negative impacts of inva-
sive species on richness after 20 yr. Ecology 101:e03082. 
https://​doi.​org/​10.​1002/​ecy.​3082

Del Fabbro C, Prati D (2015) The relative importance of imme-
diate allelopathy and allelopathic legacy in invasive plant 
species. BAAE 16:28–35. https://​doi.​org/​10.​1016/j.​baae.​
2014.​10.​007

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1365-2745.2010.01695.x
https://doi.org/10.1111/j.1365-2745.2010.01695.x
https://doi.org/10.1890/1540-9295(2004)002[0436:NWISAT]2.0.CO;2
https://doi.org/10.1890/1540-9295(2004)002[0436:NWISAT]2.0.CO;2
https://doi.org/10.1890/07-0370.1
https://doi.org/10.1890/07-0370.1
https://doi.org/10.1007/s10886-012-0133-7
https://doi.org/10.4141/P02-112
https://doi.org/10.4141/P02-112
https://doi.org/10.1007/s10530-020-02200-0
https://doi.org/10.1007/s10530-020-02200-0
https://doi.org/10.1002/ecy.3082
https://doi.org/10.1016/j.baae.2014.10.007
https://doi.org/10.1016/j.baae.2014.10.007


	 M. Prass et al.  190   Page 14 of 16

Vol:. (1234567890)

Diez JM, Dickie I, Edwards G, Hulme PE, Sullivan JJ, Dun-
can RP (2010) Negative soil feedbacks accumulate over 
time for non-native plant species. Ecol Lett 13:803–809. 
https://​doi.​org/​10.​1111/j.​1461-​0248.​2010.​01474.x

Dostál P (2024) Temporal development in the impacts of plant 
invasions: search for the underlying mechanisms. J Evol 
Biol 37(6):588–604. https://​doi.​org/​10.​1093/​jeb/​voae0​42

Dostál P, Müllerova J, Pyšek P, Pergl J, Klinerová T (2013) The 
impact of an invasive plant changes over time. Ecol Lett 
16:1277–1284. https://​doi.​org/​10.​1111/​ele.​12166

Eckstein RL, Welk E, Klinger YP, Lennartsson T, Wissman J, 
Ludewig K, Hansen W, Ramula S (2023) Biological flora 
of Central Europe—Lupinus polyphyllus Lindley. PPEES 
58:125715. https://​doi.​org/​10.​1016/j.​ppees.​2022.​125715

Erkamo V (2021) Havaintoerä, komealupiini—Lupinus poly-
phyllus https://​laji.​fi/​view?​uri=​http:%​2F%​2Ftun.​fi%​
2FMKA.​98426​544. Accessed 2 November 2024

Evans J, Turner GL, O’Connor GE, Bergersen FJ (1987) 
Nitrogen fixation and accretion of soil nitrogen by field-
grown lupins (Lupinus angustifolius). Field Crop Res 
16:309–322. https://​doi.​org/​10.​1016/​0378-​4290(87)​
90069-4

Fremstad E (2010) NOBANIS—invasive alien species 
fact sheet—Lupinus polyphyllus. Online Database of 
the European Network on Invasive Alien Species—
NOBANIS. www.​noban​is.​org. Accessed 4 Nov 2024

Galkina MA, Ivanovskii AA, Vasilyeva NV, Stogova AV, 
Zueva MA, Mamontov AK, Bochkov DA, Prokhorov 
AA, Tkacheva EV (2025) Invasive plant Lupinus poly-
phyllus demonstrates high level of molecular genetic 
variation within and between populations at East Euro-
pean plain. Sci Rep 15:14960. https://​doi.​org/​10.​1038/​
s41598-​025-​98764-9

Głąb T, Palmowska J, Zaleski T, Gondek K (2016) Effect of 
biochar application on soil hydrological properties and 
physical quality of sandy soil. Geoderma 281:11–20. 
https://​doi.​org/​10.​1016/j.​geode​rma.​2016.​06.​028

Grove S, Haubensak KA, Gehring C, Parker IM (2017a) 
Mycorrhizae, invasions, and the temporal dynamics of 
mutualism disruption. J Ecol 105:1496–1508. https://​
doi.​org/​10.​1111/​1365-​2745.​12853

Grove S, Haubensak KA, Parker IM (2012) Direct and indi-
rect effects of allelopathy in the soil legacy of an exotic 
plant invasion. Plant Ecol 213:1869–1882. https://​doi.​
org/​10.​1007/​s11258-​012-​0079-4

Grove S, Parker IM, Haubensak KA (2017b) Do impacts of 
an invasive nitrogen-fixing shrub on Douglas-fir and its 
ectomycorrhizal mutualism change over time follow-
ing invasion? J Ecol 105:1687–1697. https://​doi.​org/​10.​
1111/​1365-​2745.​12764

Gruntman M, Segev U, Glauser G, Tielbörger K (2017) Evo-
lution of plant defences along an invasion chronose-
quence: defence is lost due to enemy release—but not 
forever. J Ecol 105:255–264. https://​doi.​org/​10.​1111/​
1365-​2745.​12660

Halvorson JJ, Smith JL, Franz EH (1991) Lupine influence 
on soil carbon, nitrogen and microbial activity in devel-
oping soil ecosystems at Mount St. Helens Oecologia 
87:162–170. https://​doi.​org/​10.​1007/​BF003​25253

Hannula SE, Heinen R, Huberty M, Steinauer K, De Long 
JR, Jongen R, Bezemer M (2021) Persistence of 

plant-mediated microbial soil legacy effects in soil and 
inside roots. Nat Commun 12:5686. https://​doi.​org/​10.​
1038/​s41467-​021-​25971-z

Heinen R, Hannula SE, De Long JR, Huberty M, Jongen R, 
Kielak A, Steinauer K, Zhu F, Bezemer TM (2020) Plant 
community composition steers grassland vegetation via 
soil legacy effects. Ecol Lett 23:973–982. https://​doi.​
org/​10.​1111/​ele.​13497

Iacarella JC, Mankiewicz PS, Ricciardi A (2015) Negative 
competitive effects of invasive plants change with time 
since invasion. Ecosphere 6:123. https://​doi.​org/​10.​
1890/​ES15-​00147.1

Inderjit CRM (2003) Experimental designs for the study of 
allelopathy. Plant Soil 256:1–11. https://​doi.​org/​10.​
1023/A:​10262​42418​333

Inderjit, Van der Putten WH (2010) Impacts of soil micro-
bial communities on exotic plant invasions. Trends Ecol 
Evol 25:512–519. https://​doi.​org/​10.​1016/j.​tree.​2010.​06.​
006

DA Inderjit W, Karban R, Callaway RM (2011) The ecosys-
tem and evolutionary contexts of allelopathy. Trends 
Ecol Evol 26:655–662. https://​doi.​org/​10.​1016/j.​tree.​
2011.​08.​003

Kalske A, Blande JD, Ramula S (2022a) Soil microbiota 
explain differences in herbivore resistance between native 
and invasive populations of a perennial herb. J Ecol 
110:2649–2660. https://​doi.​org/​10.​1111/​1365-​2745.​13975

Kalske A, Luntamo N, Salminen JP, Ramula S (2022b) Intro-
duced populations of the garden lupine are adapted 
to local generalist snails but have lost alkaloid diver-
sity. Biol Invasions 24:51–65. https://​doi.​org/​10.​1007/​
s10530-​021-​02622-4

Kaur H, Kaur R, Kaur S, Baldwin IT, Inderjit X (2009) Taking 
ecological function seriously: soil microbial communities 
can obviate allelopathic effects of released metabolites. 
PloS one 4(3):e4700. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00047​00

Kulmatiski A, Beard KH (2011) Long-term plant growth 
legacies overwhelm short-term plant growth effects on 
soil microbial community structure. Soil Biol Biochem 
43:823–830. https://​doi.​org/​10.​1016/j.​soilb​io.​2010.​12.​018

Lahti city map portal (2018). https://​kartta.​lahti.​fi/​ims 
Accessed 3 June 2018

Lampinen R, Lahti T (2019) Kasviatlas 2018. Helsingin Ylio-
pisto, Luonnontieteellinen keskusmuseo, Helsinki. http://​
koivu.​luomus.​fi/​kasvi​atlas Accessed 6 August 2020

Lankau R (2010) Soil microbial communities alter allelopathic 
competition between Alliaria petiolata and a native spe-
cies. Biol Invasions 12:2059–2068. https://​doi.​org/​10.​
1007/​s10530-​009-​9608-z

Lankau RA (2012) Coevolution between invasive and native 
plants driven by chemical competition and soil biota. 
PNAS 109:11240–11245. https://​doi.​org/​10.​1073/​pnas.​
12013​43109

Lankau RA, Nuzzo V, Spyreas G, Davis AS (2009) Evolution-
ary limits ameliorate the negative impact of an invasive 
plant. PNAS 106:15362–15367. https://​doi.​org/​10.​1073/​
pnas.​09054​46106

Lau JA, Puliafico KP, Kopshever JA, Steltzer H, Jarvis EP, 
Schwarzländer M, Strauss SY, Hufbauer RA (2008) Infer-
ence of allelopathy is complicated by effects of activated 

https://doi.org/10.1111/j.1461-0248.2010.01474.x
https://doi.org/10.1093/jeb/voae042
https://doi.org/10.1111/ele.12166
https://doi.org/10.1016/j.ppees.2022.125715
https://laji.fi/view?uri=http:%2F%2Ftun.fi%2FMKA.98426544.
https://laji.fi/view?uri=http:%2F%2Ftun.fi%2FMKA.98426544.
https://doi.org/10.1016/0378-4290(87)90069-4
https://doi.org/10.1016/0378-4290(87)90069-4
http://www.nobanis.org
https://doi.org/10.1038/s41598-025-98764-9
https://doi.org/10.1038/s41598-025-98764-9
https://doi.org/10.1016/j.geoderma.2016.06.028
https://doi.org/10.1111/1365-2745.12853
https://doi.org/10.1111/1365-2745.12853
https://doi.org/10.1007/s11258-012-0079-4
https://doi.org/10.1007/s11258-012-0079-4
https://doi.org/10.1111/1365-2745.12764
https://doi.org/10.1111/1365-2745.12764
https://doi.org/10.1111/1365-2745.12660
https://doi.org/10.1111/1365-2745.12660
https://doi.org/10.1007/BF00325253
https://doi.org/10.1038/s41467-021-25971-z
https://doi.org/10.1038/s41467-021-25971-z
https://doi.org/10.1111/ele.13497
https://doi.org/10.1111/ele.13497
https://doi.org/10.1890/ES15-00147.1
https://doi.org/10.1890/ES15-00147.1
https://doi.org/10.1023/A:1026242418333
https://doi.org/10.1023/A:1026242418333
https://doi.org/10.1016/j.tree.2010.06.006
https://doi.org/10.1016/j.tree.2010.06.006
https://doi.org/10.1016/j.tree.2011.08.003
https://doi.org/10.1016/j.tree.2011.08.003
https://doi.org/10.1111/1365-2745.13975
https://doi.org/10.1007/s10530-021-02622-4
https://doi.org/10.1007/s10530-021-02622-4
https://doi.org/10.1371/journal.pone.0004700
https://doi.org/10.1371/journal.pone.0004700
https://doi.org/10.1016/j.soilbio.2010.12.018
https://kartta.lahti.fi/ims
http://koivu.luomus.fi/kasviatlas
http://koivu.luomus.fi/kasviatlas
https://doi.org/10.1007/s10530-009-9608-z
https://doi.org/10.1007/s10530-009-9608-z
https://doi.org/10.1073/pnas.1201343109
https://doi.org/10.1073/pnas.1201343109
https://doi.org/10.1073/pnas.0905446106
https://doi.org/10.1073/pnas.0905446106


Time since invasion is not associated with the competitive effects of an alien herb﻿	 Page 15 of 16    190 

Vol.: (0123456789)

carbon on plant growth. New Phytol 178:412–423. https://​
doi.​org/​10.​1111/j.​1469-​8137.​2007.​02360.x

Li YP, Feng YL, Chen YJ, Tian YH (2015) Soil microbes alle-
viate allelopathy of invasive plants. Sci Bull 60:1083–
1091. https://​doi.​org/​10.​1007/​s11434-​015-​0819-7

Li YP, Feng YL, Kang ZL, Zheng YL, Zhang JL, Chen YJ 
(2017) Changes in soil microbial communities due to bio-
logical invasions can reduce allelopathic effects. J Appl 
Ecol 54:1281–1290. https://​doi.​org/​10.​1111/​1365-​2664.​
12878

Loydi A, Donath TW, Eckstein RL, Otte A (2015) Non-native 
species litter reduces germination and growth of resident 
forbs and grasses: allelopathic, osmotic or mechanical 
effects? Biol Invasions 17:581–595. https://​doi.​org/​10.​
1007/​s10530-​014-​0750-x

Lyytinen A, Lindström L (2019) Responses of a native plant 
species from invaded and uninvaded areas to allelopathic 
effects of an invader. Ecol Evol 9:6116–6123. https://​doi.​
org/​10.​1002/​ece3.​5195

McDougall K, Wright G, Peach E (2018) Coming to terms 
with ox-eye daisy (Leucanthemum vulgare) in Kosciuszko 
National Park, New South Wales. Ecol Manag Restor 
19:4–13. https://​doi.​org/​10.​1111/​emr.​12296

Morris WF, Wood DM (1989) The role of lupine in succession 
on mount St. Helens: facilitation or inhibition? Ecology 
70:697–703. https://​doi.​org/​10.​2307/​19402​20

Mousavi SA, Ramula S (2024) The invasive legume Lupinus 
polyphyllus has minor site-specific impacts on the compo-
sition of soil bacterial communities. Ecol Evol 14:e11030. 
https://​doi.​org/​10.​1002/​ece3.​11030

Mossberg B, Stenberg L, Vuokko S, Väre H (eds) (2005) 
Suuri Pohjolan Kasvio (4. painos). Kustannusosakeyhtiö 
Tammi, Helsinki

Muzquiz M, de la Cuarda C, Cuadrado C, Burbano C, Calvo 
R (1994) Herbicide-like effect of Lupinus alkaloids. Ind 
Crop Prod 2:273–280. https://​doi.​org/​10.​1016/​0926-​
6690(94)​90118-X

Noori AS, Maivan HZ, Alaie E (2014) Leucanthemum vulgare 
Lam. germination, growth and mycorrhizal symbiosis 
under crude oil contamination. Int J Phytoremediation 
16:962–970. https://​doi.​org/​10.​1080/​15226​514.​2013.​
810577

Oba H, Tawaray K, Wagatsuma T (2001) Arbuscular mycor-
rhizal colonization in Lupinus and related genera. J Plant 
Nutr Soil Sci 47:685–694. https://​doi.​org/​10.​1080/​00380​
768.​2001.​10408​433

Otte A, Maul P (2005) Verbreitungsschwerpunkte und struk-
turelle Einnischung der Stauden-Lupine (Lupinus poly-
phyllus Lindl.) in Bergwiesen der Rhön. Tuexenia 
25:151–182

Prass M, Ramula S, Jauni M, Setälä H, Kotze DJ (2022) The 
invasive herb Lupinus polyphyllus can reduce plant 
species richness independently of local invasion age. 
Biol Invasions 24:425–436. https://​doi.​org/​10.​1007/​
s10530-​021-​02652-y

Ramula S (2014) Linking vital rates to invasiveness of a per-
ennial herb. Oecologia 174:1255–1264. https://​doi.​org/​10.​
1007/​s00442-​013-​2869-3

Ramula S, Blande JD, Kalske A (2025) Soil microbiota 
enhance the population growth rate of a nitrogen-fixing 

herbaceous legume. AoB Plants (in Press). https://​doi.​org/​
10.​1093/​aobpla/​plaf0​12

Ramula S, Kalske A (2023) Growth of invasive Lupinus poly-
phyllus (Fabaceae) is not affected by site invasion history. 
Ann Bot Fennici 60:73–82. https://​doi.​org/​10.​5735/​085.​
060.​0112

Ramula S, Pihlaja K (2012) Plant communities and the repro-
ductive success of native plants after the invasion of an 
ornamental herb. Biol Invasions 14:2079–2090. https://​
doi.​org/​10.​1007/​s10530-​012-​0215-z

Ramula S, Sorvari J (2017) The invasive herb Lupinus poly-
phyllus attracts bumblebees but reduces total arthropod 
abundance. Arthropod Plant Inte 11:911–918. https://​doi.​
org/​10.​1007/​s11829-​017-​9547-z

Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL (2013) 
Progress toward understanding the ecological impacts of 
nonnative species. Ecol Monogr 83:263–282. https://​doi.​
org/​10.​1890/​13-​0183.1

R Core Team (2024). R: a language and environment for sta-
tistical computing. R foundation for statistical computing. 
Vienna, Austria. https://​www.R-​proje​ct.​org/. Accessed 4 
November 2024

Roche MD, Pearse IS, Bialic-Murphy L, Kivlin SN, Sofaer 
HR, Kalisz S (2020) Negative effects of an allelopathic 
invader on AM fungal plant species drive community-
level responses. Ecology 102:e03201. https://​doi.​org/​10.​
1002/​ecy.​3201

Robson KA, Richter A, Filbert M (2008) Encyclopedia of 
Northwest native plants for gardens and landscapes. Tim-
ber Press Inc, Portland

Rowland D (2012) Mechanisms of Invasion of Hieracium 
aurantiacum and Leucanthemum vulgare in Kosciuszko 
National Park. BSc thesis, University of Wollongong. 
Retrieved from: https://​ro.​uow.​edu.​au/​cgi/​viewc​ontent.​
cgi?​refer​er=​https://​www.​google.​com/​&​https​redir=​1&​
artic​le=​1035&​conte​xt=​thsci

Ryan-Salter TP, Black AD, Andrews M, Moot DJ (2014) Iden-
tification and effectiveness of rhizobial strains that nodu-
late Lupinus polyphyllus. Proc N Z Grassl Assoc 76:61–66

Shannon-Firestone S, Firestone J (2015) Allelopathic potential 
of invasive species is determined by plant and soil com-
munity context. Plant Ecol 216:491–502. https://​doi.​org/​
10.​1007/​s11258-​015-​0453-0

Simberloff D, Gibbons L (2004) Now you see them. now you 
don’t!—population crashes of established introduced spe-
cies. Biol Invasions 6:161–172. https://​doi.​org/​10.​1023/B:​
BINV.​00000​22133.​49752.​46

Souza-Alonso P, Guisande-Collazo A, González L (2015) 
Gradualism in Acacia dealbata link invasion: impact on 
soil chemistry and microbial community over a chrono-
logical sequence. Soil Biol Biochem 80:315–323. https://​
doi.​org/​10.​1016/j.​soilb​io.​2014.​10.​022

Stellick CE, Maddox MM, Quezada S, Schwarz RS, Cole CA 
(2020) Investigation of Allelochemicals in Leucanthemum 
vulgare. Fort Lewis College, Department of Chemistry & 
Biochemistry and Department of Biology. Retrieved from: 
http://​metam​orpho​sis.​coplac.​org/​index.​php/​metam​orpho​
sis/​artic​le/​view/​274

Strayer DL, Eviner VT, Jeschke JM, Pace ML (2006) Under-
standing the long-term effects of species invasions. Trends 

https://doi.org/10.1111/j.1469-8137.2007.02360.x
https://doi.org/10.1111/j.1469-8137.2007.02360.x
https://doi.org/10.1007/s11434-015-0819-7
https://doi.org/10.1111/1365-2664.12878
https://doi.org/10.1111/1365-2664.12878
https://doi.org/10.1007/s10530-014-0750-x
https://doi.org/10.1007/s10530-014-0750-x
https://doi.org/10.1002/ece3.5195
https://doi.org/10.1002/ece3.5195
https://doi.org/10.1111/emr.12296
https://doi.org/10.2307/1940220
https://doi.org/10.1002/ece3.11030
https://doi.org/10.1016/0926-6690(94)90118-X
https://doi.org/10.1016/0926-6690(94)90118-X
https://doi.org/10.1080/15226514.2013.810577
https://doi.org/10.1080/15226514.2013.810577
https://doi.org/10.1080/00380768.2001.10408433
https://doi.org/10.1080/00380768.2001.10408433
https://doi.org/10.1007/s10530-021-02652-y
https://doi.org/10.1007/s10530-021-02652-y
https://doi.org/10.1007/s00442-013-2869-3
https://doi.org/10.1007/s00442-013-2869-3
https://doi.org/10.1093/aobpla/plaf012
https://doi.org/10.1093/aobpla/plaf012
https://doi.org/10.5735/085.060.0112
https://doi.org/10.5735/085.060.0112
https://doi.org/10.1007/s10530-012-0215-z
https://doi.org/10.1007/s10530-012-0215-z
https://doi.org/10.1007/s11829-017-9547-z
https://doi.org/10.1007/s11829-017-9547-z
https://doi.org/10.1890/13-0183.1
https://doi.org/10.1890/13-0183.1
https://www.R-project.org/
https://doi.org/10.1002/ecy.3201
https://doi.org/10.1002/ecy.3201
https://ro.uow.edu.au/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1035&context=thsci
https://ro.uow.edu.au/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1035&context=thsci
https://ro.uow.edu.au/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1035&context=thsci
https://doi.org/10.1007/s11258-015-0453-0
https://doi.org/10.1007/s11258-015-0453-0
https://doi.org/10.1023/B:BINV.0000022133.49752.46
https://doi.org/10.1023/B:BINV.0000022133.49752.46
https://doi.org/10.1016/j.soilbio.2014.10.022
https://doi.org/10.1016/j.soilbio.2014.10.022
http://metamorphosis.coplac.org/index.php/metamorphosis/article/view/274
http://metamorphosis.coplac.org/index.php/metamorphosis/article/view/274


	 M. Prass et al.  190   Page 16 of 16

Vol:. (1234567890)

Ecol Evol 21:645–651. https://​doi.​org/​10.​1016/j.​tree.​
2006.​07.​007

Strayer DL (2012) Eight questions about invasions and ecosys-
tem functioning. Ecol Lett 15:1199–1210. https://​doi.​org/​
10.​1111/j.​1461-​0248.​2012.​01817.x

Strayer DL, D’Antonio CM, Essl F, Fowler MS, Geist J, Hilt S, 
Jarić I, Jöhnk K, Jones CG, Lambin X, Latzka AW, Pergl 
J, Pyšek P, Robertson P, von Schmalensee M, Stefansson 
RA, Wright J, Jeschke JM (2017) Boom-bust dynamics in 
biological invasions: towards an improved application of 
the concept. Ecol Lett 20:1337–1350. https://​doi.​org/​10.​
1111/​ele.​12822

Stricker KB, Harmon PF, Goss EM, Clay K, Flory SL (2016) 
Emergence and accumulation of novel pathogens suppress 
an invasive species. Ecol Lett 19:469–477. https://​doi.​org/​
10.​1111/​ele.​12583

Stutz S, Mraz P, Hinz HL, Muller-Scharer H, Schaffner U 
(2018) Biological invasion of oxeye daisy (Leucanthemum 
vulgare) in North America: pre-adaptation, post-introduc-
tion evolution, or both? PLoS ONE 13:e0190705. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01907​05

Tian YH, Feng YL, Liu C (2007) Addition of activated char-
coal to soil after clearing Ageratina adenophora stimu-
lates growth of forbs and grasses in China. Trop Grassl 
41:285–291

Titus JH (2009) Nitrogen-fixers Alnus and Lupinus influence 
soil characteristics but not colonization by later suc-
cessional species in primary succession on Mount St. 
Helens Plant Ecol 203:289–301. https://​doi.​org/​10.​1007/​
s11258-​008-​9549-0

Unger IM, Kremer RJ, Veum KS, Goyne KW (2022) Immedi-
ate and long-term effects of invasive plant species on soil 
characteristics. Soil Ecol Lett 4:276–288. https://​doi.​org/​
10.​1007/​s42832-​021-​0104-4

Valtonen A, Jantunen J, Saarinen K (2006) Flora and Lepidop-
tera fauna adversely affected by invasive Lupinus poly-
phyllus along road verges. Biol Conserv 133:389–396. 
https://​doi.​org/​10.​1016/j.​biocon.​2006.​06.​015

Wang B, Qiu YL (2006) Phylogenetic distribution and evolu-
tion of mycorrhizas in land plants. Mycorrhiza 16:299–
363. https://​doi.​org/​10.​1007/​s00572-​005-​0033-6

Wardle DA, Nilsson MC, Gallet C, Zackrisson O (1998) An 
ecosystem-level perspective of allelopathy. Biol Rev 
73:305–319. https://​doi.​org/​10.​1111/j.​1469-​185X.​1998.​
tb000​33.x

Wink M (1983) Inhibition of seed germination by quinolizidine 
alkaloids. Planta 158:365–368. https://​doi.​org/​10.​1007/​
BF003​97339

Wink M (1984) Chemical defense of leguminosae. are qui-
nolizidine alkaloids part of the antimicrobial defense sys-
tem of lupins? Z Naturforsch 39:548–552

Wink M, Witte L, Hartmann T, Theuring C, Volz V (1983) 
Accumulation of quinolizidine alkaloids in plants and cell 
suspension cultures: genera Lupinus, Cytisus, Baptisia, 
Genista, Laburnum, and Sophora. Planta Med 48:253–
257. https://​doi.​org/​10.​1055/s-​2007-​969928

Wurst S, Vender V, Rillig MC (2010) Testing for allelopathic 
effects in plant competition: does activated carbon disrupt 
plant symbioses? Plant Ecol 211:19–26. https://​doi.​org/​
10.​1007/​s11258-​010-​9767-0

Yokomizo H, Takada T, Fukaya K, Lambrinos JG (2017) The 
influence of time since introduction on the population 
growth of introduced species and the consequences for 
management. Popul Ecol 59:89–97. https://​doi.​org/​10.​
1007/​s10144-​017-​0581-6

Závorka L, Buoro M, Cucherousset J (2018) The negative eco-
logical impacts of a globally introduced species decrease 
with time since introduction. Glob Change Biol 24:4428–
4437. https://​doi.​org/​10.​1111/​gcb.​14323

Zhang G, Bai J, Zhao Q, Jia J, Wang W, Wang X (2020) Bacte-
rial succession in salt marsh soils along a short-term inva-
sion chronosequence of Spartina alterniflora in the yellow 
river estuary, China. Microb Ecol 79:644–661. https://​doi.​
org/​10.​1007/​s00248-​019-​01430-7

Zhang G, Bai J, Tebbe CC, Huang L, Jia J, Wang W, Wang 
X, Yu L, Zhao Q (2021a) Spartina alterniflora invasions 
reduce soil fungal diversity and simplify co-occurrence 
networks in a salt marsh ecosystem. Sci Total Environ 
758:143667. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​
143667

Zhang Z, Liu Y, Yuan L, Weber E, van Kleunen M (2021b) 
Effect of allelopathy on plant performance: a meta-anal-
ysis. Ecol Lett 24:348–362. https://​doi.​org/​10.​1111/​ele.​
13627

Zhu X, Zhang J, Ma K (2011) Soil biota reduce allelopathic 
effects of the invasive Eupatorium adenophorum. PLoS 
ONE 6:e25393. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00253​93

Zuur AF, Ieno EN, Elphick CS (2010) A protocol for data 
exploration to avoid common statistical problems. Meth-
ods Ecol Evol 1:3–14. https://​doi.​org/​10.​1111/j.​2041-​
210X.​2009.​00001.x

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.tree.2006.07.007
https://doi.org/10.1016/j.tree.2006.07.007
https://doi.org/10.1111/j.1461-0248.2012.01817.x
https://doi.org/10.1111/j.1461-0248.2012.01817.x
https://doi.org/10.1111/ele.12822
https://doi.org/10.1111/ele.12822
https://doi.org/10.1111/ele.12583
https://doi.org/10.1111/ele.12583
https://doi.org/10.1371/journal.pone.0190705
https://doi.org/10.1371/journal.pone.0190705
https://doi.org/10.1007/s11258-008-9549-0
https://doi.org/10.1007/s11258-008-9549-0
https://doi.org/10.1007/s42832-021-0104-4
https://doi.org/10.1007/s42832-021-0104-4
https://doi.org/10.1016/j.biocon.2006.06.015
https://doi.org/10.1007/s00572-005-0033-6
https://doi.org/10.1111/j.1469-185X.1998.tb00033.x
https://doi.org/10.1111/j.1469-185X.1998.tb00033.x
https://doi.org/10.1007/BF00397339
https://doi.org/10.1007/BF00397339
https://doi.org/10.1055/s-2007-969928
https://doi.org/10.1007/s11258-010-9767-0
https://doi.org/10.1007/s11258-010-9767-0
https://doi.org/10.1007/s10144-017-0581-6
https://doi.org/10.1007/s10144-017-0581-6
https://doi.org/10.1111/gcb.14323
https://doi.org/10.1007/s00248-019-01430-7
https://doi.org/10.1007/s00248-019-01430-7
https://doi.org/10.1016/j.scitotenv.2020.143667
https://doi.org/10.1016/j.scitotenv.2020.143667
https://doi.org/10.1111/ele.13627
https://doi.org/10.1111/ele.13627
https://doi.org/10.1371/journal.pone.0025393
https://doi.org/10.1371/journal.pone.0025393
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x

	Time since invasion is not associated with the competitive effects of an alien herb
	Abstract 
	Introduction
	Material and methods
	Study species
	Experimental setup
	Soil analysis
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References


