
ORIGINAL PAPER

Rapid continental spread of a salt-tolerant plant
along the European road network

R. Fekete . Gy. Haszonits . D. Schmidt . H. Bak . O. Vincze .
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Abstract The spread of alien species with the

expansion of road networks and increasing traffic is

a well-known phenomenon globally. Besides their

corridor effects, road maintenance practices, such as

the use of de-icing salts during winter facilitate the

spread of halophyte (salt tolerant) species along roads.

A good example is Plantago coronopus, a mainly

coastal halophyte which has started spreading inland

from the Atlantic and Mediterranean coastal habitats,

recently reaching even Central European countries

(e.g. Hungary). Here we studied the spread of this

halophyte and tried to identify factors explaining its

successful dispersion along roads, while also compar-

ing native and non-native roadside occurrences with

regard to altitude of the localities, size of roadside

populations and frequency of roadside occurrences.

We completed a comprehensive literature review and

collected more than 200 reports of occurrence from

roadsides spanning a total of 38 years. During sys-

tematic sampling the frequency of the species along

roads was significantly higher in the Mediterranean

(native area), than along Hungarian (non-native area)

roads, however the average number of individuals at

the sampling localities were very similar, and no

significant difference could be detected. Using a

germination experiment, we demonstrate that

although the species is able to germinate even at high

salt concentrations, salt is not required for germina-

tion. Indeed salt significantly decreases germination

probability of the seeds. The successful spread of the

species could most likely be explained by its remark-

ably high seed production, or some special character-

istics (e.g. seed dimorphism) and its ability to adapt to

a wide range of environmental conditions. Consider-

ing the recent and rapid eastward spread of P.

coronopus, occurrences in other countries where it

has not been reported yet can be predicted in coming

years.
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Introduction

Due to globalization, road networks are growing

rapidly all over the world, Europe harbours one of the

longest road networks, where the length of paved

roads was almost 5 million kms by the end of 2017,

out-rivaling even the United States and China (Euro-

pean Road Federation 2020). Roads play a prominent

role in the spread of alien and invasive plant species, as

road traffic and road management create favorable

conditions for their dispersion (Forman and Alexander

1998;Wilcox 1989; Harrison et al. 2002; Arteaga et al.

2009; Christen and Matlack 2009; Mortensen et al.

2009; Joly et al. 2011; Rauschert et al. 2017; Skultety

and Matthews 2017; Follak et al. 2018). Vehicles have

a major role in the dispersal of plant propagules, by

means of generating air turbulence and transporting

propagule-containing soil that is attached to their tires

(Ross 1986; Zwaenepoel et al. 2006; von der Lippe

et al. 2013). For instance, mowing vehicles have been

repeatedly shown to transport seeds along roads

(Strykstra et al. 1997; Vitalos and Karrer 2009). The

construction and management of roads is usually

associated with several types of disturbances, such as

frequent mowing, use of herbicides, trampling by

humans or vehicles, introduction of a range of

pollutants or propagules of alien species embedded

within the modified soils used for the construction

(Šerá 2008; van der Ree et al. 2015). Another

management practice involves the spraying of de-

icing salts (most frequently NaCl) during winter which

has become a common practice, particularly during

the last few decades (Houska 2007). De-icing salt has

multifold effects on the roadside environment, causing

for instance leaf damage in some evergreen tree

species (Hofstra 1971), it contaminates groundwater

(Amrhein et al. 1992) and soil by increasing salt

content and ultimately by facilitatings the spread of

halophytic plant species (Davison 1971). Halophytes

are plant species, which are able to survive and

reproduce in environments where salt concentrations

are at least 200 mMNaCl (Flowers and Colmer 2008).

Spread of halophytes along roads is a well-known

phenomenon globally (Reznicek 1980; Scott and

Davison 1982; Dogan et al. 2004) and is particularly

well-studied in Europe (Wróbel et al. 2006; Hohla

et al. 2015; Dı́tě and Dı́tětová 2016; Kocián et al.

2016; Hanselmann 2017; Smith 2017). Several studies

have shown the spread of maritime species along roads

at continental parts of Europe and in the UK (Scott and

Davison 1982; Scott 1985; Hohla and Melzer 2003;

Hohla and Raabe 2012), but one of the most

notable example among these is Plantago coronopus,

which has become widespread along European roads

during the last four decades (Hohla 2012; Hanselmann

2017; Ehl et al. 2019). Roadside occurrences of the

species are also known from Asia (Kuwait) (Daoud

1975). It has also reached Hungary, beside other

coastal species, such as Dittrichia graveolens and

Cochlearia danica (Schmidt et al. 2016; Takács et al.

2016; Fekete et al. 2018). Interestingly, the native

range of P. coronopus is largely restricted to the

coastal regions of Europe, but very few studies

reported its occurrence along roadsides from there

(Diaz Gonzalez et al. 1988; Fraysse 1997; Trigo et al.

1999; Valladares et al. 2008; Tormo et al. 2011).

For our study, we chose four regions to survey the

roadside spread of P. coronopus. We selected one non-

native region in our surveys, Hungary, because it

represents one of the few European countries where no

native (coastal) occurrences of P. coronopus are

known. Furthermore, Hungary is also a unique country

due to the large areas of natural inland alkali habitats,

the Pannonian salt steppes and salt marshes where P.

coronopus is not a native species, thus it is still not

known if it is able to invade these habitats threatening

natural inland alkali plant communities. We further

selected two small Mediterranean islands (Cyprus and

Lesbos) from the native area of the species, and to

enlarge the native range in our surveys we included

some parts of continental Greece, where roadside

spread might start from the coasts into to the

continental parts.

To advance our understanding of the status and

drivers associated with the spread of Plantago

coronopus along roads, we: (1) collected records of

the spread of the species at roadsides from literature

and reconstructed the dispersion history of the species,

(2) mapped the current roadside occurrences in the

native and non-native area of the species using field

surveys in order to test whether the spread and

population size is limited in the non-native range or

these are not limited due to high similarity of roadside

habitats regardless their geographic location, (3)

estimated seed production as a proxy for dispersal

ability and tested the effect of salt (NaCl) on the

germination of the species to see how important

increased salt concentration is in roadside soils in the
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rapid spread of the species, (4) tested whether the

number of other halophilic species could be related to

the occurrences of P. coronopus, and if traffic intensity

(which in other studies is a good indicator of the spread

of alien plant species) affects its roadside occurrences.

We further tested if there is a difference between these

occurrences in the native and non-native area regard-

ing altitude, since we assumed that due to the

Mediterranean climate the species could colonize

roadside habitats at higher altitudes than in Hungary.

We then tested two further questions: the species is

much more common along Mediterranean roads than

along Hungarian roads, and the size of roadside

populations is larger in the Mediterranean.

Materials and methods

Literature review

To estimate the dispersal speed and the possible routes

of the colonization of European roads we searched the

literature in Google Scholar using the following

keywords: the name of the species ‘Plantago corono-

pus’ AND one of the following words: ‘roadside’,

‘road’,’motorway’,’Auto-

bahn’,’Strasse’,’route’,’Strassenrand’. We checked

the first 100 hits (papers) for each keyword combina-

tion, thus 700 papers altogether. After scanning these

papers, the number of studies that included data on

occurrences of P. coronopus was 47. The following

data were collected (if information was available):

locality of occurrence (continent, country, settlement,

exact description, geocoordinates, altitude), classifi-

cation of road (road number and category), date of

observation and the size of the population. When exact

geocoordinates were not shown in the study we

generated them based on the description of the

locality, but in the case of 14 occurrences the latter

was not possible. Occurrences were georeferenced

using Quantum GIS 3.12.1 software.

Road surveys

We conducted road surveys in four regions within

Europe, three of these were located within the native

distribution range of P. coronopus (Greece (continen-

tal), Lesbos, Cyprus) and an additional region (Hun-

gary), where the presence of the species was

documented as an alien along roads (Table 1.). We

combined data from two types of field surveys. First, a

systematic search for P. coronopus along roads was

performed. This meant, that roadside sampling points

were placed at a distance of two or five kilometers

apart along the surveyed road sections. In the case of

motorways, we could not follow this protocol, there-

fore we only surveyed parking places and motorway

exits where stopping with a vehicle was allowed. In

every systematic sampling point we surveyed a 50 m

road section (only right side of the road) in a lane of up

to five meters, searching for P. coronopus. Second, a

non-systematic sampling was also conducted, where

we visited and surveyed sampling locations where the

presence of the species was assumed based on a priori

information or our knowledge on its quick spread. At

both sampling location types we recorded the geoco-

ordinates, altitude, and the number of individuals

found (recorded on a log scale: 0: no individuals; 1:

1–9 individuals; 2: 11–99 individuals; 3: 100–999

individuals). We also recorded the presence of other

halophyte plant species. Only ten species of halo-

phytes, besides P. coronopus were considered in the

analysis, namely species whose phenology allowed

detection during the period of our field surveys. These

were the following: Artemisia santonicum, Atriplex

tatarica, Festuca pseudovina, Hordeum hystrix,

Limonium gmelinii subsp. hungaricum, Podospermum

canum, Puccinellia distans, Spergularia maritima, S.

rubra, S. salina.

Factors affecting roadside occurrences of P.

coronopus

We collected the traffic intensity of the year 2018 of

the national roads of Hungary (Hungarian Public Road

Nonprofit Pte Ltd Co. 2019) for each of the Hungarian

sampling points. Traffic intensity reflects the total

number of vehicles passing by a given road section in a

day.

To test the effect of traffic intensity we performed

two generalized linear models (GLMM), where we

used presence/absence of P. coronopus (binomial

error distribution) or the size of the populations

(poisson error distribution) as dependent variables

and altitude, number of other halophyte species and

traffic intensity as explanatory variables. We further

included the county and sampling type as random

factors. To test if altitudinal variation in the frequency
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of occurrence of P. coronopus differs between the

Mediterranean (indigenous) and Hungarian (non-

indigenous) regions, we built binomial GLMMs. We

used presence/absence as the dependent variable in

subsequent models, with altitude, type of occurrence

(indigenous or non-indigenous) and the interaction of

these two as explanatory variables. Additionally, we

built an LMM, where the size of population was used

as the dependent variable and the type of occurrence

(indigenous or non-indigenous) was included as an

explanatory variable. In all three models, region

(Cyprus, Hungary, Greece, Lesbos) and sampling

type was used as random factor. To assess signif-

icance, we used the Satterthwaite approximation for

degrees of freedom as recommended to minimize type

I error (1) and implemented in the lmerTest package

(2) and likelihood ratio tests for multiple-df tests

(Luke 2017).

Reproductive trait measurements and germination

experiments

To estimate the potential individual seed production,

the number of flowering stems per individual, number

of flowers per inflorescence (in 30 individuals and 30

inflorescences) and number of seeds per fruit were

counted on 12 June 2020 using individuals collected

from a roadside (i.e. road number 8) near Veszprém,

Hungary.

In order to determine whether P. coronopus

requires salt for germination and assess the maximum

substrate NaCl concentration at which seeds are able

to germinate, an in vitro germinability test was

performed between 25 February 2019 and 10 March

2019. The seeds used for the germination test were

collected on 12 August 2019 from the roadside of M7

motorway near Balatonlelle, Hungary and were stored

at room temperature until the germination test started.

Germination tests were performed at room tempera-

ture on a 1% agar substrate in Petri dishes with the

following 14 NaCl concentrations (mass percent):

0 (control), 0.15%, 0.30%, 0.45%, 0.60%, 0.75%,

0.90%, 1.05%, 1.20%, 1.35%, 1.50%, 2.00%, 2.50%,

3.00%. The salt concentrations used are comparable to

those in the following soil types: soils with salt

content\ 0.10% are not saline and these salt levels do

not inhibit the growth of agricultural plants,

0.10–0.25% are slightly saline and cause a slight

decrease in the growth of salt-sensitive plants,

0.25–0.50% are moderately saline and the yields of

most cultivated plants decline in these soils,

0.50–1.00% are saline, in which only the growth of

halophytes is unaffected, and soils with[ 1.00% salt

content are strongly saline, in which only a few

obligate halophytes are able to persist (Stefanovits

et al. 1999). 50 seeds with three replicates were

germinated (in total 2100 seeds) on every concentra-

tion. During germination tests Petri dishes were

placed near the window in a laboratory, under natural

light conditions and germination was monitored for

14 days. To analyze germinability at various salt

concentrations we used a binomial GLMM, where

germination outcome (germinated/non-germinated) of

seeds was used as the dependent variable and NaCl

concentration was the sole explanatory variable,

included as a second-degree orthogonal polynomial.

All models included the identifier of the Petri dish as a

random factor. All data analyses were carried out in

the R statistical environment (R version 3.6.3, package

lme4, R Core Team 2018).

Table 1 Characteristics of the road surveys

Region Number of thematic sampling

points

Number of non-thematic sampling

points

Year of

survey

Distance between thematic

stops (km)

Cyprus 53 0 2020 5

Hungary 517 91 2013–2019 5

Greece 69 0 2019 5

Greece

(Lesbos)

163 0 2018 2
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Results

Literature review

The spread of P. coronopus along roads in Europe was

documented between 1980 and 2019 (Table S1).

Overall, the literature review revealed 203 docu-

mented occurrences of the species from 11 countries.

Most of the occurrences were recorded in Germany

(Fig. 1); 96 records were reported frommotorways, 70

from highways and main roads and 24 from lower

category roads and car parks, while in 13 reported

occurrences no information was provided about the

habitat. P. coronopus was recorded at altitudes above

1000 m a.s.l. on a motorway in Austria and on a main

road in Germany. Between 1980 and 2000 only 15 P.

coronopus occurrences were reported from roadsides,

while this number increased to 50 between 2000 and

2010, and 153 occurrences were reported between

2010 and 2018. While publication rates increased

rapidly during the last four decades, which might have

an influence on the latter records, the increasing speed

of dispersion of P. coronopus is also indicated by

documented spread of the species by several earlier

works as well as floristic records in multiple regions.

82 documented occurrences also reported information

about the size of the population. In 22 studies only a

few (1–10) individuals were recorded, 39 studies

mention 10–100 individuals, in 13 studies the number

of individuals varied between 100 and 1000, while 65

studies reported the presence of more than 1000

individuals. Our literature review further revealed the

roadside occurrence of P. coronopus in Kuwait (Asia)

(Daoud 1975) and in Tasmania (Australia) (Baker

2005).

From Hungary 77 occurrences of P. coronopus

were reported in the surveyed literature. The first

occurrence was reported from 2013 and additional

Fig. 1 A Native distribution range of P. coronopus (Haeupler
and Schönfelder 1989, Villellas et al. 2013, Zając and Zając

2001, CABI 2021, Nikolić 2021). B European roadside

occurrences found in the literature (occurrences from Spain,

Turkey and the UK are not shown in the map)
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records are available from the past six years. The

location of the first reported occurrence of the species

in 2013 and the population located the farthest from

this within Hungary in 2018 are 390 kms apart, a

distance covered by the species within five years. The

first roadside occurrences of the species close to the

original coastal habitats derives from the Netherlands,

thus if we hypothesize, that the species started its

continental spread there, it traveled 1383 km from the

Netherlands to reach Hungary within 25 years.

Although, somewhat speculative, if the occurrence

data are reliable, we estimate that the average dispersal

speed of P. coronopus along European roads to be

67 km/year.

Road surveys

During the non-systematic sampling process from the

91 sampling points within Hungary we found P.

coronopus at 56 localities. A further 17 occurrences

were found along Hungarian roads during systematic

sampling and four occurrences were found oppor-

tunistically in 2020 (Biharkeresztes, Jánosháza,

Örkény, Székesfehérvár). Systematic sampling indi-

cated that the species is most frequently encountered

on Cyprus and least frequently in Hungary among the

surveyed countries (Fig. 2.). Within the Mediter-

ranean region, such as in Greece and Lesbos, P.

coronopus was also more frequently encountered at

roadside verges than in Hungary (Table 2.).

Factors affecting roadside occurrence of P.

coronopus

Within Hungary, we found that the presence of P.

coronopus was not affected by altitude, while the

probability of occurrence was significantly higher in

sampling locations with higher numbers of co-occur-

ring halophyte species. Additionally, increasing traffic

intensity was associated with higher probability of P.

coronopus presence. In the case of population sizes the

same patterns were found, larger populations being

associated with higher number of co-occurring halo-

phytes and more intensive traffic, but altitude also had

a significant effect, with low altitude populations

being larger (Table 3.).

We found that P. coronopus is significantly more

frequent along roads in the surveyed Mediterranean

islands, than in Hungary. P. coronopus occurred at

similar altitudes in Hungary and within its native range

where we conducted surveys. Population size at the

sampling localities did not differ significantly between

the Mediterranean and Hungarian regions (Table 4.).

Reproductive trait measurements and germination

experiments

According to the reproductive trait measurements, the

average number of flowering stems of a P. coronopus

individual is nine and the average number of flowers

per inflorescence is 32. The average number of seeds

per one capsule is 4.33, thus the estimated seed

production is 1247 seed per individual plant.

From the 2100 seeds tested, 721 germinated.

Germination rate was the highest in the control

Petri dishes (93%), but was also high at 0.15%

(82%), 0.3% (89%) and 0.45 (82%) % NaCl concen-

tration. A moderate decrease in germination was

observed at 0.6%NaCl concentration, where only 66%

of the tested seeds germinated. The highest NaCl

concentration where seed germinated was 0.9%. From

1.05 to 3% salt concentration no seed germinated.

GLMM showed a significant negative quadratic effect

(p\ 0.001) of NaCl concentration on germination

(Table 5, Fig. 3.).

Discussion

As a response to climate change many species are

faced with a shift in their geographic distribution or

even an expansion of their range from warm climate

regions into previously colder regions (Walther et al.

2002) resulting in the spread of exotic species and

severe biodiversity loss at newly colonised sites (Van

der Putten et al. 2010). The spread of exotic species is

also enhanced globally by growing road networks and

traffic, facilitating the role of roadside as ecological

corridor for alien species (Hodkinson and Thompson

1997, Medvecká 2018).

According to our study, Plantago coronopus is

spreading rapidly along European roads, and roadsides

seem to act as an effective ecological corridor for the

species, since we found, that growing traffic intensity

enhances its roadside occurrences. We have found,

that some special reproductive characteristics, like

high seed production or seed dimorphism might play a

key role in the spread of alien species, furthermore the
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use of roadsides as corridors is also facilitated by the

salt tolerance of plants.

Literature review and road surveys

Recordings of the spread of P. coronopus along roads

dates back to nearly 40 years, and the number of

articles documenting this phenomenon has increased

rapidly. This fast range expansion might be explained

by the expansion of the road network and intensifying

traffic in the surveyed region. A recent study demon-

strated that high road density is a key factor that

explains high non-native functional diversity (Zeeman

et al. 2018). P. coronopus has also been documented

Fig. 2 Distribution of the sampling points in the Mediterranean

region and Hungary. Filled dots indicate sampling points with

the presence of P. coronopus and open dots indicate the absence

of the species. A Continental region of Greece. B Lesbos.

C Cyprus. D Hungary

Table 2 Characteristics of the thematic sampling points in the surveyed countries

Region Ratio of sampling points with the presence of P. coronopus
(%)

Average (± SD) population size at the sampling

points

Cyprus 49.1 15 ± 34

Hungary 3.5 8 ± 27

Greece 23.2 4 ± 17

Greece

(Lesbos)

22.7 6 ± 20
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from motorways, where its presence is most likely

explained by the very intensive traffic typical to

highways (Hungarian Public Road Nonprofit Pte Ltd

Co. 2019), and where seed dispersal might be accel-

erated by the large number of commuting vehicles.

The species probably started its southeastward spread

toward the middle of the continent from its native

habitats situated at the northwestern coasts of Europe.

Thus, it is very likely that the species arrived to

Hungary through Austria (Schmidt et al. 2016). This is

also supported by the observation that in the year when

the first occurrence of the species in Hungary was

recorded (2013) six occurrences were found along

roads in the Western parts of the country, within

50 km to the Austrian border. As of today, the number

of registered locations with P. coronopus has

increased to 73 along Hungarian roads. Based on the

data gathered during the literature review, we estimate

the dispersal speed of P. coronopus along European

roads to be around 64 km/year, a highly comparable

dispersal speed to another coastal halophyte,

Cochlearia danica, which also spreads rapidly

(62–65 km/year) using the European road network

(Fekete et al. 2018).

Table 3 Minimal models

explaining variation in the

presence and the population

size of P. coronopus along
Hungarian roads

Estimate SE t value p value

Presence/absence (GLMM)

Intercept - 3.38 0.73 - 4.62 p\ 0.001

Number of halophyte species 0.91 0.22 4.06 p\ 0.001

Traffic intensity 0.58 0.21 2.83 0.0047

Size of population (LMM)

Intercept 0.65 0.28 2.29 0.365

Number of halophyte species 0.15 0.04 3.72 p\ 0.001

Traffic intensity 0.13 0.05 2.98 0.003

Table 4 Models showing

the differences between the

Mediterranean (indigenous)

and Hungarian (non-

indigenous) occurrences

Estimate SE t value p value

Presence/Absence (GLMM)

Intercept 1.04 1.40 0.74 0.46

Non-indigenous occurrences - 2.47 0.62 - 3.98 p\ 0.001

Presence/Absence (GLMM)

Intercept 1.15 1.41 0.81 0.417

Altitude - 0.21 0.10 - 2.19 0.028

Non-indigenous occurrences - 2.62 0.70 - 3.75 p\ 0.001

Interaction - 0.00 0.45 - 0.01 0.993

Population size (LMM)

Intercept 1.99 1.28 1.57 0.351

Non-indigenous occurrences - 0.67 0.44 - 1.55 0.283

Table 5 GLMM showing the quadratic effect of NaCl on seed germination

Estimate SE t value p value

Intercept - 2.09 0.30 - 7.05 p\ 0.001

Poly (NaCl concentration)1 - 173.62 14.61 - 11.89 p\ 0.001

Poly (NaCl concentration)2 - 61.89 10.51 - 5.89 p\ 0.001
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Factors affecting the roadside occurrences

We found that the Hungarian occurrences of P.

coronopus were positively associated with the occur-

rence of other halophytes, indicating that halophyte

plant species have similar habitat preferences along

roads. Nonetheless, sometimes different salt-tolerant

species colonize different microhabitats, situated at

various distances from the road edge and are therefore

not only colonizing the close vicinity of roads. P.

coronopus was often found to form large monodom-

inant patches where no other or only a few halophytes

grew in the immediate vicinity of these. According to

our prediction, traffic intensity had a significant

positive effect on the probability of presence of the

species and also on its population size.

P. coronopus was shown to be more frequent along

roads within its native distribution range in the

Mediterranean, than along Hungarian roads, but the

average number of individuals were similar in the two

regions. Newly occupied habitats probably provide

favorable environmental conditions for the species,

such as free soil surfaces, low competition and high

dispersal potential due to traffic. We initially assumed

that P. coronopus reaches higher altitudes in the

Mediterranean region than in Hungary, but no signif-

icant difference in altitude was detected between the

documented Hungarian and Mediterranean occur-

rences. Thus, it appears that high altitude alone is

not a limiting factor to the spread of P. coronopus,

given that suitable open microhabitats are available at

the roadsides.

Reproductive traits and germination

We found a remarkably high seed production potential

in P. coronopus, with a particular individual observed

to have produced more than 1200 seeds. This seed

number is three times higher than the seed production

of C. danica, however salt tolerance was also

remarkably lower in case of P. coronopus (Fekete

et al. 2018). According to LEDA database seed

number per individual can be up to 2392 in case of

P. coronopus (Kleyer et al. 2008). We found that the

highest substrate salt concentration where seed were

able to germinate was 0.9% NaCl. Under natural

circumstances this corresponds to saline soil, where

only the growth of halophytes is uninterrupted (Ste-

fanovits et al. 1999). Another study documented that

the species germinates even at 2% substrate salt

content, emphasizing that seeds of P. coronopus are

highly resistant to salt, seeds not being injured by high

salt content and once salinity decreases, the seeds are

able to germinate (Dowling 1933). In the case of

another halophyte (Arthrocnemum indicum) charac-

terized by dimorphic seeds, no significant difference in

salt tolerance could be detected between the two types

of seeds (Khan and Gul 1998). Surveys in connection

with C. danica showed that soil salt concentration at

roadside soils is much lower than the salt tolerance of

this species (Fekete et al. 2018) and according to our

present findings is lower than the salt tolerance of P.

coronopus as well. Thus, theoretically the roadside

salt concentration itself does not limit the spread of

these halophytes. These findings suggest, that the

success of these species is not solely explained by their

high salt tolerance, but also by their high seed

production, and also by some of their special repro-

ductive characteristics. For instance, P. coronopus

reproduces both by vegetative and generative means,

but the latter only occurs under very specific circum-

stances. Moreover, a single seed capsule of P.

coronopus contains two kinds of seeds, usually a total

of five; four larger in the bottom of the capsule and one

smaller seed in the upper part of the capsule. Both of

these seed forms can successfully produce a new plant

(Dowling 1933), but according to a former study, large

seeds produce larger reproductive biomass than small

seeds (Koelewijn 2004). Seed dimorphism could play

an important role in dispersal, and could be an

evolutionary stable strategy in heterogenous habitats

(Dowling 1933; Geritz 1995). P. coronopus naturally

Fig. 3 Sunflower plot showing the relationship between

germination and substrate NaCl concentration. Each petal of

the sunflowers represents a single seed (germinated vs. not).

Black dots show the proportion of seeds that germinated in each

petri dish (three repeats with 50 seeds in each treatment)
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occurs in a wide variety of habitats (natural marsh-

lands, dry sand dunes, moist mountain and coastal

meadows) (Imbert 2002), while during its spread

along roads the species has been documented to occur

under several different environmental and climatic

conditions. Seed dimorphism is considered as a bet-

hedging strategy, reducing the risk of parental invest-

ment and maximizing fitness potential under various

environmental scenarios using seeds that differ

markedly (Imbert 2002). The two seed types of P.

coronopus behave differently when floating in water,

while the large seeds sink within half an hour, the

small seeds are able to float for over 48 h and then are

capable of germination in water. Furthermore, small

seeds exhibit a delay in their germination time

compared to large seeds, resulting in populations in

which flowering individuals are found at almost any

time of the vegetative period (Dowling 1933). The

success of the species could be further enhanced by its

growth characteristics, that rank P. coronopus among

‘fast growing’ species (Grime and Hunt 1975; Lam-

bers et al. 1989). According to Koelewijn (2004), P.

coronopus could be classified as an R-type species,

characterized by considerable tolerance for high levels

of disturbance and by an ability to rapidly adjust its

relative growth rate according to nutrient availability.

Future spread and its consequences

Based on the recent eastward spread of P. coronopus,

we predict further occurrences to be detected in the

near future in areas of Eastern Europe where the

presence of the species has not been confirmed yet.

Botanical surveys of roadsides habitats will be

important to follow the spread of alien species, while

regular monitoring of natural inland alkali habitats in

proximity to known roadside occurrences of P.

coronopus is also recommended in order to document

its spread and naturalization away from roads. For

further researches, it will be important to include bare

ground as a predictor, since it might have a key role in

the rapid spread of halophytes along roads, when salt

tolerance is only a supporting factor for these species

having a competitional advantage over other roadside

weeds without salt tolerance. Examination of repro-

ductive traits and growth characteristics of potential

invasive species would be also important to be aware

of potential threats to natural communities. It is yet

unknown whether P. coronopus behaves as an alien

under natural inland alkali habitats, and if it is able to

become an invasive species threatening these native

plant communities at such sites. Spread of non-native

species into natural habitats is a well-known phe-

nomenon (Barbosa et al. 2010; Pollnac et al. 2012;

McDougall et al. 2018). Furthermore P. coronopus

have already become an invasive alien species in the

USA, where it threatens endangered plant species (US

Fish andWildlife Service 2008a, b) growing in coastal

habitats. Thus, it seems that in countries where there

are suitable coastal habitats, similar to the ones in the

native range of P. coronopus, it invades these instead

of roadside habitats. Besides ecological risks, the

allergic ability of Plantago pollen could contribute to

human health problems (Iglesias-Otero et al. 2015)

and as a weed in crop fields it can further cause

problems in food production (Cirujeda et al 2011). It

seems that in case of P. coronopus not the high salt

tolerance, but rather its peculiar reproductive and

growth characteristics explain its successful invasion

along roads across Europe.

Our results indicate that growing traffic intensity

increases the dispersal potential of alien species along

roads, and as demonstrated by P. coronopus high

reproductive output and seed dimorphism might aid

the establishment of large populations away from its

native distribution range.
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