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Abstract

Despite recent evidence on the important role of seed banks associated with plant invasions, and a large
body of literature on invasive annual mpatiens species, little is known about the seed bank characteristics
of Impatiens species. To bridge this gap, we conducted a five-year field experiment where we buried seeds
of two invasive species (1. glandulifera and 1. parviflora) and one native species (L. noli-tangere) across four
localities in the Czech Republic, harbouring all three mpatiens species and differing in the environmental
conditions. We found that the three Impatiens species differed in the characteristics of their seed banks.
Both invasive species had a high seed germination rate of almost 100% in the first year after seed burial,
while <50% of seeds of the native 1. noli-tangere germinated during this year. In 1. parviflora all seeds ger-
minated in the first year after seed burial and later decomposed, i.e. the species had a transient seed bank.
For 1. glandulifera, the most invasive species, the survival of seeds differed among localities. At the first
and second localities, the seeds decomposed in the first year after seed burial; in the third locality the seeds
germinated in the second year; and in the fourth one, the seeds still germinated in the fourth year. The
native 1. noli-tangere formed a short-term persistent seed bank across all localities. Germinating or dor-
mant seeds were found in the third year after burial in all localities, and in one locality the seeds persisted
until the fifth year. The germination and dormancy in /. noli-tangere were constrained by low minimum
temperatures during winter. In addition, germination was highest at intermediate soil moisture, and the
most dormant seeds were recorded in soils with intermediate nitrogen concentration. The germination of
1. glandulifera was slightly limited by low soil nitrogen. However, no such effect was found in 7. parviflora.
We suggest that in the invasive fmpatiens species seed resistance to environmental factors and high germi-
nation at least partly explain their wide distribution.
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Introduction

Factors driving invasion success of alien plant species are a significant research topic in
ecology and invasion biology, and this research has considerable applied relevance (Vila
et al. 2011, Pysek et al. 2012a, Simberloff et al. 2013). Of these factors, species traits
have been a research focus, and thus many studies have predicted a set of key traits as-
sociated with successful invaders, including traits related to reproduction (for a review
see Pysek and Richardson 2007, van Kleunen et al. 2010). Successful invaders are typi-
cally characterised by massive seed production (Moravcovd et al. 2010, 2015) and early
and/or rapid germination (Schlaepfer et al. 2010, Wilsey et al. 2015, Gioria and Pysek
2017), which allows them to germinate and establish seedlings when competition from
resident plants is low (Gioria et al. 2018).

Some studies pointed to the important role of soil seed banks in species inva-
siveness, as the formation of a seed bank represents a mechanism by which a species
can persist in the invaded localities (Thuiller et al. 2008, Gioria et al. 2011, 2012).
Persistent soil seed banks allow species to survive in the soil when conditions for
germination or reproduction are unfavourable. In addition, seed banks maintain
population genetic diversity, and thus improve the ability of alien species to respond
to novel site conditions encountered in the introduced range by spreading the envi-
ronmental risks over time (Gioria et al. 2012). The role of seed banks in population
persistence has to be taken into account during eradication, because a few viable
seeds in the soil may allow re-invasions (Fletcher et al. 2015, Leary et al. 2018,
Moravcovd et al. 2018).

The capacity to form a persistent soil seed bank was revealed as the most powerful
trait explaining the large ecological amplitude of Central European species in their na-
tive range, as well as the naturalisation success of these species in North America (Pysek
et al. 2015). Successful invasive species often have larger and longer-persisting seed
banks when compared to their native congeners or confamiliars (Pyke 1990, Honig
et al. 1992, Van Clef and Stiles 2001) or non-invasive species (Radford and Cousens
2000, Phillips and Murray 2012). Furthermore, the timing of germination from soil
seed banks is supposed to be an important factor influencing plant invasions (Gioria
et al. 2018). Unfortunately, the data on seed banks of individual species are still rather
scarce and often disconnected from other traits, regardless of the fact that the seed
bank characteristics contribute to understanding the invasion success of plant species,
especially of annuals that are strictly dependent on population recovery from seed.
Studies that included seed banks characteristics as explanatory variable suggest that it
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is an important trait contributing to the invasion success of species (Pysek et al. 2015).
In addition, the seed bank characteristics should be taken into account for eradication
plans, while monitoring of the eradicated sites should be longer than seed bank longev-
ity to prevent population recovery.

As other life stages of plants, seed bank dynamics are influenced by environmental
factors. Surprisingly, only a few studies have addressed this topic. The existing studies
demonstrated the role of habitat (Hesse et al. 2007), water and temperature (Schafer
and Kotanen 2003), precipitation (Bebawi et al. 2015), soil type (Abedi et al. 2014,
Bebawi et al. 2015), soil pH (Basto et al.2015 and Pakeman et al. 2012) and soil nu-
trients (Moravcovd et al. 2018 and Pakeman et al. 2012).

We used a group of central European annual species belonging to the genus /-
patiens, i.e. the native . noli-tangere and the invasive 1. glandulifera and 1. parviflora,
which co-occur in the same localities and have been assessed previously for traits as-
sociated with invasiveness. The invasive 1. glandulifera is characterised by rapid and
high germination (Perglovd et al. 2009), a high biomass throughout the species life
cycle (Skédlovd et al. 2012, 2013), and its competitiveness (Cuda et al. 2015). The
invasive /. parviflora invests more resources into reproduction than /. glandulifera
or the native I noli-tangere (Skdlovd et al. 2013, Minden and Gorschliiter 2016).
All three species show among-population variation in germination and frost resist-
ance reflecting conditions from localities where the seeds were collected (Skdlova et
al. 2011), as well as differences in seedling but not adult traits (Skédlovd et al. 2012,
2013). This indicates that development in the juvenile stages is crucial for these
annual species to reach the single reproductive event in their life cycle (Cuda et al.
2016). One response to compensate for possible failure before reaching reproduction
is to store seeds in the soil seed bank.

Seed banks are a part of the life cycle of Impatiens species that are poorly under-
stood. Information about their seed banks is mostly based on indirect observations,
for example, the occurrence of seedlings after thwarting seed production due to the
removal of plants before fruiting, or it was tested in the laboratory or in an experi-
mental garden (see Perglovd et al. 2009), where ecological conditions differ from field
sites. The garden experiment indicated no persistent soil seed bank in two invasive
species . parviflora and 1. glandulifera, but a short-term persistent seed bank in the
native /. noli-tangere. However, together with seed persistence the timing of germina-
tion from the seed bank could be another important factor influencing invasiveness
(Gioria et al. 2018).

To improve the seed bank knowledge for /mpatiens species, we established a bur-
ial experiment in which we studied germination, dormancy and seed persistence of
L. glandulifera, I. noli-tangere and 1. parviflora for five years in natural populations in
the Czech Republic, harbouring all three /mpatiens species and differing in the envi-
ronmental conditions. We assessed whether seed bank dynamics and seed persistence
in the field (i) differ among the invasive and native species, (ii) differ across and within
individual localities, (iii) and whether they are influenced by environmental factors.
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Methods

Study species

The three Impatiens species have similar life histories and reproductive characteristics
(Coombe 1956, Beerling and Perrins 1993, Hatcher 2003, Adamowski 2008).
Impatiens noli-tangere L., a native species to central Europe, is recorded from 39 habitat
types in the Czech Republic (Sddlo et al. 2007), mainly from damp forests, clearings
and riparian habitats (Slavik 1997). Impatiens glandulifera Royle, a highly invasive
species which occurs predominantly along rivers, has also colonised forest clearings and
margins, wet ditches, forest roads and ruderal sites (Cuda et al. 2017). In the Czech
Republic, the first record of cultivation is from 1846 and that of occurrence outside
cultivation from 1896 (Slavik 1997). The species is recorded from 16 habitat types
(Sédlo et al. 2007, Pysek et al. 2012b, Pahl et al. 2013), but this number is expected
to increase due to its ongoing spread. Impatiens parviflora DC., an invasive species,
is characterised by broad ecological amplitude, being recorded from 45 habitat types
in the Czech Republic (Sddlo et al. 2007, Pysek et al. 2012¢). In this country it was
first recorded in 1844 in a botanical garden in Prague, and outside cultivation around
1870 (Slavik 1997). It often grows as a dominant species in nitrophilous herbaceous
vegetation of shady mesic sites, in alluvial forests, oak-hornbeam forests, ravine forests,
and spruce or Robinia pseudoacacia plantations (Pysek et al. 2012b), and its current
spread is slower, indicating limits of distribution.

The presence of Impatiens species depends on some degrees of disturbance, and
thus they often occur in early-successional herbaceous communities. They coexist in
some localities where the spatial pattern of the occurrence is driven by canopy closure
and water availability (Cuda et al. 2014). Seeds of the species differ in the stratification
demands and germination rates (Perglovd et al. 2009, Skdlovd et al. 2011). Seeds of
I. glandulifera only require a short period of cold-wet stratification after which most
of them germinate, while . parviflora requires a long period of stratification, which is
followed by germination of a high percentage of seed, and /. noli-tangere has the long-
est stratification period but the lowest germination. Both seedling and adult plants
of the three species suffer from frost damage (Coombe 1956, Beerling and Perrins
1993, Perrins et al. 1993, Hatcher 2003, Skdlovd et al. 2011), and this may be one of
the factors limiting their spread. The temperature regime of the seed source explained
differences in frost sensitivity among populations of 1. glandulifera and 1. parviflora,
while in 1. noli-tangere and I. parviflora the temperature influenced the time of ger-
mination (Skdlovd et al. 2011). In addition, populations of 1. glandulifera differ in
flowering phenology along latitudinal gradients (Kollmann and Banuelos 2004). Fi-
nally, for all three species differences among populations were observed for seedling
height, biomass and root/shoot ratio, with stronger differentiation in the invasive spe-
cies (Skalovd et al. 2012).
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Table |. Characteristics describing the four localities for burial of Jmpatiens seeds. The climatic profiles
for each locality were taken from Tolasz (2007).
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Celina mixed 49°43.87'N, 300 8 500 3.7/16.7/-4.0 13.2/31.5/1.5 49.2 0.31 395 13.06
forest  14°20.67'E

Potitejn  alluvial 50°04.25'N, 340 7 650 4.3/16.6/0.1  13.8/34.0/0.7  49.7 0.15 1.92 1246
forest  16°19.42'E

Ttebsin mixed 49°51.57'N, 280 8 550 4.0/14.9/-1.7 13.0/33.6/0.5 50.9 0.80 13.54 15.62
forest  14°27.93'E

Volyné¢  alluvial 49°08.50'N, 460 7 500 3.5/17.6/-5.0 13.4/22.5/0.5  63.1 0.57 6.83  12.01

forest  13°53.73'E

Seed burial experiment

Seeds of . noli-tangere and 1. parviflora were collected in July 2008, and of 7. glandu-
lifera in August 2008. Four localities, that harboured all three Impatiens species and
differed in temperature, precipitation and soil nutrients, were selected in the Czech
Republic (Table 1) to investigate site-specific differences in the seed banks of the spe-
cies (Cuda et al. 2014). Seeds from the same localities were used in previous experi-
ments (Skdlovd et al. 2011, 2012, 2013), thus consistently including maternal effects
(Roach and Wulff 1987, Galloway 2005). For each species, a mixed sample of seeds
from at least 100 randomly chosen individuals across each locality was collected in
the summer of 2008. In the localities Celina, Tiebsin and Volyng, at least 3,000 seeds
per species were collected; in Potstejn only about 2,000 seeds of /. noli-tangere and 1.
parviflora were collected due to the low seed production. After collection, the seeds
were dry stored at room temperature. Polyamide bags (fabric Norin, 6 x 6 cm) con-
taining 50 seeds for each species were buried in late November 2008. In each locality
only locally collected seeds were buried. As we found differentiation among species
with L glandulifera occurring in less shaded sites than 1. noli-tangere and 1. parviflora
(Cuda et al. 2014), the bags were buried within the respective populations. In Celina,
Trebsin and Volyné, 54 bags for each species were buried, respectively (i.e. three rep-
licates within each of two sites retrieved across nine time points), while in PotStejn 36
bags were buried due to the seed shortage (i.e. three replicates within each of two sites
retrieved across six time points). The bags with seeds of individual species were joined
to triplets (one bag per species) for each replicate, site and time point, and sewed to
the end of an about 1 m long string; the second end of the string was used to make
it easier to find the seed bags in the field and to enable their careful removal from the
soil. In addition each triplet was equipped with an iron ring for proper localisation of
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the bags using a metal detector to minimise soil disturbance during excavation. Along
3-m transects the bags were horizontally placed into the upper soil layer, at a depth
of 5 cm (Suppl. material 1: Fig. S1). The turf was carefully removed and placed back
after burial of the bags. The ends of each transect were marked by wooden and iron
sticks. The seeds were exhumed in the following years in late March and late May
(2009-2012), and in late March 2013.

After exhumation, the bags were washed and the seeds separated as (i) germinated,
(ii) decayed in the soil (i.e. this category consisted of dead non-germinated seeds) or
(iii-v) supposedly viable. A seed was considered germinated if at least the tip of the
radicle was visible. The supposedly viable seeds were placed in Petri dishes filled with
heat-sterilised river sand which was kept wet using tap water. The dishes were placed
into a growth chamber with 12/12 day/night regime of 15/5 °C (this corresponds
to the mean early-spring temperature in the Czech Republic); seed germination was
checked every second day. Germinating seeds were considered as (iii) non-dormant,
while seeds that did not germinate within one month were stained with tetrazolium to
further differentiate between (iv) dormant and (v) dead seeds. Species- and site-specific
dynamics of the soil seed bank were described as the total numbers of germinating
seeds (i+iii) and that of dormant seeds (iv).

Environmental variables

Since seed bank depletion is influenced by water and temperature, and at least partly
moderated by soil microbial activity (Schafer and Kotanen 2003), we measured soil
moisture and temperature within 5 m of the burial sites. Temperature was measured
using IBTN sensors (Thermochron Generic FSROHS DS1921G-F5#) at the two sites
per each of the four localities from December 2008 until the end of April 2009. The
sensors were placed at the soil surface, covered with a thin layer of litter, and tempera-
tures were recorded every 2 hours. Due to technical problems, we could not obtain the
data from one temperature sensor in PotStejn. During both exhumations in 2009, we
measured soil moisture using a moisture meter HH2 device with probe Theta Probe
ML29 (Delta-T Devices, UK). The measurement was done at six places within 3 m
around the burial sites. These values were averaged for each site.

Seed longevity and seed bank abundance are influenced by soil conditions (Pa-
keman et al. 2012, Abedi et al. 2014, Basto et al. 2015, Moravcova et al. 2018),
and thus we included soil data from neighbouring plots collected during previous
studies (Cuda et al. 2014). Total C and N were measured in soil samples taken close
to the plots (i.e. up to 1 m) at each locality in 2008 and 2009, using Carlo Erba
NC 2500 analyser. For the analyses, we included data for 1-3 plots that were up to
30 m from each of the burial sites, as well as those with similar environments. The
soil samples were taken from the upper horizon (0-5 c¢m), which corresponds to

the burial depth.
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Data analysis

The depletion pattern of the soil seed-bank of Impatiens species was tested using
generalised linear mixed-effect models with binomial error structure and logit link
function. The proportion of germinating and dormant seeds in each bag were used as
the response variables. The predictor variables (i.e. [mpatiens species, year and month
of exhumation, locality and site, and two-way interactions of these variables) were
fixed effects within the models. Plot ID was used as a random factor to account for
repeated measurements within the same plot over time (i.e. temporal pseudoreplica-
tions). The number of seeds in each bag (n = 50) was set as the “weights” argument
within the glmer function and represented the number of trials used to generate each
proportion (i.e. numbers of germinating or dormant seeds in each of the 50 bags).
The year was treated as a continuous variable because we expected a gradual decrease
in seed viability with time. We also examined the effect of environmental factors on
Impatiens seed germination and dormancy from the first seed burial until the first
exhumation in March 2009.

Due to the strong correlation between three measures of soil temperature (mini-
mum, maximum and mean, Suppl. material 2: Fig. S2) we decided to use only mini-
mum temperature that is most important for seed germination and dormancy, because
frost may kill germinating seeds (Cuda et al. 2015). Similarly, soil carbon and nitrogen
were highly correlated, and the latter variable was selected. Thus, we tested the effect
of winter minimum temperature in the upper soil layer, soil nitrogen and soil moisture
on seed germination and dormancy. Furthermore, since environmental data was only
available at the site level, we used the means for seed germination and dormancy as
response variables (i.e. average of three bags with 50 seeds per site).

Models were built separately for each species, and the square function of these
variables was included to account for possible non-linear relationships. Locality was set
as a random factor to reflect similarity within each locality (i.e. spatial pseudoreplica-
tion). Finally, we fitted separate models for each significant environmental variable, its
square function and species (five models in total) to visualise the individual species-
environment relationships. Maximal models were simplified by backward elimination
of non-significant terms and retention of significant ones. The deletion of terms was
validated step-by-step by comparing the significances between the original and the
simplified models (Crawley 2013). The differences within significant terms were post-
hoc tested by Tukey HSD pairwise comparison of estimated marginal means (Lenth
2018). Apart from R base packages, we used /me4 for fitting generalised mixed-effect
models by glmer function (Bates et al. 2015), and emmeans for subsequent multiple
comparisons among significant terms (Lenth 2018). Package ¢ffeczs was used to calcu-
late the effects of significant environmental variables in the models for germination
and dormancy. Graphs were plotted using the packages dplyr (Wickham et al. 2018)
and ggplor2 (Wickham 2016). All computations were done in programme R 3.5.1
(R Core Team 2018).
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Results

Seed germination

Germination was highest in the first spring after burial of the seed bags (i.e. March
2009) and differed significantly among the Impatiens species (Fig. 1, Table 2, Suppl.
material 4: Table S1). During this time, germination was much higher for the invasive /.
glandulifera and 1. parviflora, with almost all seeds germinating (95%), compared to the
native /. noli-tangere, where less than half of the seeds germinated (42%). Germination
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Figure I. Proportions of germinated seeds in three fmpatiens species across four localities over five years in
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are displayed in a logarithmic scale. Seeds were only buried for three years at PotStejn due to seed shortage.



Seed-bank dynamics of native and invasive Impatiens species... 83

Table 2. The effect of selected factors and their two-way interactions on Impatiens germination. Sum-
mary of generalised linear mixed-effect model, where minimal adequate model is presented and significant
values (p < 0.05) are in bold. Degrees of freedom, statistics of likelihood-ratio tests and p values are shown.

2

(=9
=~

Factor X p
Species 2 37.39 <0.001
Year 1 746.28 <0.001
Month 1 730.31 <0.001
Locality 3 21.81 <0.001
Site 1 1.05 0.161
Species x year 2 173.19 <0.001
Species x locality 6 7.16 <0.001
Year x month 1 200.02 <0.001
Year x locality 3 15.40 <0.001
Year x site 1 3.81 0.012
Month x locality 3 5.75 0.002
Month x site 1 6.81 0.048
Locality x site 3 8.02 <0.001

ability dropped rapidly during May of the same year, and decreased further in the
following years. Importantly, we found no germination of L parviflora seeds following
the first year of burial. For the other species, germination was higher in March than in
May of the following years. The difference between these two months was most obvious
in the first year, but still remained significant over time (P < 0.001, F = 29.5).

Germination also differed across localities (Fig. 1, Table 2). In Ttebsin, a high per-
centage of seeds germinated and this was true for the first as well as the subsequent years.
All species maintained their germinability for the longest duration at this locality. Seeds
of I parviflora were germinable for one year, 1. glandulifera for four years, and the native
I. noli-tangere for all five years. Importantly, /. glandulifera was germinable for more than
one year only at this locality, and to a small extent in Celina in the second year, while
I. noli-tangere was germinable in all four localities, while the germination rate was very
low in Celina and Volyné where the seeds were germinable only for two years. Lastly, we
found no significant effect of site, i.e. regardless of whether the seeds were buried under
I. glandulifera stands or mixed stands of 1. noli-tangere and I. parviflora.

Seed dormancy

The results for dormancy corresponded well with those for germination. We found
significant effects of species, year of exhumation, and locality, as well as non-significant
effects of site (Table 3). Unlike seed germination, there was no difference between the
months of seed exhumation (i.e. March and May). We did not record any dormant
seeds for 1. parviflora, while we found dormant seeds for up to four years in 1. glandu-
lifera and 1. noli-tangere (Fig. 2, Suppl. material 4: Table S1).

Dormancy decreased with time, however the decline between the first and second
year was not as rapid as for germination. The sites varied considerably in dormancy and
the pattern was similar for the results of germination after the first year. The most dor-
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Table 3. The effect of selected factors and their two-way interactions on Impatiens seed dormancy. Sum-

mary of generalised linear mixed-effect model, where minimal adequate model is presented, significant

values are in bold.

Factor df ¥ p

Species 2 50.18 <0.001

Year 1 84.40 <0.001

Month 1 1.13 0.296

Locality 3 44.09 <0.001

Site 1 0.50 0.471

Species x month 2 4.49 0.010

Species x locality 6 4.76 <0.001

Year x site 1 5.08 0.024
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mant seeds over the four-year period for /. glandulifera were found in Tiebsin, while,
in the other localities, dormant seeds were only found up to the second year. Impatiens
noli-tangere had the highest dormancy in Potstejn followed by Tiebsin.

Environmental effects on seed banks

The effect of environmental factors on seed germination and dormancy in 2009 was
most pronounced for the native I noli-tangere (Fig. 3, Table 4). Seed germination
and dormancy across sites increased with growing winter minimum temperature (see
Suppl. material 3: Fig. S3 for detailed temperature course across localities). Seed ger-
mination exhibited a unimodal relationship with soil moisture, with the highest per-
centages recorded in moderately wet sites (i.e. soil moisture of 60%). The same rela-
tionship was recorded between seed dormancy and soil nitrogen concentration, with
dormancy being low under intermediate nitrogen levels. In L glandulifera, there was a
slight positive effect of soil nutrient content on seed germination. However, we did not
find any significant effect of environmental conditions on germination in /. parviflora.
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Figure 3. The effects of winter minimum temperature, soil moisture, and soil nitrogen concentration on
seed germination in March 2009 and dormancy in May 2009. Blue circles depict L glandulifera (G), yellow 1.
noli-tangere (N) and those in black I parviflora (P). Lines in the same colours show a significant relationship
fitted with generalised linear mixed effect models, shading indicates 95% confidence intervals (yellow in /. 70-
li-tangere and blue in I. glandulifera). Models for each species are based on 8 replicates (i.e. 2 sites at each of the
4 localities). The mean of three replicates per locality and site were used for seed germination and dormancy.
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Table 4. The effect of environmental factors and their square functions on Impatiens germination and
dormancy for March 2009. The minimal models for each species are presented, terms that were exclud-
ed within the model simplification are marked with -, and significant values are in bold. Dormancy of

1. parviflora seeds were not tested (n.t.) because there were no dormant seeds across all plots.

Species Factor df  Germination March Dormancy May
X p X p

1. glandulifera winter minimum temperature 1 0.49 0.484 0.17 0.684
soil moisture 1 0.48 0.491 0.22 0.638
soil N 1 4.30 0.038 2.07 0.150

1. parviflora  winter minimum temperature 1 1.83 0.176 n.t. n.t.
soil moisture 1 1.59 0.208 n.t. n.t.
soil N 1 2.29 0.129 n.t. n.t

1. noli-tangere winter minimum temperature 1 25.12 <0.001 5.94 0.015
soil moisture 1 15.70 <0.001 1.07 0.300
soil moisture? 1 16.18 <0.001 - -
soil N 1 1.53 0.215 9.54 0.002
soil N? 1 - - 8.99 0.003

Discussion

Species- and site-specific germination

We found significant differences in seed germination between the native and invasive
Impatiens species, as well as across the four localities. The high germination rate for
the invasive species is in agreement with findings from a garden experiment (Perglovd
etal. 2009). On the other hand, the germination of the native L. noli-tangere was con-
siderably higher in the four localities compared to the common garden (8%; Perglovd
et al. 2009). This indicates the key role of local conditions, and it also highlights the
limitations of garden experiments. Our results also support previous findings which
suggest that high germination success of alien invasive species, compared to their na-
tive congeners, promotes invasiveness (PysSek and Richardson 2007).

Seed-bank dynamics and invasive species management

While seed persistence is suggested to be associated with invasiveness (e.g. Pyke 1990,
Radford and Cousens 2000, van Clef and Stiles 2001, Gioria et al. 2012, Pysek et al.
2015), we found that the most persistent seed bank was associated with the native
I noli-tangere. In our study system, this might indicate that early massive germination,
that occurred shortly after seed burial (i.e. during early spring), of the two invasive
Impatiens species may be another factor contributing to their invasion success, more
than seed persistence (cf. Gioria et al. 2018), provided that the timing coincides with
favourable environmental conditions.

In I parviflora we recorded germination only in the first year after seed burial,
while no dormant seeds persisted throughout the experiment. Consequently, due to
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the absence of seeds after spring germination, as well as a modest root system (Sla-
vik 1997), mechanical eradication could be an effective treatment for this species.
Despite its weak impact on native vegetation (Hejda 2012, Diekmann et al. 2016,
Florianovd and Miinzbergovd 2017) and general recommendation for tolerance (Pergl
etal. 2016), eradication is being applied in some areas, typically in communities with
greater conservation values, such as thermophilous oak forests or steppes on rocks
(Pysek et al. 2012b, Florianovd and Miinzbergovd 2017). These actions have been
reported from Poland (Adamowski and Keczynski 1999), Hungary (Csontos 1986)
and more recently also from protected areas of the Czech Republic (Péknicovd 2008).
Transient soil seed banks (sensu Thompson et al. 1997), high sensitivity to frost (Skd-
lovd et al. 2011) and low competitive ability (Cuda et al. 2015) together represent a
rather sensitive stage in population development that is probably partly compensated
by a wide ecological amplitude (Pysek et al. 2012c¢), high investment into reproduc-
tion (Skdlovd et al. 2013), high seed production compared to the native congener
(Daumann 1967), and properly timed and synchronised germination (Skdlov4 et al.
2011, Perglovd et al. 2009).

The highly invasive /. glandulifera forms short-term persistent soil seed banks (sen-
su Thompson et al.1997) at suitable localities. We found germinating and dormant
seeds of . glandulifera in the second year after seed burial at two of the four localities,
while in Ttebsin, germinating and dormant seeds were found still after four years. We
are not aware of any data on the seed bank of L glandulifera reported from the field
conditions prior to our study. Until now, only indirect evidence was used to infer the
seed-bank dynamics of this species, for example, the occurrence of seedlings after the
removal of plants before fruiting. Beerling and Perrins (1993) observed seedlings for
up to 18 months after plant removal; this indicates a two-year persistence of seed vi-
ability in this species. Even longer persistent seed banks were indicated by an eradica-
tion study with plants being found after four years (Saegesser et al. 2016). Our field
experiment supports these indirect observations and also reveals that 1. glandulifera
seeds are able to survive in the soil much longer than previously thought. On the other
hand, a four-year soil seed bank is the maximum survival period that was reached by a
small proportion of seeds at one locality. Although the proportion of germinating seeds
was very low following the first year of seed burial, the absolute number of seeds should
be rather high due to abundant seed production (Daumann 1967, Beerling and Perrins
1993), a pattern similar to that found in Heracleum mantegazzianum (Moravcova et
al. 2018). This suggests that in /. glandulifera the seed bank allows population recovery
after disturbance. This includes damage to young plants by spring frost, which is highly
probable due to early germination in that species (Perglovd et al. 2009), and consider-
able frost sensitivity of the seedlings (Skédlova et al. 2011). In addition, the seed bank
must be taken into account during eradication actions, and sites should be monitored
for at least four years following any control treatment. Nevertheless, systematic eradi-
cation has the potential to be very effective in small areas (Saegesser et al. 2016).

The native 1. noli-tangere was characterised by low seed germination in the first
year, but a higher proportion of germinating and dormant seeds in the following years
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compared to its invasive congeners. This strategy will likely lead to better population
persistence and recovering ability, which could, however, be limited by lower seed
production (Daumann 1967). In all localities, the germinating seeds were found in
the second year after burial and in one site even in the fifth year. Dormant seeds were
found in all localities until the third year and in one locality in the fourth year. Thus,
this study revealed that the native 1. noli-tangere forms short-term persistent soil seed
banks (sensu Thompson et al. 1997). Despite limited data on the comparison of seed
banks of native and invasive species, similar trends, i.e. lower germination in the first
year but longer soil seed-bank persistence of native species compared with non-native
congeners, were observed by van Clef and Stiles (2001).

Soil environment and seed-bank persistence

The seeds of the native /. noli-tangere were most responsive to the soil environmental
factors. For 1. glandulifera, the effect was low and for L parviflora we did not detect
any effect. The significant effect of environmental conditions confirms that not only
species-specific attributes, but also environmental factors, determine seed longevity in
the soil (Abedi et al. 2014, Long et al. 2015). This holds true for the native and partly
also for the two invasive species. Sub-zero temperatures strongly decreased seed ger-
mination and dormancy of 1. noli-tangere, while no such effect was detected for the
invasive species. This contradicts the results of an earlier study that found the invasive
species to be more sensitive to frost (Skdlovd et al. 2011). Seeds of 1. noli-tangere ger-
minated better under intermediate soil moisture. This may be explained by increased
fungal activity (Schafer and Kotanen 2003, 2004) and also anoxic conditions in very
wet soils which disrupt metabolic processes and thus cause high seed mortality (Bekker
etal. 1998). On the other hand, the low germination rate may be due to the negative
response of this species to low soil moisture (Skdlovd et al. 2013). Seed germination of /.
glandulifera was greater at sites with high soil nitrogen concentration. These field results
are in accordance with previous laboratory experiments by Andrews et al. (2009) who
observed a substantial increase in seed germination of /. glandulifera under increased
nitrate availability. However, we cannot exclude the positive effect due to a higher seed
mass that was observed under high soil nitrogen concentration for /. parviflora (Acharya
etal. 2017), and a positive correlation between seed mass and germination capacity.

The absence of environmental effects may explain the wide ecological amplitude of
1. parviflora that has been recorded from 45 of 88 habitat types in the Czech Republic
(Pysek et al. 2012c). The low effects of environmental factors together with a high
performance under various conditions (Skdlovd et al. 2012, 2013), will likely facilitate
the further spread of 1. glandulifera into more habitat types (currently reported in 16
habitats); small populations were recently recorded outside traditional riverine habitats
of this species (Cuda et al. 2017). The wide environmental tolerance of the two alien
Impatiens species probably facilitates their invasion success.
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