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Abstract

The infilling of existing suitable habitats within a landscape after establishment is of critical
importance for the final outcome of a plant invasion, yet it is an often overlooked process.
Common ragweed, Ambrosia artemisiifolia, is an invasive annual species in Europe causing
serious problems due to its highly allergenic pollen and as an agricultural weed. Recent
studies have modelled the broad-scale distribution of the species and assessed future invasion
risk, but for predicting the expected outcome of ragweed invasion we also need a mechanistic
understanding of its local invasion success. We conducted a field experiment to investigate
the invasibility of eight common non-arable habitat types and the role of soil disturbance in
central Hungary, in the hot spot of ragweed invasion in Europe. Seed addition alone resulted
in negligible amount of ragweed biomass, except for sites where disturbance was part of the
present management. Soil disturbance alone resulted in ragweed at those few sites where
ragweed seeds were present in the seed bank, related to farming in recent decades. When
disturbance and seed addition were combined, ragweed emerged in all habitat types and
reached high biomass in all habitat types except for closed forests. As our experiment showed
that most habitat types have high invasibility when disturbed, we conclude that ragweed has a
high potential for further spread, even in this heavily infested region. Management should
focus on preventing seed dispersal and eradicating establishing populations where ragweed is
still absent, while reducing soil disturbance may be needed to avoid ragweed emergence in
infested sites. This latter may require a reconsideration of land-use practices in infested

regions.

Keywords: Ambrosia artemisiifolia; Grassland; Old-field; Seed addition; Seed bank, Tree
plantation.

Nomenclature: Kiraly (2009)
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INTRODUCTION

The spread of invasive species is often described by changes in broad-scale
distribution maps (e.g.: Mack 1981; Chauvel et al. 2006). However, the local spread within a
landscape that follows a successful establishment can be similarly important in predicting the
final outcome of an invasion (Richardson et al. 2000; Blackburn et al. 2011). This infilling of
existing suitable habitats can often be a complex and slowly unfolding process (With 2002),
which is mediated by dispersal and the invasibility of various ecosystems in the landscape.
Invasibility is an emergent property of ecosystems to allow or resist the establishment of
newly arriving species (Burke and Grime 1996; Lonsdale 1999). While invasibility of various
ecosystems is often estimated simply based on the presence and abundance of non-native
species, a reliable invasibility assessment can only be reached with experiments that control
for potential confounding factors, such as propagule pressure and disturbance level (Vila et al

2008, Von Holle and Simberloff 2005, McGlone et al. 2011).

Disturbances are an inherent part of ecosystem dynamics (Pickett and White 1985),
but disturbances are also generally considered to promote invasion (Hobbs and Huenekke
1992, Burke and Grime 1996). Biomass removal has been shown to favour the invasion of
cheatgrass in California grassland (Beckstead and Augspurger 2004 ), and forest canopy
disturbance promotes invasion in forest understory (Eschtruth and Battles 2009). By contrast,
disturbance has been found to negatively affect plant invasion in ephemeral wetlands
(Tanentzap et al. 2014) and also shrub invasion in a prairie by disturbing the cryptogam layer
that facilitated shrub seedling recruitment (Parker 2001). Either way, studying only intact,

undisturbed ecosystems may provide a biased picture on ecosystem invasibility.

Propagule pressure has been found to have an overwhelming influence on the success
of invasion (Simberloff 2009). Based on a meta-analysis, Colautti et al (2006) concluded that
in most studies where propagule pressure was considered, it proved to be a strong predictor of

5



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

invasibility. Propagule pressure has been found to override ecosystem resistance in a
herbaceous invasion of forest understory (Von Holle and Simberloff 2005) and also in a shrub
invasion of wetlands (Berg et al. 2016). In addition, the lack of invasion in some habitats does
not necessarily mean low invasibility, but may simply be due to the lack of propagules
entering into the community (Vila et al. 2008). These considerations underline the importance
of studying invasibility with controlled propagule pressure (Colautti et al. 2006), especially

when comparing the invasibility of multiple ecosystems.

Common ragweed (Ambrosia artemisiifolia L.), an annual species from the Asteraceae
family, is native to North America but is invasive in many parts of the world. In some parts of
Europe, it is the most important weed of arable lands (Novak et al. 2009; Galzina et al., 2010),
and reported yield losses associated with common ragweed may be as high as 60-80%
(Kazinczy et al. 2007; Bullock et al., 2012). Common ragweed is already the most important
allergenic plant in some parts of Europe (Burbach et al. 2009). The total costs associated with
ragweed invasion including agricultural, work productivity, and medical costs has been
estimated to be 4.5 billion Euro (Bullock et al. 2012). A better understanding of the spread
and success of common ragweed is needed to mitigate these broad-scale present and even

bigger predicted future effects (Richter et al. 2013; Hamaoui-Laguel et al. 2015).

Several factors have been used to explain the past and present spread, as well as to
predict future spreading potential of common ragweed (Essl et al. 2015). By having a
combination of traits that makes the species successful in some cropping systems, common
ragweed is primarily an agricultural weed (Pinke et al. 2011; Essl et al. 2015). It prefers full
sunlight (Bazzaz 1973), while no clear preference to soil type has been found (Fumanal et al.
2008b). The species was introduced to Europe as a crop contaminant multiple times in the
19th and early 20th centuries (Chauvel et al. 2006), and its subsequent spread in Europe can

be attributed to contaminated crops and bird feed, movement of agricultural machineries and
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transport of soil (Essl et al. 2009; Vitalos and Karrer 2009). The species is repeatedly
introduced to climatic zones that are not yet suitable for its long-term persistence (Dahl et al.
1999; Csontos et al. 2015), but studies suggest that changing climate may facilitate its further
expansion (Hamaoui-Laguel et al. 2015). Future ragweed pollen load in Europe may be 2 to
12 times higher than it is today as a consequence of further spread of the species and changing

climate and land-use (Hamaoui-Laguel et al. 2015).

Arable lands harbour the largest amount of common ragweed (Essl et al. 2015), but
other habitats may also support varying amount of the species and may therefore facilitate its
spread in the landscape. Ragweed often dominates abandoned arable lands (old-fields) right
after abandonment, but is soon outcompeted by other species (Bazzaz 1968). Roadsides
(Lavoie et al. 2007; Essl et al. 2009), vacant lots (Katz et al. 2014), riverbanks (Lavoie et al.
2007), and tree plantations (Csecserits et al. 2016) have all been reported as ragweed habitats.
In addition, several shifts in habitat preferences during ragweed invasion have been reported,
such as from along railway lines to roadsides (Essl et al. 2009) in Austria, and from roadsides
to agricultural lands (Lavoie et al. 2007) in Canada. Predictions on future spread of common
ragweed has been primarily based on climatic factors (Richter et al. 2013, Storkey et al. 2014,
Leiblein-Wild et al. 2016), but landscape factors also affect spread at a finer scale Essl et al.
2009, Pinke et al. 2011, Skalova et al. 2017), that can be important in the infilling of suitable
habitats. To assess the full potential of common ragweed invasion in a heterogeneous

landscape we need to investigate invasibility in multiple habitat types

The objective of this study was to experimentally test the invasibility of eight common
non-arable habitat types in the hot spot of ragweed invasion in Europe, central Hungary, in
order to assess the potential of common ragweed for further spread. Specific objectives were

(a) to test the effect of seed addition on ragweed emergence and biomass, (b) to investigate
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the role of soil disturbance in facilitating this, (c) to assess the effects of additional factors

such as soil texture, light conditions, and land use history on ragweed performance.

MATERIALS AND METHODS
Study species

Common ragweed (Ambrosia artemisiifolia L.) is an annual wind-pollinated herb
species with high plasticity in biomass, pollen and seed production in response to different
environmental conditions (Essl et al. 2015). Ragweed most often colonizes open, disturbed
habitat types (such as arable lands, ruderal habitats and old-fields), but it is rapidly replaced

by perennial species during succession (Bazzaz 1968; Gentili et al 2017).

Ragweed forms persistent seed bank as seeds can survive in the soil up to 40 years
(Essl et al. 2015), and disturbance has been shown to positively affect seedling recruitment
from the soil seed bank (Fumanal et al 2008a). After ripening in autumn, seeds are in primary

dormancy, which can be broken by low temperatures in winter.

Study area

The study was conducted in the Kiskunsag inland sand dune system in central
Hungary, which is the most heavily infested region by common ragweed in Europe (Skjeth et
al. 2010; Hamaoui-Laguel et al. 2015). The climate of the region is moderately continental
with a sub-Mediterranean influence. Mean annual temperature is 10.5 °C and mean annual
precipitation is 500-550 mm (Kovacs-Lang et al. 2000). The landscape consists of the
remnants of the forest steppe vegetation and cultivated land with heterogeneous and changing

land-use. Major habitat types include arable land (25-30%), secondary grasslands orold-fields
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(15-20%), tree plantations (25-30%), natural grasslands (5-10%) and woodlands (2-3%)

(Rédei et al. 2014, Rédei et al. 2011).

Study sites

We worked in a total of 64 study sites spread over a ca. 35 km? area in the central part
of the Kiskunsag, in the vicinity of the villages Fiilophaza and Orgovany (coordinates of NW
corner: N46.894, E19.386; SE corner: N46.789, E19.468). We chose eight sites in each of
eight widespread non-arable habitat types typical to the study area (Table 1): open secondary
grasslands (old-fields), closed secondary grasslands (old-fields), open natural (primary)
grasslands, closed natural (primary) grasslands, alien black locust (Robinia pseudoacacia)
plantations, alien pine (Pinus sylvestris and P. nigra) plantations, native poplar (Populus alba
and P. x canescens) woodlands, and forest-renewal stands (pine). Open grasslands occupy
dune tops and dune sides and are characterized by 30-60% plant cover, while closed
grasslands occupy lower elevation sites and are characterised by 70-100% plant cover.
Secondary grasslands had been arable lands or vineyards, but were abandoned at least six
years before the start of the experiment, with spontaneous grassland recovery taking place on
them. Tree plantations and woodlands were chosen to have a minimum tree age of 20 years.
Forest renewal stands were clear-felled pine plantations that were deep-ploughed and
replanted with pine (P. nigra or P. sylvestris) 1-3 years before the start of the experiment, and
are characterised by yearly ploughing between the rows of the tree saplings for weed control.
Although some of these habitats are currently not considered important ragweed habitats, a
large-scale survey in the study region indicated that ragweed is already present even in closed

grasslands and tree plantations (Csecserits et al. 2009).

The past land use of each study site was determined based on aerial photographs and
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past land-use maps of the area (Rédei et al. 2014). Based on the timing of last ploughing, sites
were assigned to the following categories: (1) sites that were unploughed in and after 1950,

(2) sites that were ploughed in 1950 but not in 1986, (3) sites still ploughed in 1986.

10
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183  Table 1 Characteristics of the habitat types studied (numbers are mean values of eight replicates)

Variable Open Closed Open Closed Alien Alien pine Native Forest
secondary secondary  natural natural black plantation poplar renewal
grassland  grassland grassland grassland locust woodland stands

plantation (pine)

Sand content (%) 96.8 96.6 97.9 96.3 96.9 97.7 95.3 98.4

Soil humus content (%) 0.9 1.3 0.7 1.9 1.6 0.9 3.6 0.2

Soil pH (KCI) 7.29 7.41 7.53 7.35 7.45 7.35 7.38 7.62

Cover of herb layer (%) 60 91 40 81 72 1 12 8

Leaf area index (LAI) of - - - - 2.3 3.9 32 -

tree layer

Current land-use none or none or none none forestry: forestry: none or forestry:
occasional occasional occasional occasional  forestry: yearly

grazing grazing thinning thinning  occasional tilling
(stand age (stand age  thinning between
>20 years) >20 years) (stand age rows
>20 years) (stand age
<5 years)

184
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Experimental design, sampling and measurements

In each study site, we established four 1 m x 1 m plots arranged in the corners of a 4 m
x 4 m block in November 2008. For each plot, we randomly assigned one of four treatment
types: (1) ragweed seed addition (0.8 g, that is 215.8+/-15.5 seeds collected locally in
September 2008) onto the soil surface without any further treatment, (2) soil disturbance
(digging the soil ca. 20 cm deep with a hand spade), (3) soil disturbance with subsequent seed
addition, and (4) control. The amount of seeds added was decided based on previous reports
that germination rate of ragweed is relatively low and variable, ranging from 2% to 36%

(Fumanal 2008a).

In each site, soil samples were taken from three points to a depth of 20 cm with a soil
sampler of 5 cm in diameter in November 2008. The three soil samples were fully mixed
before analyses. Soil samples were analysed for texture (percent sand, silt, and clay content),
humus content (%), and pH(KCI). The leaf area index (LAI) of the woody canopy of each
forested habitat was measured above the herbaceous layer (1 m) in May 2009 using a LAI
2000 Plant Canopy Analyser instrument (LI-COR, Inc. 1992). We use LAI as a proxy for
light conditions in forests, where higher Leaf Area Index values represent lower light

availability.

In order to test ragweed seed availability in the soil seed bank, we collected soil
samples for seed bank analysis from all sites of five habitat types (open and closed primary
grasslands, open and closed secondary grasslands, black locust plantations), where ragweed
was expected to occur based on previous field experience (results provided further support

that habitats not sampled for ragweed seeds were free from ragweed seeds; see the Results).
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In each sampled site, six samples were taken to a depth of 0-10 cm with a soil sampler of 5
cm in diameter. This resulted in approx. 1178cm’ soil per stand, which was mixed thoroughly
and sieved. Intact ragweed seeds were counted in the soil samples by visual screening using a

stereo microscope.

In mid July, when ragweed germination ceased, we counted the number of ragweed
plants in each study plot in the field. In early September, before seed ripening, we harvested
the total aboveground biomass of ragweed in each plot and measured the dry weight after

three days of drying at 80 °C.

Data analysis

We used Friedman-ANOVA to test if there are significant differences in the number of
ragweed seedlings and in ragweed aboveground biomass among the four treatment
combinations within each habitat type, and post-hoc test using the "symmetry test" function
(Hothorn et al. 2008) to test pairwise differences between treatments if the global test
indicated significant difference. We also conducted these tests including all sites (irrespective
of habitats) to test for overall treatment effect. We used non-parametric statistics, because data
had skewed distribution and very many zero values (where no ragweed was found). Although
the original experimental design included two factors, seed addition and soil disturbance, each
of them with two treatment levels (yes/no), we used unifactorial test because no non-
parametric test is available for a multifactorial design where replicates are arranged in blocks

(site).

To test the effect of disturbance on growth we used Wilcoxon signed-rank test to
compare the mean size an average ragweed seedling could reach (overall aboveground

ragweed biomass in September divided by the number of seedlings in July) between seeded-

13
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only and disturbed-and-seeded plots. We used these two plot types, because only few
disturbed-only and control plots had any ragweed (see the Results). Only sites that had

ragweed in both the seeded-only and disturbed-and-seeded plots were used for this analysis.

Kruskal-Wallis test was used to compare ragweed biomass in disturbed-and-seeded
plots of different habitat types, and Dunn-test was used as a posthoc test to check pairwise
differences (Hollander and Wolfe 1999). Similarly, Kruskal-Wallis test was used to compare

ragweed biomass in disturbed-only plots among sites abandoned at different times in the past.

Spearman rank correlation was used to test relationship between ragweed biomass and
soil texture (sand content) or soil humus content in herbaceous and forested habitats
separately. Spearman rank correlation was also used to test the relationship between ragweed

biomass and LAI of the woody canopy in forested habitats.

In order to test whether soil disturbance effectively triggers ragweed emergence in the
disturbed-only plots, we conducted Pearson's Chi-squared test with Yates' continuity
correction to compare ragweed emergence (yes/no) and documented ragweed occurrence in
the seed bank (yes/no). As we found ragweed seeds in nine sites, with only four sites having
more than three seeds (Online Resource 1), we did not analyse further the size of the seed

bank.

All statistical tests were performed in R statistical environment (R Core Team 2016),

using the coin (Hothorn et al. 2008) and multcomp (Hothorn et al. 2008) packages.

RESULTS

The effect of seed addition and disturbance on ragweed emergence and biomass in

different habitat types
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Of the 64 sites, in July 2008 we found ragweed in five control plots (live ragweed in
five plots in September), in 30 seeded-only plots (in 19 plots in September), in 11 disturbed-
only (in 11 plots in September), and in 61 disturbed-and-seeded plots (in 56 plots in
September). There were significant treatment effects on ragweed biomass in all of the eight
habitat types in September (Fig. 1). Disturbed-and-seeded plots had higher ragweed biomass
than control plots in all habitat types (Fig. 1). By contrast, neither disturbed-only plots nor
seeded-only plots differed from control plots in any of the habitat types (Fig. 1). Accordingly,
an overall analysis across all the 64 sites showed that disturbed-and-seeded plots had high
biomass, while the other three types had low biomass similar to each other (Online Resource
2). The only habitat type where seed addition alone induced a substantial amount of ragweed
biomass was forest renewal stands (Fig. 1h). The only habitat types where disturbance alone
triggered a considerable ragweed biomass were open and closed secondary grasslands (Fig 1a
and 1b). Seedling numbers in July showed generally similar patterns to that of ragweed
biomass in September (Online Resource 3), with the only notable difference that seedling
numbers in seeded-only plots did not differ from those in disturbed-and-seeded plots also in

pine plantations and black locust plantations (Online Resource 3).

The size that an average ragweed plant could reach by September (September biomass
divided by July seedling number) was much larger in disturbed-and-seeded plots than in
seeded-only plots (Wilcoxon signed rank test, n=28, V=346, p=1.577*107). Average size
reached by a ragweed plant was 9.24 g (median: 1.45 g) and 1.77 g (median: 0.017 g) in

disturbed-and-seeded and seeded-only plots, respectively.

Ragweed biomass in the disturbed-and-seeded plots: the effect of habitat type, soil

attributes, and light availability

15
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Although disturbed-and-seeded plots had the highest ragweed biomass in all habitat
types studied (Fig. 1), the absolute numbers varied largely among habitat types (Fig. 2;
Kruskal-Wallis test, Chi* = 28.6, df = 7, p = 0.0002). Ragweed biomass was very low in
native poplar woodlands and alien pine plantations, while it was highest in open secondary
grasslands and closed natural grasslands. The other four habitat types were intermediate, with

huge within-type variation.

Ragweed biomass in the disturbed-and-seeded grassland plots (open and closed natural
and secondary grasslands; n=32) was negatively correlated with the sand fraction of the soil
(Spearman’s rho=-0.54, p=0.0017), and marginally positively correlated with soil humus
content (Spearman’s tho=0.35, p=0.056). Ragweed biomass in the disturbed-and-seeded plots
of woody habitats (black locust plantations, pine plantations, poplar woodlands; n=24) was
correlated neither with the sand fraction of the soil (Spearman rho=-0.021, p=0.92), nor with
the soil humus content (Spearman rho=0.091, p=0.67), but it was negatively correlated with

leaf area index (LAI) of the forest canopy (Spearman rho=-0.44, p=0.031).

Ragweed in the disturbed-only plots: the effect of the time of abandonment

The occurrence of ragweed in some of the control and seeded-only plots (open
secondary grasslands, closed secondary grasslands, black locust plantations) means that
ragweed was present in the seed bank at these sites. Indeed, seed bank analysis confirmed that
ragweed was present at these sites, but not in others. There was a strong correlation between
the presence of ragweed seeds in the seed bank and ragweed emergence in the disturbed-only
plots (Pearson's Chi-squared test with Yate's continuity correction, Chi® = 29.05, df = 1, p =
7.06*10™), with ragweed seeds found in 9 out of 10 sites where ragweed emerged (one site
with ragweed emergence was not tested for ragweed seeds), but in none of the other 29 sites
checked for ragweed seed bank.
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Analysis of historical maps revealed that 34 out of the 64 study sites were ploughed
and used as arable land or vineyard in the 1950s (the time of first map with high enough
resolution), and 13 sites were still farmed after 1986. Of the 11 sites where ragweed occurred
in the disturbed-only plots, all were ploughed after 1950, and ten even after 1986. Therefore,
ragweed biomass in disturbed-only plots was strongly related to the time of abandonment
(Kruskal-Wallis test, Chi® = 39.37,df=2,p =2.8*10'9; Fig. 3), with recently abandoned sites

having high ragweed biomass when disturbed.

DISCUSSION

Our study was designed to test the effects of seed addition (controlled propagule
pressure) and soil disturbance on the biomass of common ragweed in eight major non-arable
habitat types in a heavily infested landscape. We found that disturbance alone triggered high
ragweed biomass only where ragweed seeds were already present due to land-use legacy
(recent farming). Seed addition alone induced high ragweed biomass only where disturbance
was part of the present management (forest renewal). In full agreement with these unifactorial
results, when seed addition and disturbance were combined experimentally, ragweed
established in all habitat types and could reach high biomass in all habitat types, except for
closed-canopy forests. These results suggest that common ragweed has huge potential to
expand even in already infested landscapes, if soil disturbance occurs and seeds are either

present in the seed bank or dispersed in the landscape.

Our results confirm previous findings that propagule pressure is a key factor in
determining true invasibility of target ecosystems (Colautti et al. 2006, Simberloff 2009). In
particular, our results highlight that low propagule pressure can limit the infilling of suitable
habitats even in a heavily infested landscape. Our finding that high propagule pressure and

disturbance are both needed for a successful invasion is similar to results found during the
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invasion of Anthriscus caucalis: low invasibility of grasslands in the absense of disturbance
(grazing) irrespective of propagule pressure, but high invasibility in the presence of
disturbance (Wallace and Prather 2016). Eschtruth and Battles (2009) also found that high
level of canopy disturbance and high propagule pressure are needed for a successful invasion
of forest understory species, but response differed among species. By contrast, McGlone et al.
(2011) found that perennial grassland under ponderosa pine are resistant to invasion by

cheatgrass even at high propagule pressure and even in the presence of disturbance.

Ragweed in control and disturbed-only plots, and the importance of land-use history

Our study area is among the regions most heavily infested by common ragweed in
Europe (Skjeth et al. 2010; Hamaoui-Laguel et al. 2015), where highest ragweed pollen load
ever recorded in Europe was detected (Skjoth et al. 2010). Yet, we found that ragweed was
present only in five control plots and 11 disturbed-only plots of the 64 study sites. Since we
found that most habitat types are highly suitable for ragweed, the low frequency of ragweed is
most likely related to dispersal limitation. Because long-distance ragweed dispersal is mostly
linked to human activity (Essl et al 2015), measures that prevent, or slow down anthropogenic
seed dispersal are crucially important to avoid a further increase in ragweed abundance and
thus in pollen load. Future seed dispersal was also highlighted as a major source of
uncertainty regarding the rate of increase in the European-scale ragweed pollen load

(Hamaoui-Laguel et al. 2015).

Where seeds were present in the seed bank, such as in several of the open and closed
secondary grasslands, disturbance alone led to high ragweed biomass. This triggering effect of
disturbance on dormant seeds has already been shown for common ragweed in set-aside lands
(Fumanal et al. 2008a), and it is typical of annual species (Hobbs and Mooney 1985). The

strong correlation between ragweed presence in the seed bank and ragweed presence in
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disturbed-only plots suggests that the disturbance applied could efficiently induce germination
of dormant ragweed seeds. Because ragweed is quickly suppressed in the absence of
disturbance, such as after abandonment (Bazzaz 1968, Gentili et al. 2017) but its seeds remain
viable for several decades (Essl et al. 2015), such standardised small-scale disturbances or
seed bank surveys may be used to show a true infestation map, as opposed to that based on
ragweed occurrence in the vegetation. Ragweed distribution maps often form the basis for
broad scale predictive modelling (Richter et al. 2013; Hamaoui-Laguel et al. 2015), thus
improving the accuracy of these maps by including this hidden infestation (dormant seeds)

may be important.

The presence of ragweed at the study sites was closely related to previous land-use,
which indicates a strong land-use legacy (Foster et al. 2003). All 11 sites where ragweed was
present in disturbed-only plots were ploughed after 1950, and 10 of the 11 sites were still
under cultivation in the 1980s. This result in line with previous findings that the distribution
patterns of invasive species that are agricultural weeds may be related to historical pattern of
croplands (Gonzalez-Moreno et al. 2017). According to the national (Hungarian) weed
surveys (Novak et al. 2009), common ragweed became a widespread weed in these decades: it
was only the twenty-first most dominant arable weed in 1950, but already the fourth in 1988.
In addition, a reconstruction of ragweed spread shows that it was not yet abundant in our
study region in the 1970s (Béres and Hunyadi 1991). These findings suggest that if farming in
a given field ceased only after ragweed had spread and become abundant in a region, such as
the 1980s in our study region, abandoned agricultural lands are most likely infested with the

species, even if it is not present in the herb layer.

The effect of seed addition across habitat types
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The very low ragweed biomass we found in most seeded-only plots is due to a
combination of low germination rate and limited growth, as we found that seedlings in non-
disturbed plots grow very small. Ragweed germination in these plots may be limited by low
light levels in intact vegetation (Bazzaz 1968), and growth is strongly suppressed by other
plants, because ragweed is a weak competitor (Gentili et al. 2017). The low frequency of
occurrence, as well as the low biomass of ragweed in seeded-only plots indicates that seed
addition alone is not enough for inducing high ragweed biomass. This implies that although
seed dispersal is a key factor of uncertainty when predicting future ragweed abundance
(Hamaoui-Laguel et al. 2015), seed presence alone does not necessarily lead to higher
ragweed biomass and pollen production. The only habitat type where some seeded-only plots
had high ragweed biomass was forest renewal sites, where yearly soil disturbance is part of

the management in the early years after tree planting.

The combined effects of seed addition and disturbance, and the role of soil attributes

and light availability

We found that when seed addition was combined with soil disturbance, ragweed
reached higher biomass than in other treatments in every habitat types, although absolute
numbers differed greatly. This result reinforces the findings from the single treatments that
seed addition and disturbance are both needed for high ragweed cover. This high biomass in
disturbed-and-seeded plots resulted from a high seedling emergence in these plots combined
with a bigger size that emerged seedlings reached in disturbed plots compared to undisturbed
plots. Early and rapid seed germination may have a crucial role in inducing high ragweed
cover, as it has been generally found for invasive species (Gioria and Pysek 2017), especially

because common ragweed is a weak competitor (Bazzaz 1968).
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The substantial biomass in most disturbed-and-seeded plots means substantial pollen
production, as ragweed plant biomass has been shown to be highly correlated to pollen
production (Fumanal et al. 2007). In addition, biomass has also been shown to be highly
correlated to seed production (Fumanal et al. 2007), which is of high importance with regards
to persistence in and further spread from a given site. The low biomass values in some forest
types may be due to the fact that ragweed grows best in full sunlight (Bazzaz 1973), and these
forest types have closed canopy (Table 1). The negative correlation between the soil sand
content and ragweed biomass and the positive correlation between soil humus content and
ragweed biomass across sites may be related to water holding capacity associated with these
soil attributes. This is in agreement with previous reports, that ragweed favours habitats of
relatively good water supply (Essl et al. 2015), even if our study covered a rather narrow and

extreme range of potential soils (sand soil with low humus content; Table 1).

Our results show high invasibility for most ecosystems occurring in this heterogeneous
cultural landscape when disturbance is present. This suggests that although common ragweed
has most often been reported from arable lands and roadsides (Lavoie et al. 2007, Pinke et al.
2011; Essl et al. 2009), it has the potential to invade additional habitats such as grasslands and
open forests, if they are disturbed. Such disturbances in our study area may include small-
scale animal disturbances and grazing, but more importantly, large-scale conversion of

croplands and previous croplands (oldfields) to tree plantations (Csecserits et el. 2013).

Several shifts in habitat preferences have been observed for common ragweed in the
past (Lavoie et al. 2007; Essl et al. 2009), and our results on habitat invasibility hint that such
changes may occur also in the future. Our results also highlight that assessing invasibility
without disturbance may easily underestimate invasibility, because invasion is often
facilitated by disturbances (Hobbs and Huenekke 1992; Burke and Grime, 1996). Intact

ecosystems may resist invasion, but when disturbed, they can be more susceptible to changes,
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as it has also been observed in the context of climate change (Krdel-Dulay et al. 2015).
Because disturbances are an inherent part of ecosystem dynamics (Pickett and White 1985),
and all ecosystems are sooner or later disturbed, it is critically important to assess ecosystem

sensitivity (including invasibility) in combination with disturbance.

Our conclusion from this experiment is that common ragweed has huge potential for
further spread even within already infested landscapes. Indeed, in a broad-scale survey in the
same study region we found that many habitat types that have not been traditionally
considered as ragweed habitats, such as tree plantations or natural grasslands, are also infested
by ragweed (Csecserits et al. 2009). The findings in our field experiment provides field-based
support for results from recent broad-scale modelling studies that also forecast ragweed
spread, including range expansion (Storkey et al. 2014; Leiblen-Wild et al. 2016), increased
productivity (Leiblen-Wild et al. 2016), and increased pollen load (Hamaoui-Laguel et al.
2015) and associated allergy costs (Richter et al. 2013). In particular, Hamaoui-Laguel et al.
(2015) predicts a two-fold increase in pollen load for our study region, the Pannonian plain,
based on a combination of a regional climate model, a chemistry-transport model and a
simplified spread model. Our study confirms that this is a realistic scenario because not all
suitable habitats have yet been colonised by ragweed. Empirical data from such field-based
studies may also improve broad-scale modelling (Storkey et al. 2014) through, for instance,
providing better habitat suitability maps. Such field-based data may also help to eliminate
some of the limitations identified in recent modelling frameworks, such as assuming no
competition for ragweed (Leiblen-Wild et al. 2016), or neglecting population growth within

large (35 km?) grid cells (Richter et al. 2013).

Finally, based on our results obtained in non-arable habitats combined with results

from previous works that also included arable habitats (Bullock et al. 2012; Smith et al. 2013;
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Essl et al. 2015), we provide a list of recommendations for land managers and land use

planners regarding ragweed management at the landscape scale.

1. Because infestation by ragweed is not always visible in the vegetation due to
suppression and seed dormancy, a survey of the true pattern and level of infestation would be

necessary to get baseline data as a basis for land use planning.

2. When a landscape is completely free of ragweed, emphasis should be placed on
avoiding ragweed seed dispersal and eradicating establishing populations in the early phase.
Because long-distance dispersal is mostly human-mediated, controlling seed dispersal means
avoiding seed contamination, as well as the movement of agricultural or construction vehicles

and soil among landscapes or regions (Vitalos and Karrer 2009; Lavoie et al., 2007).

3. Since our results show that even in a highly infested region many habitat patches
may still be free of ragweed (including the seed bank), preventing seed dispersal must remain
a priority even within infested landscapes to avoid or slow down the further infilling of

suitable habitats.

4. Reducing soil disturbance in all landscapes irrespective of infestation level is of
particular importance. This may reduce the chance of ragweed establishment when ragweed is
not present but dispersal events happen, and may prevent or greatly reduce ragweed
emergence from the seed bank when it is there. Our results highlight that combining
knowledge on the historical timing of ragweed arrival in a region with that on the last soil

disturbance (farming or tree planting) may help to identify infested patch types.

Certainly, soil disturbance is an inherent feature of many human land uses (farming,
forest renewal, construction, etc.), thus fully avoiding soil disturbance is not a realistic option.

However, a reconsideration of the intensity, extent, frequency and timing of all current soil
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disturbing practices in relation to ragweed biology may be needed to reach a substantial

reduction in ragweed abundance and associated pollen load in already infested regions.
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676  Fig. 1 Boxplots of ragweed aboveground biomass in the four treatments in each of the eight

677  habitat types (S: seeded-only plots; D: disturbed-only plots; DS: disturbed-and-seeded plots;
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678  C: control plots). Chi*and p values refer to results from Friedman-ANOVA (n=8, df=3).

679  Different letters indicate significant differences among treatments within a habitat type. Note
680  that scaling of y-axis varies among subplots for a better visibility of within-habitat

681  differences. (For a version of this Figure that is based on the non-zero data points only, see
682  Online Resource 4).

683
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685

686  Fig. 2 Boxplots of ragweed biomass in the disturbed-and-seeded plots in the eight habitat
687  types. Different letters indicate significant differences between habitat types (Dunn-test for
688  pairwise comparisons).

689
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692  Fig. 3 Boxplots of ragweed biomass in the disturbed-only plots, grouped according to the date
693  of last ploughing. Different letters indicate significant differences between age groups (Dunn-

694  test for pairwise comparisons).
695
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