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Abstract To better manage invasive populations, it
is vital to understand the environmental drivers
underlying spatial variation in demographic perfor-
mance of invasive individuals and populations. The
invasive common ragweed, Ambrosia artemisiifolia,
has severe adverse effects on agriculture and human
health, due to its vast production of seeds and
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allergenic pollen. Here, we identify the scale and
nature of environmental factors driving individual
performance of A. artemisiifolia, and assess their
relative importance. We studied 39 populations across
the European continent, covering different climatic
and habitat conditions. We found that plant size is the
most important determinant in variation of per-capita
seed and pollen production. Using plant volume as a
measure of individual performance, we found that the
local environment (i.e. the site) is far more influential
for plant volume (explaining 25% of all spatial
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variation) than geographic position (regional level,;
8%) or the neighbouring vegetation (at the plot level;
4%). An overall model including environmental
factors at all scales performed better (27%), including
the weather (bigger plants in warm and wet condi-
tions), soil type (smaller plants on soils with more
sand), and highlighting the negative effects of altitude,
neighbouring vegetation and bare soil. Pollen and seed
densities varied more than 200-fold between sites,
with highest estimates in Croatia, Romania and
Hungary. Pollen densities were highest on arable
fields, while highest seed densities were found along
infrastructure, both significantly higher than on rud-
eral sites. We discuss implications of these findings for
the spatial scale of management interventions against
A. artemisiifolia.

Keywords Ragweed - Environmental drivers -
Invasive alien plant - Demographic performance -
Spatial variation

Introduction

How well invasive alien populations perform locally
depends on how they respond to their new environ-
ment (Richardson and Pysek 2012). Different
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environmental factors may act at different spatial
scales (Jongejans et al. 2010), and assessing the
relative importance of these scales will inform
whether general management strategies are applicable
or if a case-by-case approach is needed (Pauchard and
Shea 2006). Invader performance is therefore ideally
assessed at multiple spatial scales and in various
invaded habitat types within a broad distributional
range, but this has only occasionally been done
(Pauchard and Shea 2006; Traveset et al. 2008).
Performance in the field may be measured by abun-
dance and individual performance-related demo-
graphic traits such as survival, growth and fecundity.
Such field data can be used to evaluate whether
environmental factors that were previously identified
by experiments under controlled conditions are indeed
important under natural situations, where multiple
ecological and genetic factors interact (Colautti et al.
2014).

We here use invasive populations of common
ragweed, Ambrosia artemisiifolia L. (Asteraceae) on
the European continent to identify what environmental
factors drive A. artemisiifolia performance, and at
what spatial scale. The species originates from North
America but has become a widespread invader on
several continents. It is an annual pioneer species that
can grow in a wide range of habitat types and climates
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(Essl et al. 2015). While germination from the long-
lasting seedbank can occur over several months in
spring and summer, reproductive structures are
formed after mid-summer. The monoecious species
produces pollen that is wind-dispersed and are an
important aeroallergen with severe implications for
human health (Smith et al. 2013). After pollen
production plants produce vast amounts of seeds that
fall straight to the ground in autumn and can result in
high plant densities in following years, which can
reduce crop yields (Kazinczi et al. 2009). Dispersal of
the seeds is mainly due to human activity (Chapman
et al. 2016; Karrer et al. 2011; Vitalos and Karrer
2009; von der Lippe et al. 2013), but waterways are
also reported to facilitate dispersal (Fumanal et al.
2007b). Climate change is expected to favour the
spread of A. artemisiifolia (Chapman et al. 2014;
Cunze et al. 2013; Essl et al. 2015) and to aggravate its
health impact (Hamaoui-Laguel et al. 2015). Current
chemical and physical management strategies against
the species applied in Europe aim at reducing plant
biomass, pollen or seed production, but are not
applicable in many non-crop habitats and often not
effective in long-term control (Buttenschgn et al.
2009; Karrer et al. 2011).

To effectively manage A. artemisiifolia in Europe,
it is vital to understand how the natural environment
affects demographic performance of this invader in
terms of amounts of pollen and seeds produced. An
earlier study in France found 30-fold variation in the
seasonal pollen production per plant, and 18-fold
variation in seed numbers among five sites, with
higher values on crop fields than on wasteland
(Fumanal et al. 2007a). A recent field survey in
various ruderal habitat types across Western Europe
found up to 10-fold variation in average seed produc-
tion per plant among twelve populations, but failed in

G. Fried

Laboratoire de la Santé des Végétaux, Unité entomologie
et plantes invasives, Anses, 755 avenue du Campus
Agropolis, 34988 Monferrier-sur-Lez, France

L. Kalatozishvili
Institute of Botany, Ilia State University, Botanical Str. 1,
0105 Thilisi, Georgia

A. Lemke

Department of Ecology, Chair of Plant Ecology and
Ecosystem Science, Technische Universitéit Berlin,
Rothenburgstr. 12, 12165 Berlin, Germany

attributing this to any environmental factor (Ortmans
et al. 2016). We conducted a field survey of 39
populations of A. artemisiifolia covering a much
broader latitudinal and longitudinal gradient (over
1000 and 3000 km, respectively), as well as most of its
important habitat types (Fig. 1). In need of a proxy for
individual pollen and seed production that can easily
be measured in the field, we first assessed the use of
plant volume for this purpose (Fumanal et al. 2007a).
Based on literature review, we then assessed a set of a
priori environmental factors likely to affect perfor-
mance of individual A. artemisiifolia at different
spatial scales. Specifically, we asked which environ-
mental factors, and at what scale, best explain spatial
variation in A. artemisiifolia plant volume across the
European continent? We finally used our data to
estimate pollen and seed production per surface area
and looked at patterns in variation across habitat types
and countries.

Materials and methods

A priori selection of environmental factors
and their spatial scales

Since we aimed to use plant volume of A. artemisi-
ifolia as a measure of its performance, we started by
conducting a literature survey on environmental
factors influencing its size or growth. We first selected
environmental factors acting in the direct neighbour-
hood of the plant. Both interspecific and intraspecific
competition reduce performance of A. artemisiifolia in
field and greenhouse experiments (Leskovsek et al.
2012a, b; MacDonald and Kotanen 2010; Patracchini
et al. 2011). The vegetation can be spatially hetero-
geneous, and neighbours are likely the most important
competitors. We therefore selected vegetation cover,
light competition and Ambrosia density to be assessed
atascale of only 0.5 m x 0.5 m (hereafter ‘plot’). We
then selected variables acting at the local scale (i.e. at
the scale of the site in which a population grows).
Experimentally increased temperature and water sup-
ply have been found to enhance aboveground growth
of A. artemisiifolia (Deen et al. 1998; Leskovsek et al.
2012b; Skalova et al. 2015), while the biomass of
plants from the French Alps grown in a common
garden was positively correlated with the temperature
of the provenance (Gallien et al. 2016). We therefore
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Fig. 1 Location of the 39 study sites used for the analyses, with
symbols according to the habitat type (AR arable, GR grassland,
IN infrastructure, RU ruderal). Areas shaded in blue indicate
areas known to be heavily colonized by A. artemisiifolia
(numerous and abundant stands) and with high levels of

expected better performance at locations with warmer
growing seasons (more growing degree days) and
higher levels of precipitation, and collected local
weather data. The species grows on a wide variety of
habitat types and soil textures (Essl et al. 2015;
Fumanal et al. 2008), which may result in differential
demographic performance. We expected plants to
grow taller on arable land because of likely higher
nutrient levels (Fumanal et al. 2007a; Karrer et al.
2011), but had no a priori expectations about the effect
of other habitat types and soils because literature on
this issue was lacking. Several regions in Europe are
recently colonised by the exotic ragweed leaf beetle
Ophraella communa LeSage (Miiller-Scharer et al.
2014). This leaf feeder preferably feeds on A.
artemisiifolia and has the potential to reduce its
growth and reproduction (Zhou et al. 2014), and is a
candidate biological control agent of A. artemisiifolia
in Europe (Lommen et al. 2017). We expected
negative effects of this beetle on the performance of
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allergies and/or damage to agriculture (based on Chapman
et al. 2016; Déchamp et al. 2009; Essl et al. 2015), while the red
oval connected to the picture of the ragweed leaf beetle
Ophraella communa indicates the area colonized by this
candidate biocontrol agent (based on Lommen et al. 2017)

A. artemisiifolia and assessed its presence at the sites.
Finally, geographical position is related to day length,
length of the growing season, and temperature, and
may result in regional patterns. Common garden
experiments indeed found reduced biomass with
increasing latitude (Leiblein-Wild and Tackenberg
2014). We therefore selected latitude, longitude and
altitude as environmental factors representing regional
factors. All selected variables at the three different
scales (“plot”, “site” and “regional”) were included
in the study design.

Study sites

We exclusively used sites with established populations
of A. artemisiifolia, constituting more than 200
individuals in an area of at least 30 m”. Different
climatic conditions (regional factors) were included
by covering as much of the geographic and altitudinal
range on the European continent as possible. In order
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to assess site-specific conditions, we selected sites
without clear environmental gradients. We aimed to
cover the most important habitat types of A. artemisi-
ifolia. As we focussed on non-human environmental
drivers, we only included sites without management of
ragweed, but accepted general vegetation manage-
ment by mowing and grazing (but not herbicides) to
include habitat types such as road and railway sides
and grasslands. These interventions only took place
outside the growing season of A. artemisiifolia to
avoid direct damage to them. Sites with disturbance of
the soil (e.g. cultivated fields) and immigration or
emigration of seeds (e.g. flooded river banks) were
excluded for the sake of our long-term objective to
quantify the demography of standing populations
including the soil seed bank. Complying with these
selection criteria, a total of 45 sites were selected, from
the most southern and eastern population in Armenia
over a latitudinal gradient up to northern Germany and
along a longitudinal gradient west to France (Fig. 1).
This selection covered most of the bioclimatic range of
this species on the European continent (Table S1).
All data were collected in 2014. Study sites were
classified as one of the following five habitat types:
arable (AR, formerly cultivated land, but fallow land
at the time of the study), grasslands (GR), infrastruc-
ture (IN, linear sites along and up to 10 m away from
roads or railways), riparian (RI, former river banks
currently non-flooded), ruderal (RU, unmanaged cur-
rently not human-disturbed land not belonging to any
of the above categories, e.g. gravel pits, waste
deposits, hunting terrains, terrains in urban or indus-
trial areas). The class of soil texture was determined
according to the 12 classes defined by the USDA (http://
www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/
?cid=nrcs142p2_054167) from a mixed sample of ten
100 ml subsamples of the upper 5 cm of soil in which A.
artemisiifolia seeds can germinate (Kazinczi et al.
2008). Four of the sites lay in Northern Italy and
Southern Switzerland, the area colonized by the beetle
Ophraella communa. The presence of this beetle was
confirmed for all the four sites. For each site, daily
weather data of 2014 were obtained from the nearest
weather station (2-89 km away, mean = 25 km away)
through the observation network ‘Global Summary of
the Day’, part of the World Weather Watch Programme
within the World Meteorological Organization. Six sites
had to be excluded from the analysis since their plants
were destroyed during the season by unexpected

management or flooding. Table 1 and Fig. 1 provide an
overview of the remaining 39 sites, which does not
include any riparian habitat type anymore.

Plots within sites

In order to detect environmental drivers at our smallest
spatial scale (“plot-level”), we created plots of 0.5 m
by 0.5 m within each site. Since competition effects
are important in the early developmental stages of A.
artemisiifolia (Fenesi et al. 2014), we started the study
once most plants were expected to have established,
but were still in an early vegetative stage (ca. June, but
the exact date differed according to phenology at the
specific site). Ambrosia artemisiifolia can be dis-
tributed patchily within sites (Fumanal et al. 2008),
allowing for the detection of potential intraspecific
density-dependent effects. We therefore placed
between 12 and 15 plots semi-randomly at each site
capturing the entire range of A. artemisiifolia densities
found within the site (with a minimum distance of 1 m
between them and from the outside border of the site).
For each plot, we counted the total number of
established A. artemisiifolia. As a general proxy for
competition we estimated the fraction of bare soil
within each plot as the fraction of the plot not covered
by any living vegetation (bare soil hence included
dead vegetation, litter, and rocks). As a proxy of
interspecific competition we estimated the fraction
covered by all vegetation other than A. artemisiifolia.
We visually classified how much the A. artemisiifolia
plants in a plot were on average suffering from
interspecific competition for light into three classes:
(1) not, when A. artemisiifolia was taller than the
other species; (2) somewhat, when they were
surrounded by other species of similar or taller
height but was not entirely overshadowed; (3) a lot,
when they were overshadowed. We re-assessed the
total number of A. artemisiifolia for each plot at
seed set (ca. September).

Plant performance

Upon establishment of the plots, we tagged randomly
chosen A. artemisiifolia individuals in each plot,
aiming for an average of 10 per plot. The performance
of the surviving tagged plants was assessed at seed set
when both male and female inflorescences are (still)
present (ca. September, but the exact date was site-
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were interpolated from the five preceding and five
subsequent days. Daily GDD was then calculated as
the degrees Celsius by which the average of the
maximum and minimum temperature at the site
exceeded the base temperature of 2 °C [the threshold
for A. artemisiifolia germination in the European
invaded range (Leiblein-Wild et al. 2014)].

Models of size-dependent reproduction

All computations and analyses were performed in R (R
Core Team 2014). We used the data of the sampled
plants from all 39 sites to analyse pollen and seed
production as a function of plant volume and biomass
(Fumanal et al. 2007a). We constructed four general-
ized mixed effect models for all combinations of
raceme length or female structures as response vari-
able, and volume or biomass as fixed effect (Table S2),
all log-transformed. When female structures were the
response variable, the type of female structures
counted (individual seeds or flower heads) was
included as a fixed effect. Site was always included
as a random effect on both the intercept and the slope,
and we used Gaussian distribution of errors (on the log
scale) and Restricted Maximum Likelihood to fit the
models.

Models of plant volume

We used the data from the survived, individually
tagged plants within the plots to examine the variation
in log-transformed plant volume within and across
sites (see Table 1 for the number of plots included in
the analysis). To quantify the amount of spatial
variation, we conducted a variance component anal-
ysis, using data from all 39 sites in a linear model with
plant volume as response, and plots nested within sites
as random effect. We then modelled variation in
individual plant volume as a function of environmen-
tal variables, using the subset of the 36 sites with
complete data of all environmental factors recorded
(indicated in column ‘env’ in Table 1). The general
procedure concerned the construction of linear mixed-
effect models with individual plant volume as the
response variable, environmental variables as the fixed
factors, and plots nested within sites as a random effect
on the intercept. They were fitted with an Identity link
function with Gaussian error distribution, Maximum
Likelihood, and the optimizing algorithm “optim”.

@ Springer

We created four models, each with a different set of
environmental factors as fixed effects: three repre-
senting the different spatial scales “regional”, “site”,
and “plot”, and a fourth, “total”, including all
environmental factors of all three spatial scales. The
“regional” factors included those related to geo-
graphic location (latitude, longitude and altitude). The
“site” factors comprised all other site-specific vari-
ables that were distributed patchily in space (habitat
type, fraction of clay in the soil, fraction of sand in the
soil, GDD, precipitation, the interaction GDD-precip-
itation, and Ophraella presence). The “plot” variables
were those measured at the plot level early in the
season when plants were still young (Ambrosia
density, bare soil, other vegetation, and light compe-
tition). All environmental factors were scaled to a
mean of zero and a standard deviation of one, after
which no collinearity occurred in any of the four
models (usdm package in R) (Naimi 2015). All four
models were then subjected to stepwise model selec-
tion by AIC with both forward and backward direction
of selection (Venables and Ripley 2002), resulting in
four reduced models. For all the four full and four
reduced models, we calculated the marginal R?
(representing the variance explained by the fixed
factors alone) and conditional R? (the variance
explained by the fixed and random factors) as an
indication of their fit (Nakagawa and Schielzeth 2013).

Models of per-area pollen and seed production

For all 39 sites, we combined observed plant density,
maturity, and plant volume at seed set with the site-
specific models on volume-dependent reproduction to
estimate the total number of pollen and seeds produced
per m>. Estimates of pollen per m*> were obtained for
each plot applying the formula pollen = d * f * vx
r+ mfh x p x m, where d is the observed density of
living A. artemisiifolia in the plot at seed set; f is the
fraction of living plants that had matured (fixed at the
average across our entire data set: 0.97); v is the
average volume per plant in that plot; r is the fitted
site-specific mean raceme length in cm per unit
volume as predicted by the linear regression model
of racemes on volume; mfh is the number of male
flower heads per cm raceme (fixed at 6.2, as calculated
from counts of 100 samples of 2 cm raceme from two
Italian sites); p is the number of pollen grains per
flower head [fixed at 421,875, from Weryszko-
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Fig. 2 Regressions of a, d total raceme length (in cm, a proxy
for pollen production), and numbers of b, e single seeds and ¢,
f female flower heads on a—c dry biomass (in g) or d—f plant
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Chmielewska and Piotrowska (2008)]; and m is the
multiplier 4 to scale pollen estimates per plot up to
estimates per m”. We similarly used the formula
seeds =d *f xv+sxm, where s is the fitted site-
specific number of single seeds produced per unit
volume as predicted by the linear regression model of
female structures on volume.

To assess the effect of habitat type, we constructed
linear mixed effect models with the log-transformed
density of pollen or seeds per plot as the response
variable. We used the same subset of 36 sites used in
the environmental models of plant volume. Besides
habitat type we included all other environmental
factors of the regional and site level (see “Models of
plant volume” section) as fixed effects, and site was
included as random effect on the intercept. Models
were fitted with an Identity link function with Gaus-
sian error distribution and Maximum Likelihood, after
which we applied a stepwise model selection by AIC

volume (cm3)

volume (cm3)

Dots represent observed values of individual plants and lines the
back-transformed fitted regressions for each site since all
analyses were performed on log-transformed variables

as described in “Models of plant volume” section. We
then performed a post hoc Tukey test for pairwise
differences between the habitat types.

To assess the effect of country, we constructed a
similar mixed effect model with only country as fixed
effect, using a sum contrast (where the average
response across all countries is the base). We used
data of all 39 sites. Estimates of countries were
considered to deviate significantly from average when
their confidence interval did not overlap this average.

Results
Size-dependent reproduction
Total raceme length (a proxy for pollen production)

and seed production per plant were to a very large
extent determined by plant size, while sites differed in

@ Springer



1484

S. T. E. Lommen et al.

Table 2 Comparison of all models used to explain variation in the volume of individual plants

Model df RMSE logLik AIC AAIC Marginal R*> Conditional R
TotalReduced 11 1.802 -5870.2 11764.4 0.0 0.273 0.648
PlotReduced 6 1904 -5880.0 11774.1 9.7 0.042 0.634
Total 19 1.784 -5867.2 11774.4 10.0 0.321 0.656
Plot 7 1905 -5880.0 117759 11.5 0.042 0.635
SiteReduced 11 1.869 —5882.1 117883 239 0.246 0.678
RegionalReduced 4 1.936 —5889.2 117884  24.0 0.080 0.672
Site 12 1.854 -5881.4 11788.8 244 0.262 0.679
Regional 6 1932 -58889 11791.7 273 0.088 0.672
Null 3 1988 -58922 117924  28.0 0.000 0.674

All models include a random effect of plots nested within site. The regional, site and plot model each include a different set of
environmental variables as fixed effect as indicated in Table 1, and the total model includes all of them. The reduced models (shaded)
are those after stepwise model selection in both forward and backward direction, based on AIC. The null model only includes the

random effects

the intercept and slope of these relationships (Fig. 2).
Although plant biomass and volume were tightly
correlated (Pearson correlation = 0.996), plant bio-
mass alone performed better than plant volume in
explaining variation in raceme length (82 vs. 74%
respectively) and seed production (74 vs. 59%
respectively). With respect to seed production, there
seems to be more variation between sites in the
number of flower heads (Fig. 2c, f) than in the number
of single seeds (Fig. 2b, e). Considering the random
effect of sites raised the explained variation of all
models to 85-91% (Table S2). Since only plant
volume had been measured for plants in plots, we
used the corresponding models on plant volume
including the random effect of site for the consecutive
analyses on pollen and seed densities later on.

Drivers of plant volume

Seventeen percent of all 4438 tagged plants died
before having matured when checked at the time of
seed set. Of the remaining ones, 96.5% had matured.
The volume of a total of 3412 plants in 457 plots in the
39 populations was recorded (see number of plots with
plants measured per site in Table 1). Most of all the
variation in these plant volumes was related to
differences between sites (53.5%, average plant vol-
ume per site is indicated in Table 1) but plots within
sites also contributed to variation (13.7%), while the
remaining 32.8% represented size variation between
individual plants within plots.
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The reduced, more parsimonious models fitted the
data nearly as good as the full models (maximum 0.8%
difference in conditional R?, Table 2). The environ-
mental factors in the reduced site model explained
more variation (25%, marginal R? in Table 2) than the
reduced regional (8%) and the reduced plot model
(4%). Not surprisingly, the reduced total model which
included environmental factors from all spatial scales
was better (27%).

The total reduced model (Table 3, Table S3 for
correlation coefficients of fixed effects) contained
environmental factors of all spatial scales. At the
regional level, altitude was correlated with smaller
plant volumes (Fig. 3a). At the level of the site,
weather and soil variables affected plant volume.
Specifically, growing degree days were positively
related with plant volume for high levels of precipi-
tation, but negatively for low levels of precipitation
(Fig. 3b). The fraction of sand was negatively related
to plant volume (Fig. 3c). At the level of the plot, more
bare soil (Fig. 3d), higher Ambrosia densities (Fig. 3e)
and higher cover by other vegetation (Fig. 3f) were all
negatively related with individual plant volume. The
estimates of the environmental factors and the corre-
lation coefficients of the three other reduced models
are presented in Table S4-9.

Patterns of pollen and seed densities

Combining data on plant density and volume per plot,
we found that the estimated pollen and seed
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tion of sand in the soil, d the fraction of bare soil, e Ambrosia
density, and f the fraction of soil in the plot covered by
vegetation other than Ambrosia

one of the Swiss sites with lowest values of all sites.
Comparing countries, sites in Croatia, Hungary and
Romania generally produced more than average
(Fig. 4).

@ Springer



1486 S. T. E. Lommen et al.
(a) (b)
28 — * * * 14 * *
[o]
il 26 il -- T N"-* T - T
Tl =2 47137 | T
] 1 1 ! 1 1 by 1 T
gL, Dan I Tag ] o
c - B ittt ) = -r- - — el e o T- -
2 - HEH o T TR
sz217MHg BiT i H:TH| 8 TGt
o | I ] a4 1 < () | -~
S 20 : L 8g 4 5 I
D o) 1 jod 1
o [ o o4
18 — i
L ° °
16 *

P e e e e < e - < S

ISIAEE L R R RS

Fig. 4 Estimated amounts of a pollen and b seeds produced per
m® per country ordered by longitude (FR France, CH
Switzerland, IT Italy, SI Slovenia, HR Croatia, AT Austria,
HU Hungary, SK Slovakia, PL Poland, ME Montenegro, RO
Romania, TR Turkey, AM Armenia). Numbers of sites per
country are indicated below the labels. Boxplots represent the

P e e e e < e < S
ISR R N RS A

variation across plots within sites, with the thick line as the
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1.5 times the interquartile range, and dots data points outside the
whiskers. Asterisks indicate countries whose production signif-
icantly deviates from the overall average

Table 3 Effect of all environmental factors of the best model (“Total Reduced”) on individual plant volume

Environmental factor Scale Estimate SE df t value p value
(Intercept) 7.664 0.219 2609 34.930 0.000
Altitude Regional — 0.621 0.215 30 — 2.883 0.007
Fraction sand Site — 0.538 0.226 30 — 2383 0.024
GDD Site 0.044 0.220 30 0.200 0.843
Precipitation Site 0.099 0.216 30 0.461 0.648
GDD x precipitation Site 0.712 0.283 30 2.515 0.018
bare soil Plot — 0.602 0.131 379 — 4.588 0.000
Ambrosia density Plot — 0.296 0.070 379 — 4.249 0.000
Other vegetation Plot — 0415 0.117 379 — 3.548 0.000

The generalised linear mixed-effects model included all environmental variables remaining after stepwise AIC-based selection of
factors. Scale represents the spatial scale of the environmental variable; Estimates represent coefficients of log (plant volume in cm®)
with their SE; the 7 value is the ratio between the estimate and its SE, and the p value the probability that this -statistic is drawn from

a standard r-distribution with “df” degrees of freedom

The environmental models of pollen (Table S10-
11) and seed densities (Table S12-13) obtained after
stepwise AIC selection were significantly better than
their respective null models (both L-ratio = 27,
p < 0.01), and both contained the effect of habitat
type. Ruderal sites produced the lowest densities,
significantly less pollen than arable sites (Fig. Sa,
Table S11), and significantly less seeds than sites
along infrastructure (Fig. 5b, Table S13). Effects of
altitude and the interaction between GDD and precip-
itation were similar in models of pollen and seeds
(Table S11, S13) as those found in the model of plant
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volume (Table 3). The model of seeds included factors
not found in the model of plant volume: latitude and
the presence of Ophraella were negatively related to
the density of seeds produced (Table S13).

Discussion

We established that plant volume measured in the field
serves well as a proxy for total raceme length (related
to pollen production) and seed production, in line with
Fumanal et al. (2007a). Plant volume can easily be
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measured in the field, and is hence a practical
predictor. In contrast to Fumanal et al. (2007a), we
found plant dry biomass to be an even better predictor
which should hence be favoured if destructive sam-
pling is possible. For the study of demographic
performance of undisturbed populations this destruc-
tive measure is less suitable. Either of these size
measures explained more variation in raceme length
and seed production than site identity. This highlights
the relevance of assessing individual plant size for
estimates of total local pollen and seed production, and
the necessity of a large sample of plant sizes per site.
We found, however, the precise relationship between
size and reproductive measures to be site-specific,
indicating that very precise estimates of pollen and
seed production require assessing this relationship at
the level of the site.

Most of the variation in A. artemisiifolia plant
volume stemmed from variation among sites, although
a remarkable amount of variation existed between
individuals within plots within sites. Variation in plant
size of A. artemisiifolia was previously found in field
surveys in smaller geographical areas (Fumanal et al.
2007a, 2008; Ortmans et al. 2016), but our study
shows that variation across sites (rather than across
regions) is also the most important spatial level when
examined across the entire European distribution of
the species. Local conditions and not regional gradi-
ents were also found to drive demographic variation in
two closely related species, Ambrosia trifida and
Helianthus annuus, on corn fields in the US (Wortman
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sites, with the thick line as the median, the boxes representing
the quartiles, and the whiskers 1.5 times the interquartile range,
and dots data points outside the whiskers. Habitat types with
similar letters do not significantly differ in their production

et al. 2012). Spatial variation in plant volume of A.
artemisiifolia was best explained, however, by com-
bining explanatory information from all levels (i.e.
regions, site and plot; Table 3).

The most important factors at the local scale
determining plant volume were the weather (the
interaction between temperature and precipitation),
and soil type. Higher temperatures resulted in larger
plants at high levels of precipitation, but not at low or
intermediate levels of precipitation. This is in line with
experimental work where A. artemisiifolia growth
aboveground was increased by elevated temperature
and water supply (Deen et al. 1998; Leskovsek et al.
2012b; Skélova et al. 2015), and with reduced growth
in response to drought found in a field experiment
(Leiblein and Loesch 2011). This result is also
consistent with poor climatic suitability in Mediter-
ranean regions due to summer drought stress (Essl
et al. 2015). It is the first time that a relation between
size of A. artemisiifolia and the fraction of sand in the
soil is found. Ambrosia artemisiifolia is known to
occur in many soil types and laboratory experiments
have not revealed effects of soil type so far (Onen et al.
2017).

Our field survey also identified effects at the scale
of the neighbouring vegetation on A. artemisiifolia
plant volume, confirming the negative effects of
interspecific and intraspecific plant competition found
earlier by experimentation (Leskovsek et al. 2012a, b;
MacDonald and Kotanen 2010; Patracchini et al.
2011). This result is in accordance with the process of
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biotic resistance (Levine et al. 2004) and supports the
idea of competitive vegetation as a control method for
annual invaders such as A. artemisiifolia (Gentili et al.
2015). Our study, however, outlines the importance of
local conditions in determining the volume of A.
artemisiifolia independent of vegetation cover. For
management through interspecific competition it
would therefore be relevant to assess potential inter-
actions between habitat and vegetation cover. It seems
contradictory that we also found a negative effect of
bare soil on the volume of A. artemisiifolia. This may
be explained by the fact that ‘bare soil’ included litter
(which reduces early plant growth), rocks, or that high
values of bare soil could reflect lower quality spots
(i.e. stronger abiotic constraints) resulting in less plant
growth in general. At the regional scale, altitude was
related to smaller plant volumes. As models also
included the GDD, this suggests that other conditions
of sites at altitudes than lower temperatures reduce
plant volume.

Overall, several a priori suspected environmental
factors were indeed shown to affect individual A.
artemisiifolia plant volume in our field populations.
We confirmed the relevance of all factors that were
previously identified in experimental work (GDD,
precipitation, vegetation cover, Ambrosia density),
except for latitude. Our study provided insight in the
relative importance of these factors, which are often
tested individually in experimental settings. For
instance, the neighbouring vegetation and bare soil
largely influenced plant volume given the local
conditions (Table 3), but these variables alone only
explained little (4%, Table 2). We found no support
for effects of other factors that were based on non-
experimental literature (habitat type, the presence of
Ophraella, and light competition). The effect of
habitat type and Ophraella may not have been
detected due to the lack of a full factorial design,
while our method of scoring light competition likely
yielded too little variation.

The large unexplained variation in A. artemisiifolia
volume between individuals within plots is likely to be
the result of differential timing of seedling emergence,
and potentially from large intra-population genetic
variation that is typical of invasive populations of A.
artemisiifolia (Gallien et al. 2016; Gaudeul et al. 2011;
Genton et al. 2005). Our study focussed on spatial
variation, but we acknowledge that temporal variation
in the environment plays an important role in variation
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in plant performance in an annual species. Environ-
mental drivers such as weather and vegetation cover
vary temporally. We therefore expect the volume of A.
artemisiifolia plants to also vary from year to year and
to change with vegetation succession. In addition,
populations of A. artemisiifolia may adapt to the
environment over evolutionary time. Previous studies
found that phenotypic plant traits of A. artemisiifolia
change with the residence time of populations (Fenesi
and Botta-Dukat 2012) and adaptations to frost
(Leiblein-Wild et al. 2014), shorter day length
(Leiblein-Wild and Tackenberg 2014), and lower
temperatures at higher elevations (Gallien et al. 2016)
have already been detected in Europe. Unfortunately,
the invasion history of most of our sites was unknown.

Total numbers of pollen and seed produced locally
depend on the abundance, density and size of A.
artemisiifolia. Lacking accurate data on abundance at
the scale of sites or regions, we used the density and
volume of A. artemisiifolia to estimate pollen and seed
production per square meter land, and assessed how
much these vary between our selected habitat types
and European countries. Ruderal sites produced low-
est densities of pollen and seeds (Fig. 5). This may
partially be explained by a relatively high fraction of
bare soil in this habitat (Fig. S2) reducing plant size.
Arable land produced higher densities of pollen, in
line with earlier findings from France (Fumanal et al.
2007a), emphasizing the need for controlling popula-
tions of A. artemisiifolia on (ex-)arable land from a
health perspective, too. Sites along infrastructures
produced higher densities of seeds, emphasizing the
importance for management along road sides and
railways, which are a main source for dispersal of
seeds (Chapman et al. 2016). The analysis also
revealed the negative effect of altitude on pollen and
seed densities (Table S10), maybe because altitude
strongly reduces plant size (Fig. 3a). Interestingly, the
leaf beetle Ophraella was also associated with lower
seed densities produced (Table S10), which might be
explained by lower A. artemisiifolia densities resulting
from seedling mortality (Lommen et al., personal
observations). This is promising from the perspective
of biological control, but assessing the potential
impact of this biological control agent requires data
on the impact at the population level (Hahn et al. 2012;
Morin et al. 2009).

The top-3 of countries with highest densities of
pollen and seeds produced consisted of Croatia,
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Romania and Hungary. Despite the small number of
sites per country, our results are in line with the fact
that highest annual amounts of airborne pollen are
recorded on the Pannonian Plain, which includes these
countries and is highly infested with A. artemisiifolia
(Sikoparija et al. 2017). We had expected low
densities of pollen in Italy, where all sites are located
on the Po Plain and are colonised by the Ophraella
beetle. Although the Po Plain is one of the major areas
infested with A. artemisiifolia in Europe (Essl et al.
2015), pollen numbers have dramatically decreased in
this area since the Ophraella beetle was detected in
2013 (Bonini et al. 2015). Italy was among the
countries with low pollen densities but its numbers
were not significantly different from average.

We recognise that our study is an observational one
and that correlations found do not necessary reflect a
causal relationship, even though many results corrob-
orate earlier experimental work. In addition, the set of
study sites included in this study is influenced by the
local legislation regarding management of A. artemisi-
ifolia (in some regions it was not allowed to leave
populations unmanaged for the study), the availability
of local researchers, and the local prevalence of
infested habitat and soil types, therefore not comply-
ing with a full factorial design. We also acknowledge
that our results only apply to undisturbed, unmanaged
sites, and that management can greatly affect plant
growth, pollen and seed production, as has been
demonstrated for mowing regimes (Milakovic et al.
2014; Simard and Benoit 2011).

Conclusions and outlook

Our study shows that per-capita pollen and seed
production can be predicted well from plant volume
data in the field and that variation in plant volume
depends mainly on the local environment. We also
found that densities of pollen and seed production per
surface area vary with habitat type. These results
imply that the effort needed for management inter-
ventions of A. artemisiifolia cannot be generalised to a
regional scale, but should be adapted to the local
conditions. This is the first field study that identifies
local environmental drivers related to individual
performance of A. artemisiifolia in the field, which
may help to prioritise management based on such local
conditions. Spatial models of airborne A. artemisiifo-
lia pollen (Karrer et al. 2015; Skjoth et al. 2010) could

also be refined by including the environmental drivers
we identified using corresponding environmental
filters with a high local resolution. To assess the
long-term pollen and seed production of populations
of A. artemisiifolia, however, we need to understand
the effect of environmental factors on all demographic
vital rates, including establishment and survival rates
of plants over summer and the long-term survival rate
of seeds in the soil seed bank.
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