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Abstract The knowledge of phenotypic variation in

the European range of the highly allergenic Ambrosia

artemisiifolia L. (common ragweed) is not entirely

complete, even though it is an invasive species of

utmost concern. We hypothesized the prevalence of

phenotypic differentiations between common ragweed

populations in the introduced range, and we assumed

that those differentiations were related to environmen-

tal conditions at the points of origin. Using a common

garden experiment, we investigated biomass allocation,

growth rates, and flowering phenology of 38 European

common ragweed populations originating from a major

geographical gradient. We observed considerable phe-

notypic variation in growth parameters and flowering

phenology, e.g. mean aboveground biomass varied

from 23.3 to 47.3 g between the populations. We were

able to relate most measured traits with environmental

parameters prevailing at the points of origin. For

example, early growth of ruderal populations was

highly correlated with temperature and precipitation at

the point of origin. Late growth and flowering phenol-

ogy were highly correlated with latitude, i.e. individuals

from northern populations grew smaller and flowered

and dispersed their pollen and seeds up to 5 weeks

earlier than individuals from southern populations. We

also found a longitudinal gradient in flowering phenol-

ogy which has not yet been described. The existence of

such a high variability in the introduced range may

facilitate further range expansion. We suggest that the

correlation with environmental variables rests upon

genetic variation possibly due to adaptations to the

respective environment. To clarify if such adaptation

results from multiple events of introduction or as

evolutionary response after introduction, genetic inves-

tigations are needed.
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Introduction

Ambrosia artemisiifolia L. (common ragweed) is one

of the most dangerous invasive alien plant species in

Europe due to its strongly allergenic pollen and due to

its successful and continuing invasion of central and

northern Europe (Alberternst et al. 2006; Otto et al.

2008). Its potential range in Europe is expected to

increase with climate change (Cunze et al. 2013). In
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this work, we investigate phenotypic variation of

common ragweed populations that originate from a

major geographical gradient in the invasive range of

Europe.

Clinal variation, i.e. phenotypic variation over a

distributional range of a species which is correlated

with environmental parameters, is characteristic for

many species (e.g. Becker et al. 2006; Joshi et al.

2001). It typically results from environmental heter-

ogeneity and is often correlated with latitudinal or

altitudinal gradients (Bruelheide and Heinemeyer

2002; Chun et al. 2011; Weber and Schmid 1998).

The amount of phenotypic variation between popula-

tions may help to estimate further range expansion and

to understand evolutionary trends (Hierro et al. 2009).

For A. artemisiifolia, the knowledge on phenotypic

variation in Europe is still incomplete, as most studies

only investigate populations from one or few points of

origin. Their results yield an important contribution

for understanding aspects of the species0 ecology and

range dynamics, but may also be limited in their

explanatory power due to the high variability of the

species (Fumanal et al. 2007; Paquin and Aarssen

2004). In the native range in North America, the

existence of different ‘ecotypes’ which vary in height

and the time of flowering along a latitudinal gradient

has been demonstrated (Dickerson and Sweet 1971).

Studies on phenotypic variation in Europe mainly

refer to some French A. artemisiifolia populations

(Fumanal 2007; Hodgins and Rieseberg 2011). How-

ever, studies which investigate phenotypic variation of

populations all over the current range of distribution in

Europe are missing. Furthermore, relations of pheno-

logical traits to factors other than latitude have not

been analyzed, although the potential geographical

range of many plant species is primarily determined by

temperature and precipitation (Reznik 2009).

In temperate latitudes, changes in the length of day

(LOD) act as reliable cues of oncoming changes in

seasonality and temperature (Bradshaw et al. 2004).

Especially annual plant species such as A. artemisii-

folia strongly depend on the appropriate timing of

development and reproduction to persist at a site

(Thomas and Vince-Prue 1997). Thus, as in many

other plant species (Van Dijk and Hautekèete 2007),

the flowering period is regulated by the seasonal LOD

in A. artemisiifolia (Allard 1945). Recent studies

emphasize the importance of LOD affecting range

expansion of introduced species (Saikkonen et al.

2012). However, to our knowledge it has not yet been

tested, whether A. artemisiifolia populations from

different points of origin differ in their LOD

requirements.

In Europe, A. artemisiifolia mainly grows as weed

in crops or in disturbed habitats (Kazinczi et al. 2008).

The environmental conditions between these sites may

differ considerably, e.g. soils at agricultural sites are

usually deep and contain more nitrogen than ruderal

sites, due to fertilization. Nitrogen has a positive effect

on biomass allocation and seed production of A.

artemisiifolia (Leskovsek et al. 2012) and may

influence reproductive traits of the offspring indirectly

via maternal effects.

The purpose of our study is to fill the gap of

knowledge on phenotypic variation of A. artemisii-

folia populations across the current introduced range

in Europe, and to analyze whether differences in

growth and flowering traits can be related to

differences in the environment at the respective

point of origin. We hypothesize that (1) variation in

growth rates, biomass accumulation and flowering

phenology exists in A. artemisiifolia populations

from different points of origin within Europe, (2)

the differences between populations are related to

climatic parameters, specifically temperature, pre-

cipitation and length of day (LOD) at the point of

origin, (3) populations from agricultural sites show

increased seed mass, growth rates and biomass

accumulation due to benefits from increased nitro-

gen availability at the maternal environment, and (4)

the timing of flowering phenology which is regu-

lated mainly by the LOD does not differ between

populations from different habitat types.

Materials and methods

Species description

Ambrosia artemisiifolia L. (Asteraceae) is an annual

plant species native to North America where it grows

in open grasslands or as a competitive weed in crops.

In Europe, A. artemisiifolia mainly grows in disturbed,

open habitats (ruderal sites) or as a weed in crops

(agricultural sites, Kazinczi et al. 2008). The species is

monoecious with staminate flowers arranged in leaf-

less racemes at the end of shoots and branches, and

pistillate flowers in the shoulders of the upper leaves
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and on the bottom of male racemes (Brandes and

Nitzsche 2006). The wind-dispersed pollen of A.

artemisiifolia is a strong allergen and may cause hay

fever and dermatitis (Taramarcaz et al. 2005). A.

artemisiifolia reproduces via seeds which are viable

up to 39 years (Toole and Brown 1946) and need a

Table 1 Provenances and biogeographical characteristics of 38 European A. artemisiifolia populations

Lat (�N) Lon (�E) Country code Region Habitat PopID Prec (mm) Temp (�C) LOD (h)

53.550 10.000 GER Hamburg R 28 76.0 16.5 16.04

51.767 14.469 GER Cottbus R 33 64.3 18.1 15.77

51.754 13.963 GER Calau A 31 64.7 18.0 15.76

51.754 13.973 GER Calau A 32 64.7 18.0 15.76

51.188 6.793 GER Düsseldorf R 38 77.7 17.8 15.68

50.091 8.553 GER Höchst R 29 64.3 18.0 15.53

50.087 14.472 CZ Prague R 34 69.0 17.8 15.53

49.794 8.606 GER Pfungstadt A 30 67.3 18.2 15.49

49.701 9.274 GER Miltenberg R 0 76.3 17.3 15.48

49.54 8.465 GER Mannheim R 21 69.0 18.4 15.46

49.534 8.466 GER Mannheim R 20 69.0 18.4 15.46

49.261 8.591 GER St.Leon-Rot A 19 73.0 18.6 15.42

49.107 8.453 GER Karlsruhe R 18 74.3 18.7 15.41

49.044 8.393 GER Karlsruhe R 17 74.3 18.8 15.40

48.995 8.400 GER Karlsruhe R 16 75.0 18.8 15.39

47.671 19.672 H Hatvan R 24 57.0 20.0 15.23

47.668 9.164 GER Konstanz R 36 110.7 17.9 15.23

47.632 19.449 H Bag R 23 57.3 20.0 15.22

47.463 19.231 H Budapest R 22 57.0 20.3 15.20

47.324 5.127 F Quetigny A 1 66.7 18.7 15.19

47.217 5.529 F Longeault A 2 76.7 18.7 15.17

47.212 19.389 H Újhartyán A 25 55.7 20.4 15.17

47.190 5.257 F Tart-l’Abbaye A 3 69.3 18.9 15.17

47.183 5.255 F Tart-l’Abbaye A 4 69.3 18.9 15.17

46.887 19.539 H Ballószög A 26 56.3 20.3 15.14

46.883 19.557 H Ballószög A 27 56.3 20.3 15.14

46.769 17.248 H Keszthely A 37 75.0 19.9 15.12

45.781 5.038 F Meyzieu A 7 70.0 19.7 15.01

45.771 4.988 F Meyzieu R 6 69.7 19.7 15.01

45.766 5.067 F Pusignan A 8 70.7 19.7 15.01

45.746 5.073 F Pusignan R 5 71.3 19.6 15.01

45.049 4.984 F Granges-les-Beaumont R 9 63.7 20.2 14.93

45.046 4.984 F Granges-les-Beaumont A 10 63.7 20.2 14.93

45.038 5.014 F Romans-sur-Isère R 11 62.7 20.3 14.93

44.233 4.277 F Rivières A 15 46.3 21.2 14.85

44.229 4.318 F Tharaux R 14 48.7 20.5 14.85

44.032 4.531 F Saint-Hippolyte-de-Montaigu A 13 43.7 21.0 14.83

44.013 4.587 F Valliguières A 12 44.0 20.8 14.82

Lat latitude, Lon longitude; Habitat: R ruderal population, A agricultural population, PopID identification code for each population,

Prec mean precipitation between June and August, Temp mean temperature between June and August calculated from monthly data

(worldclim.org, Hijmans et al. 2005), LOD mean length of day from June to August (http://www.jgiesen.de/astro/astroJS/

rsTableWorld/index.htm)
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stratification to break dormancy, normally supplied by

winter temperature conditions.

Seed collection and experimental design

We measured the phenotypic development of vegeta-

tive and generative life history traits of A. artemisii-

folia populations from different European

provenances in a common garden experiment. In

2008, seeds from 38 European sites were collected

(Table 1). For each population we collected seeds

from 20 to 30 individuals to get a representative

subset. The geographical range was from 53.6�N

(Hamburg, Germany) to 44.0�N latitude (Valliguières,

France) and from 4.3�E (Rivières, France) to 19.7�E

longitude (Hatvan, Hungary, Table 1; Fig. 1). Sam-

pled habitats were classified as ruderal or agricultural

sites, populations from other habitats were not sam-

pled. According to Willemsen (1975), the seeds were

stored at ca. 3 �C in a fridge for at least 3 months

before starting the experiment to break dormancy.

In March 2009 around 60 seeds per population were

germinated outdoors in Frankfurt am Main (Germany,

50.1�N, 8.7�E) under natural temperature conditions

(mean temperature March: 6.1 �C). At the

developmental stage of two or four leaves, 19

randomly chosen seedlings per population were

transplanted into pots (2 l) with fertilized sand (slow

release fertilizer: Osmocote Exact Standard 5–6 M

(15 % N, 9 % P2O5, 12 % K2O); 6 g/l sand). The pots

were placed outdoors in a randomized way. To ensure

sufficient soil moisture content, the pots were watered

daily throughout the experiment which lasted from

April 15, 2009 to October 12, 2009 when the

individuals had finished their life cycle.

Aboveground biomass (ABM)

To reduce the number of required individuals, we

determined aboveground dry biomass (ABM) with a

non-destructive approach which was calibrated by

some destructive measurements (Tackenberg 2007):

At 6, 10, 12, 14, 16, 18 and 22 weeks after the

beginning of the experiment [Julian days (JD) 147,

175, 189, 203, 217, 231, and 259], we took digital

photos of five individuals per population (Nikon D90,

Tokyo, Japan). On the first two measurement dates the

photos were taken from the top due to low plant height.

From the third measurement date onwards we took

vertical silhouette photos in front of a bluish back-

ground. A red scale of defined size was located next to

the plant on each photo.

After taking the photos, two individuals per popula-

tion were harvested at each date. Aboveground dry

biomass (ABM)was determined afterdrying at 65 �C for

at least 7 days to a constant weight. Based on the

measured ABM values and the photos of these individ-

uals, we developed two linear models (one for the photos

taken from the top and the other for the silhouettes)

describing the correlation between the measured ABM

values and the projection area displayed on the photos.

For the analysis of the photos we used ImageJ (ImageJ

1.44, http://rsbweb.nih.gov/ij/) and a macro for semiau-

tomatic analysis. During the process of our image ana-

lysis, the red scale is first separated from the background

and used to calculate the pixel mm-2 ratio of the photo.

Second, the plant individual is separated from the

background. Third, the number of pixels of the plant is

counted and their projection area (mm2) is calculated as a

quotient of the number of pixels and the ratio (number of

pixels mm-2).

To normalize the skewed data, the projection area

and the ABM values were log-transformed. Based on

this data we developed two linear models, one for the

Fig. 1 Points of origin of 38 A. artemisiifolia populations

sampled along major latitudinal and longitudinal gradients in

Europe and used in the common garden experiment; cir-

cles = agricultural sites, triangles = ruderal sites
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pictures taken from the top [log (projection

area) = 0.989 * log (ABM) - 4.392, R2 = 0.92,

P \ 0.001], the second for silhouette photos [log

(projection area) = 1.076 * log (ABM) - 4.156,

R2 = 0.96, P \ 0.001]. Each model was fitted with

70 % of the values and validated with the remaining

30 % of values (the model for silhouette photos and its

validation is shown as an example in the Electronic

Supplementary Material (ESM, Fig. A1). Using these

two models, we calculated dry aboveground biomass

values of five individuals for each population

(N = 38) and date (N = 7) based on their projection

area, respectively. For the maximum aboveground

biomass (ABMMax), we defined the highest mean

ABM value of a population during the seven mea-

surement dates, irrespective of the absolute date.

Absolute growth rates (AGR)

We calculated absolute growth rates (AGR) from the

aboveground biomass values of five individuals per

population in three time intervals: (1) AGRJun

describes the early development of seedlings (between

May 27 and June 24, 2009), (2) AGRJul represents the

growth of partially blooming middle-aged plants

(between June 24 and July 22, 2009), (3) AGRAug

represents adult, completely flowering plants

(between July 22 and August 19, 2009). For each

population, the AGR values of five individuals were

averaged and used in further analyses.

Flowering dates

We conducted weekly observations on the floral stage

of common ragweed. Hereby, the developmental stage

of five or six randomly chosen individuals of each

population was assessed weekly between July 02,

2009 and October 12, 2009. For the assessment, we

chose the floral stage which was representative for

most blossoms of the whole plant individual.

We defined the following five stages each individ-

ual could achieve: (1) initiation of staminate flowers

(STA), i.e. the appearance of staminate buds on the

individual, (2) initiation of pollen release (PRini), i.e.

[50 % of staminate flowers of the individual are

open, (3) end of pollen release (PRend)), i.e.[50 % of

staminate flowers of the individual are withered, (4)

initiation of pistillate flowers (PIS), i.e. appearance of

pistillate flowers on the individual, and (5) dissemi-

nation (DIS), i.e.[50 % of seeds of the individual are

thrown off.

To analyze differences in the floral development

between the 38 populations, we plotted the proportion

of individuals per population which had entered the

respective floral stage (1) to (5) against the date of

observation. Using linear interpolation, we determined

the Julian day (JD) at which each floral stage was

reached by a threshold of 50 % of individuals for each

population (ESM, Fig. A2). This JD was defined as the

respective flowering date (FD) for each population

and was used for further analysis.

Climatic and biogeographical variables

Our data on temperature and precipitation, monthly

mean values of current conditions (1950–2000), were

derived from the WorldClim Global Climate Database

(Hijmans et al. 2005) with a spatial resolution of

1 km2. LOD for each population was calculated with

an open source software tool (http://www.jgiesen.de/

astro/astroJS/rsTableWorld/index.htm). We calcu-

lated mean LOD during June to August based on the

geographical coordinates of the populations. Since we

considered temperature, precipitation, and length of

day (LOD) during the main growing season as most

important, we used the mean averages of the months

June to August as explanatory variables.

Seed mass

The seed mass of all sampled populations was

determined. To determine average seed mass we took

five replicates of 50 randomly chosen seeds per

population. Seeds were weighed (CPA225D, Sarto-

rius, Germany) and mean mass was per seed calculated

for each population.

Statistics

We analyzed correlations of growth traits with geo-

graphical and climatic variables prevailing at the

points of origin. For these analyses we calculated

mean values from five individuals per population for

AGRJun, AGRJul, AGRAug, and ABMMax. To analyze

the Spearman rank correlation-coefficients of floral

dates with climatic variables, the Julian day of each

population (which was calculated with an average of

A common garden experiment 2007
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five individuals) was correlated with the explaining

variables. To explore possible differences of popula-

tion mean averages for each single response variable

(AGRJun, AGRJul, AGRAug, ABMmax, all floral dates)

between ruderal and agricultural populations, we used

the Mann–Whitney U test. When significant differ-

ences were not found, the values of both habitat types

were put together during further analyses. We ana-

lyzed the response variables for each habitat type

separately when differences were significant. All test

differences were considered significant at P \ 0.05.

All statistics were computed using R (Version 2.11.1,

R Development Core Team, 2011) or SPSS 20 (SPSS

Inc, Chicago, IL, USA).

Results

All individuals which grew from March till October

2009 (N = 160) flowered and produced seeds under

the local experimental conditions. The development of

aboveground biomass over time is presented in

Fig. 2a. We found significant correlations of early

growth, late growth and reproductive phenology with

climatic and geographical parameters, which are

presented in succession in the following.

Early growth of ruderal and agricultural

populations

From the mid of April to the end of June (JD 105–181)

the plant individuals grew slowly with absolute growth

rates (AGRJun) of 7.0–29.3 mg day-1 (Table 2).

Between the end of June and the end of July (JD

212) AGRJul increased to 81.9–132.3 mg day-1

(Table 2). As AGRJun and AGRJul was significantly

higher in populations originating from agricultural

sites (Mann–Whitney U test, P = 0.002, ESM Table

A1) we examined the possible correlations with

biogeographical variables for each habitat type sepa-

rately. For individuals from ruderal sites, AGRJun and

AGRJul were very negatively correlated with precip-

itation at the point of origin (Table 2). AGRJun was

positively correlated with temperature for ruderal

populations (Table 2). In contrast, no correlation

between AGRJun, AGRJul and latitude and longitude

was found for ruderal populations (Table 2). For

individuals from agricultural sites, no correlation of

AGRJun and AGRJul with any of the explaining

variables was found (Table 2). Seed mass did not

differ between populations from agricultural

(mean = 5.33 mg) and ruderal (mean = 5.94 mg)

habitats (Mann–Whitney U test, P = 0.411).

Late growth

AGRAug varied from 147.7 to 322.1 mg day-1 (Table 2).

As AGRAug and ABMMax did not differ between

populations from different habitat types (Mann–Whitney

U test, P[0.05, ESM Table A1), the measured data of

these variables were analyzed together. AGRAug was

negatively correlated with LOD, respectively latitude

during late growth (Fig. 2b), whereas no correlation

between AGRAug and precipitation or temperature was

observed (Table 2).

The maximal aboveground biomass (ABMMax) was

36.9 ± 5.9 g (mean ± SD) and was negatively cor-

related with latitude, respectively LOD, and highly

Fig. 2 Growth of A.

artemisiifolia populations

cultivated in a common

garden experiment.

a Aboveground biomass

(ABM) for seven harvest

dates; JD = Julian day,

N = 190 for each date.

b Absolute growth rate in

August (AGRAug) in relation

to the latitudinal origin

(Spearman q = -0.323,

P = 0.048); data points

show mean values of five

individuals per population

(N = 38)
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positively correlated with temperature at the point of

origin (Table 2). According to the BBCH scale the

developmental stage when ABMmax was achieved was

the principal growth stage 8 for weed species (ripening

or maturity of fruit and seeds, BBCH Monograph

2001).

Flowering phenology

The floral development of 160 A. artemisiifolia indi-

viduals over time is presented in Fig. 3. First staminate

buds arose by the end of June (JD 181, LODFrank-

furt = 16.34 h) in 4 % of individuals (Fig. 3a). By the

middle of July (JD 197, LODFrankfurt = 15.93 h), 10 %

of individuals had initiated staminate flowers. By

the end of July (JD 211, LODFrankfurt = 15.33 h),

70 % of individuals had developed staminate flowers,

which were opened in around 10 % (Fig. 3a). First

pollen release was observed on 16 July (JD 197,

LODFrankfurt = 15.93 h (Fig. 3a). Between 21 Aug. and

09 Sep. (JD 233–252, LODFrankfurt = 14.15 and

13.00 h, respectively) 90 % of all individuals released

pollen, thereafter pollen release decreased since the first

individuals started withering. Nevertheless, pollen

release continued until the beginning of October

(JD = 276) in a clearly reduced number of individuals

(Fig. 3a). First scattering of seeds was observed on JD

240 (LODFrankfurt = 13.74 h) in 0.6 % of individuals,

by the middle of October (JD = 276, LODFrank-

furt = 11.52 h) 92 % of individuals had scattered seeds

(Fig. 3b).

When comparing the population levels we found a

high level of intraspecific variation for all floral dates.

For example, the mean length of pollen release was

38 days, but varied considerably from 29 (Pop 36) to

62 days (Pop 31) between the single populations; the

initiation of staminate flowers varied from JD 183

(Pop 32) to JD 216 (Pop 15). For mean, minimum and

maximum values for all floral dates see Table 2. As

the flowering dates did not differ between populations

Table 2 Measured values of growth traits and floral dates and their correlation (Spearman rank correlation-coefficients) with

environmental parameters of the points of origin

Measured values Correlation with environmental parameters

Mean ± SD Min Max Lat Lon Prec Temp LOD

Growth traits

AGRJun (R) (mg d-1) 18.4 ± 4.0 11.6 26.5 -0.307 0.159 -0.689*** 0.540* -0.317

AGRJun (A) (mg d-1) 22.8 ± 4.8 7.0 29.3 0.157 0.283 -0.161 -0.002 0.157

AGRJul (R) (mg d-1) 100.7 ± 12.1 81.9 124.5 -0.027 0.323 -0.575** 0.205 -0.039

AGRJul (A) (mg d-1) 114.8 ± 12.8 85.8 132.3 0.025 0.183 -0.283 0.142 0.031

AGRAug (mg d-1) 259.0 ± 41.7 147.7 322.1 -0.323* 0.015 0.007 0.254 -0.324*

ABMMax (g) 36.9 ± 5.9 23.3 47.3 -0.567*** -0.227 -0.174 0.506** -0.568***

Floral dates

STA (JD) 207 ± 7 183 216 -0.403* -0.571*** 0.052 0.171 -0.404*

PRini (JD) 233 ± 10 196 244 -0.633*** -0.665*** -0.069 0.394* -0.634***

PRend (JD) 271 ± 6 258 280 -0.660*** -0.450** -0.234 0.557*** -0.662***

PRlength (number of days) 38 ± 7 29 62 0.162 0.351* -0.124 0.024 0.159

PIS (JD) 226 ± 7 205 237 -0.661*** 0.628*** -0.176 0.517*** -0.661***

DIS (JD) 265 ± 7 248 275 -0.699*** 0.467** -0.228 0.569*** -0.700***

AGRJun–AGRAug absolute growth rates as classified in ‘‘Materials and methods’’, R ruderal population, A agricultural population,

ABMmax maximum aboveground biomass, STA initiation of staminate flowers, PRini initiation of pollen release, PRend end of pollen

release, PRlength length of pollen release, PIS initiation of pistillate flowers, DIS dissemination, Min Minimum, Max Maximum, Lat

latitude, Lon longitude, Prec mean precipitation during June to August, Temp mean temperature during June to August calculated

from monthly data derived from worldclim.org (Hijmans et al. 2005), LOD mean length of day during June to August (http://www.

jgiesen.de/astro/astroJS/rsTableWorld/index.htm). Values in bold indicate significant correlations (P \ 0.05)

*** P \ 0.001, ** P \ 0.01, * P \ 0.05
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from ruderal and agricultural habitats (Mann–Whitney

U test, P [ 0.05, ESM, Table A1) they were put

together during correlation analysis.

All flowering dates (except for the length of pollen

release) were very negatively correlated with latitude

(Table 2; Fig. 4), i.e. northern populations started

staminate flowering, pistillate flowering, pollen

release and dissemination earlier than populations

from the South (Fig. 4). Floral dates were also

correlated with longitude (Table 2). The more eastern

the provenance of a population was, the earlier

staminate flowering phases occurred. Conversely,

eastern populations initiated pistillate flowers and

dissemination later than western ones (Table 2).

Accordingly, PRlength was positively correlated with

longitude. We also observed a highly significant

positive correlation of most measured floral dates

(except PRlength and STA) with temperature at the

point of origin (Table 2). Precipitation of the original

site was not correlated with any of the parameters

characterizing A. artemisiifolia’s floral development.

Discussion

We found evidence for the existence of considerable

phenotypic variation in growth rates, biomass accu-

mulation and flowering phenology across 38 European

A. artemisiifolia populations sampled along a major

geographical gradient. Similar phenotypic variation

was found in other invasive species (Kollmann and

Banuelos 2004; Montague et al. 2008; Weber and

Schmid 1998). Accordingly, a high variability

between common ragweed populations in the field

has been observed, such as size at maturity, which can

range from several centimetres up to 2.5 m height

(Bassett and Crompton 1975, own observations). Time

of flowering may also vary strongly between popula-

tions (Dickerson and Sweet 1971; Hodgins and

Rieseberg 2011). Phenotypic variation between pop-

ulations may occur in terms of clines especially along

large latitudinal or other environmental gradients

(Erfmeier et al. 2013) which we also observed in this

study. Whether this variability results from phenotypic

plasticity as a response to environmental conditions at

the respective site of origin or from genetic adaptation

has not yet been evaluated. Both, high phenotypic

plasticity (Parker et al. 2003; Richards et al. 2006) and

local adaptation (Dlugosch and Parker 2008; Lee

2002; Whitney and Gabler 2008), are seen as key

characteristics for the successful coping of invasive

species in new environments.

In our experiment, we found a high level of

intraspecific variation for many traits in the European

A. artemisiifolia populations. Since all individuals

from different populations were grown in the same

common garden and under the same experimental

conditions, it is reasonable enough to conclude that the

observed differences may result from genetic variation

and to some extent from maternal effects, especially

for early developmental stages. The prevalence of

such high phenotypic variation and the prevalent close

relation to environmental factors at the point of origin

points to a high selective pressure on growth charac-

teristics and flowering phenology in common rag-

weed. In contrast, for other common ragweed life

Fig. 3 Floral development

of A. artemisiifolia during

the year: proportion of

individuals (from 38

European sites and grown in

a common garden) in

different flowering phases.

a Staminate flowering and

pollen release. b Pistillate

flowering and

dissemination. JD = Julian

day, N = 160
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history traits, e.g. germination traits, no correlations

with environmental factors have been found, despite a

high level of variation between populations for these

traits (Leiblein-Wild et al. 2013). Most of the differ-

ences between populations observed in this study were

correlated with environmental parameters and/or the

geographical origin. For different developmental

stages (early growth, late growth and flowering

phenology) different relationships were found which

are discussed in the following.

Phenotypic variation of early and late growth

Early growth (AGRJun, AGRJul) was significantly higher

in agricultural populations than in ruderal populations.

Possibly, individuals originating from agricultural sites

may benefit from maternal effects due to increased

fertilization at these sites. Maternal effects may influ-

ence the performance of the offspring resulting in an

advanced early growth of the offspring (Mousseau and

Fox 1998; Räsänen and Kruuk 2007; Roach and Wulff

1987). However seed mass—which can be a direct cue

of high investment in the offspring and which increases

with increased nutrient supply (reviewed in Roach and

Wulff 1987)—did not differ between ruderal and

agricultural populations. Late growth, AGRAug and the

maximal biomass values (ABMMax) did not differ

between populations from agricultural and ruderal sites,

suggesting that possible maternal effects mainly affect

early developmental stages in A. artemisiifolia. Mater-

nal effects may have a substantial influence on an

individual’s phenotype at the early seedling stage, but

often these effects diminish over time (Mousseau and

Fox 1998; Roach and Wulff 1987).

Correlation of early and late growth

with environmental parameters

For ruderal populations, early growth (AGRJun and

AGRJul, measured under ‘optimal’ moisture condi-

tions) was negatively correlated with precipitation, i.e.

Fig. 4 Floral development of A. artemisiifolia populations in

relation to their geographical origin. a Initiation of staminate

flowers (Spearman q = -0.403, P = 0.01). b Initiation (Spear-

man q = -0.633, P \ 0.001) and end (Spearman q = -0.660,

P \ 0.001) of pollen release. c Initiation of pistillate flowers

(Spearman q = -0.661, P \ 0.001) and dissemination (Spear-

man q = -0.699, P \ 0.001). JD = Julian day, N = 38

b
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individuals originating from drier regions achieved

higher biomass than ones from moister regions. We

therefore hypothesize a possible selection to different

precipitation conditions. A. artemisiifolia is able to

adapt actively to different soil moisture conditions

(Leiblein and Lösch 2011). Thus, individuals from dry

habitats might have properties which allow them to

survive even at low precipitation levels. At our

experimental site, where moisture was good, these

individuals might have been able to use the water

resources more efficiently which is especially impor-

tant for early developmental stages. Accordingly, no

correlation was found between late growth (AGRAug)

and precipitation. For agricultural populations, no

correlation of AGRJun and AGRJul with precipitation

at the sites of origin was found. However, in southern

Europe agricultural sites are often irrigated and

therefore the precipitation data of the WorldClim

Database might be less appropriate to describe the

environmental conditions at these sites.

For late growth, variation in AGRAug and ABMMax

was correlated with latitude, respectively LOD:

Individuals from northern regions remained smaller

than those originating from lower latitude sites. This

finding is consistent with observations from Dicker-

son and Sweet (1971) who demonstrated the same

phenomena in the native range of common ragweed.

They found an even stronger correlation between

biomass and the latitudinal origin (Spearman q =

-0.95, P \ 0.001, ESM Fig. A3), but their observa-

tions covered a latitudinal gradient from 27�N to

46�N, whereas our experiments only cover a range

from 44�N to 54�N. But even when considering only

a similar latitudinal gradient of around 10� (37�N–

46�N) the correlation for North American popula-

tions remains stronger (Spearman q = -0.936,

P \ 0.001) than the one we observed for the

European ones. One reason for this might be found

in the invasion history of A. artemisiifolia. Since the

species is relatively new in Europe, adaptations to

environmental conditions may be not that strong yet

as in the native range. Furthermore, the income of

seed material from distinct sources, which is known

for A. artemsiifolia in Europe (Genton et al. 2005b),

may enhance genotypic variability at the points of

origin and attenuate local adaptation to environmen-

tal conditions.

ABMMax was very positively correlated with tem-

perature, i.e. populations originating from warmer

regions achieved the highest biomass. The tempera-

ture conditions at the experimental site were ca. 2 �C

warmer during the experiment than the mean temper-

ature for 1950–2000, and thus more typical for

temperature conditions in the centre or the south of

common ragweed’s current distribution in Europe.

Therefore, individuals from middle and southern sites

grew under conditions they also would have received

on average at their original site. If an adaptation to

temperature prevailing at these sites exists, these

individuals might have had an advantage leading to the

increased biomass that we observed in our experiment.

Alternatively, benefits from maternal effects of pop-

ulations from warmer provenances could explain the

increased biomass.

Phenotypic variation in flowering phenology

and correlation with environmental parameters

We found great differences for all floral dates between

the populations. As we hypothesized, flowering phe-

nology did not differ between populations from

ruderal and agricultural sites. Furthermore, we found

no correlation of flowering dates with precipitation

prevailing at the points of origin. Instead, the floral

development of A. artemisiifolia was highly correlated

with latitude, respectively LOD, and longitude. The

LOD at which the initiation of male flowering

occurred varied from 16.30 h (at JD 183 for Pop 32)

to 15.08 h (at JD 216 for Pop 15) between the

European populations. We therefore consider that

European populations might be adapted to a specific

LOD prevailing at their respective sites of origin. This

means each population would start flowering as soon

as a certain value of LOD arrives. For example, the

LOD given in July in the Brandenburgian region

(pops. 31–33) occurs in Frankfurt around 4 weeks

earlier. In consequence, populations adapted to the

Brandenburgian LOD would flower earlier under

Frankfurt LOD conditions, as we observed in our

experiment. Genton et al. (2005a) found similarities in

the flowering phenology of French and Canadian

populations: transplanted individuals from northern

regions flowered earlier than ones from the south.

These authors also suggest either an adaptation to a

similar photoperiod in similar latitudes or a common

origin from similar latitudes. For the native range a

similar latitudinal gradient has been described by

Dickerson and Sweet (1971).

2012 M. C. Leiblein-Wild, O. Tackenberg
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All floral dates were highly correlated with longi-

tude. A longitudinal gradient in flowering phenology

has not yet been described for A. artemisiifolia. Samis

et al. (2008) described a longitudinal gradient in the

onset of flowering in Arabidopsis thaliana with

eastern populations flowering earlier. Menzel et al.

(2005) suggest that longitudinal variation is at least as

significant as latitudinal variation for determining

seasonal onset in many plant species. It may result

from the climatic effects of continentality, which is

characterized by varying climatic effects of oceanic

current oscillations between coastal and continental

sites. As autumn arrives earlier in Eastern than in

Western Europe (Menzel et al. 2005), starting the

reproductive stage earlier may be crucial to fulfill the

life cycle, especially in annual plant species such as

common ragweed. Our findings for the male flowering

phases support the above mentioned assumption.

Surprisingly, we found converse correlations for

female floral dates, since the eastern populations had

later floral dates.

Regarding temperature, we found that pollen

release, initiation of pistillate flowers, and dissemina-

tion were correlated with temperature, while the onset

of staminate flowering and length of pollen release

were not. We suggest that a local adaptation to

temperature conditions prevailing at the point of origin

may exist for the first mentioned developmental stages.

The length of pollen release was not correlated with

any environmental variable except for a weak corre-

lation with longitude. However, the length of pollen

release varied considerably between the populations

so that it may be either genetically fixed or related with

factors other than the factors we investigated in our

study.

Possible origin of the local adaptation of European

common ragweed populations

Genetically determined clines in plant traits along

latitudinal gradients between populations of other

introduced species have been observed (Alexander

and Edwards 2010). Such genetic variation may arise

after introduction as an evolutionary response to

altered environmental conditions, or due to a survival

of best adapted genotypes at each provenance. Evo-

lutionary responses may occur within less than 20

generations (Prentis et al. 2008; Whitney and Gabler

2008). Especially in plants with a short generation

time (Jump and Penuelas 2005) this can happen within

a short time-span. As common ragweed solely repro-

duces sexually and is strongly self-incompatible

(Friedman and Barrett 2008) it should be able to

evolve rapidly.

Additionally, the observed variation may rely on

the survival of best adapted genotypes at each site.

This also seems reasonable enough for A. artemisii-

folia, since the species0 presence in Europe is the result

of several introduction events (Genton et al. 2005b).

For example, French A. artemisiifolia populations are

genetically highly diverse due to repeated introduction

events from North America (Genton et al. 2005b).

Furthermore, some authors argue that flowering phe-

nology of alien species is a genetically determined

trait that is modified very little when a species is

invading a new region (Godoy et al. 2009), which

contradicts the assumption of an adaptive response in

floral development after introduction.

From our experiment we cannot distinguish

between variation due to genetic differentiation as

evolutionary response and variation due to the survival

of best genotypes. To clarify this question, compar-

ative genetic studies analyzing North American and

European A. artemisiifolia populations over a big

spatial gradient are needed. As the absolute values for

phenotypic variation and their correlation with envi-

ronmental conditions are derived from a 1 year-

experiment, future studies of selection are required

to confirm our findings.
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