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a b s t r a c t

Ambrosia artemisiifolia L. is an annual plant species whose pollen is produced in high quantities and
may cause allergies and asthma. Originating from North America, it has become established in several
European countries. This leads to increasing costs in the public health sector of these countries. The aim of
our study was to characterize aspects of the species’ growth and ecophysiology, to assess the probability
of a further spread and widespread establishment in Central Europe.

For this purpose Ambrosia seedlings were cultivated under different soil moisture conditions. Growth,
root and stem tissue porosity, leaf chlorophyll contents and biomass allocation were measured. Addi-
tionally, gas-exchange measurements at leaf level were conducted.

Ambrosia grew best and had the highest net photosynthesis rates under moist soil conditions. Under
dry or waterlogged soil conditions the plants remained smaller, produced less seeds, and had lower
assimilation rates. However, even under waterlogged soil conditions Ambrosia was able to survive over

months and finally to produce seeds. Under such conditions root porosity increased 2.5 times as compared
with plants from dry soil. This reasonably improved the O2 transport within the waterlogged plant.
The measured gas exchange rates were comparable to those reported from the species’ native range of
occurrence. Light saturation of CO2 uptake was reached at 300 �mol photons m−2 s−1.

The results suggest that a further spread in Central Europe is very probable because of the broad
hydrological amplitude of the species and its generalist character concerning irradiation. Thus, control

ed, re
measures should be start

ntroduction

Common Ragweed (Ambrosia artemisiifolia L., Asteraceae) is an
nnual plant species native to North America which has become a
idespread neophyte in several European countries (e.g. Chauvel

t al., 2006; Török et al., 2003). In Germany, the species has not been
ble to establish on a large scale, so far. Since several years, how-
ver, there are reports of increased appearance of Ambrosia even in
eighbouring countries, e.g. Austria and Switzerland (Alberternst
t al., 2006). Also in Germany more and more reports appear about
xpanding local populations (Otto et al., 2008) most of them prob-
bly resulting from ragweed achenes that contaminate imported
irdseed. Ambrosia seems to benefit from higher minimum tem-

eratures and fewer days with frost encountered in recent years in
he context of climate change (Schmitz, 2004; Walther et al., 2002),
ince it flowers late in the year and does not start seed-production
ntil September/October.
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spectively intensified, timely.
© 2011 Elsevier GmbH. All rights reserved.

Because of its highly allergenic pollen the species is considered
as a risk for human health. About 20% of people suffer from allergic
reactions (e.g. Taramarcaz et al., 2005). In Hungary A. artemisiifolia
occupies the fifth position of a list of the most problematic plants
(Schrader, 2004). Also in other European countries like Italy (north-
ern areas; Mandrioli et al., 1998), Switzerland (Clot et al., 2002),
Austria (Jäger, 2000) and the Czech Republic (Rybnícek et al., 2000)
increasing amounts of Ambrosia pollen were measured during the
last few years. Furthermore, the number of days increased with a
critical pollen concentration (Puc, 2006).

Moreover, Ambrosia flowers in Europe from August until Octo-
ber when most other species producing allergenic pollen ceased
flowering. This means a longer exposure to pollen for allergic peo-
ple (Brandes and Nitzsche, 2007), a fact also leading to higher
costs for the public health sector (Bohren et al., 2005). To avoid or
reduce these effects, the species is already fought in many countries

(Taramarcaz et al., 2005).

Although there are studies about the allergenity and the present
state of its establishment in Germany (Otto et al., 2008), so far
we only know little about spreading mechanisms, growth, eco-
physiological parameters, and habitat requirements when growing

dx.doi.org/10.1016/j.flora.2010.09.011
http://www.sciencedirect.com/science/journal/03672530
http://www.elsevier.de/flora
mailto:mleiblein@senckenberg.de
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nder Central European climate conditions. However, these factors
hould be considered, especially in the context of the changing cli-
atic conditions. In fact, it is still uncertain whether Ambrosia will

e able to spread and establish permanently in regions of Germany
ith not as favourable climatic conditions.

Therefore, the aim of this study was to investigate the survival,
rowth and biomass development of Ambrosia artemisiifolia grow-
ng under the influence of different soil moistures. Furthermore, the
as exchange was investigated. The results may contribute to pre-
ict if there will be a serious danger of the species’ spreading and
stablishing widely in Central Europe and to estimate how urgent
ontrol measures will be.

aterials and methods

lant material

Mature Ambrosia artemisiifolia achenes (in the following also
alled “seeds”) were collected in autumn 2006 from a site of spon-
aneous occurrence near the Heinrich-Heine University campus of
üsseldorf, Germany. Air dried seeds were stored at room tempera-

ure before stratification at 7 ◦C in a fridge for at least 3 weeks before
he beginning of the experiments. The investigations were con-
ucted outdoors in the experimental fields of the Botanical Garden,
niversity of Düsseldorf (51◦11′N, 6◦48′W), in summer 2007.

rowth experiments

To investigate the influence of different soil moisture regimes
pon the species’ growth it was germinated and seedlings were
lanted into 30 l pots. The pots were filled with sand and fertil-

zed every three weeks with a nutrient solution containing 9% N,
% K2O, 4% P2O5, 0,04% Fe; the stock solution was thinned to a ratio
:80 with tap water. Two weeks after planting each of the pots was
djusted to one of three different water levels: Five pots were filled
p to 2 cm above soil surface (=waterlogged), other five pots were
atered up to 17 cm below soil surface (=moist), the last five pots
ad holes on the bottom (=dry). The soil moisture of each treatment
as measured during the whole experiment using TDR-sensors

Delta-T Device Ltd., Cambridge, UK) connected to a data logger
Squirrel 1250, Driesen & Kern, Bad Bramstedt, Germany). The pots
ere placed in a randomised block design under a rain shelter under

therwise natural temperature and irradiation conditions (screen
ffect: approx. 5% light reduction). To avoid position effects pot
ositions were randomised four times during the experiment. The
ater content of each cultivation group was kept constant during

he experiment. At the end of the experiment all plants were har-
ested. Biomass of leaves, shoots, roots, male flowers and female
owers/seeds was determined separately after drying at 65 ◦C to a
onstant dry-weight (dw).

as exchange measurements

As the individuals showed different growth rates between the
ifferent soil-moisture treatments, for each plant group diurnal
ourses of leaf gas exchange were measured using a leaf chamber
nalyser porometer (LCA4, ADC, Hoddesdon, UK). For the mea-
urements, adult but not yet senescent leaves were used. For
ach soil-moisture group at least five diurnal courses of CO2 gas
xchange were measured along with leaf temperature and pho-
osynthetically active photon flux density (PPFD) at leaf level.

ntervals of measurements were 6 minutes. Since Ambrosia leaves
re pinnate and thus, do not fill in the gas exchange chamber com-
letely, the measured values related to a window size of 6.25 cm2 of
he porometer chamber had to be re-calculated. For this, after each
iurnal the area of the leaf enclosed in the chamber was determined
206 (2011) 511–516

by scanning the respective leaf (UMAX, Astra 4700) and calculating
its area from the number of pixels. The measured CO2 exchange
rate was related to this leaf area.

Dependencies of CO2 gas exchange upon environmental param-
eters (leaf temperatures and PPFD) were determined by plotting
all CO2 exchange data from the diurnal courses against the cor-
responding values of the respective environmental parameter.
Following Jarvis (1976), the upper limit of the cloud of scattered
data points indicates the response to the respective variable (PPFD
and leaf temperature). Lower values result from limiting affects on
CO2 exchange caused by other variables.

Chlorophyll contents

The chlorophyll content of leaves was measured twice,
on 23 August 2007 and 1 October 2007. Following Ziegler
and Egle (1965) chlorophyll was extracted by using an
acetone–tris(hydroxyaminoethane)-buffer (ratio 80:20;
tris–hydroxyaminoethane as 0.05 m aqu. solution). The chloro-
phyll concentration of the solution was measured with a spectral
photometer (Novaspec II, Pharmacia Biotech, Cambridge, UK) at
647 nm, 664 nm and 750 nm, respectively. Chlorophyll contents
were calculated using the equations:

Ca = 11.78 × E664 − 2.29 × E647 (1)

Cb = 20.05 × E647 − 4.77 × E664 (2)

Ctot =
[

(Ca + Cb) × L

1000

]
/g dw (3)

where Ca, Cb = concentration of chlorophyll a, b in the given
dilution [mg/l]; E647, 644, 750 = extinction-value at the respective
wavelength; L = volume of the assay [ml]; Ctot = total chlorophyll
content, related to the sample dry weight [mg/g dw].

Porosity of roots and shoots

Since the species showed a high survival rate even under water-
logged soil conditions, we investigated if there was an increased
porosity of axial tissues which might enable the survival. The
porosity (POR) due to aerenchyma spaces of shoots and roots
was determined using a 25-ml pycnometer. Small pieces of roots,
respective shoots were gently blotted dry on tissue paper and
weighed exactly. After that, the roots or shoots were placed in
the pycnometer which was filled with double deionized water and
reweighed. In a second step, the plant material was removed from
the pycnometer, crunched completely using mortar and pestle,
returned into the pycnometer and weighed again. The porosity was
calculated using the following equation:

POR = PG − PR
P + R − PR

where PG = mass of pycnometer with crunched roots or shoots and
water, PR = mass of pycnometer with intact pieces of roots or shoots
and water, P = mass of water-filled pycnometer, and R = mass of
roots or shoots (Burdick, 1989).

Statistical analysis of the data

Statistical analysis was conducted with JMP (SAS Institute Inc.,
Cary, NC). Data from the harvest, aerenchyma volume (=tissue

porosity) and chlorophyll contents were analysed with analysis
of variance (ANOVA). Data were tested for normality and homo-
geneity of variances and transformed, if necessary. Significant
differences were identified by using the contrast procedure of JMP,
testing hypotheses about the least squares means.
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Table 1
Survival rates, biomass allocation, and shoot/root ratio of Ambrosia artemisiifolia cul-
tivated under different soil moisture conditions (moist, dry, waterlogged). Numbers
show mean ± SD, n = 15. Different superscript letters in a line indicate significant
differences with P < 0.05 for shoot biomass and P ≤ 0.01 for all other categories.

Soil moisture treatment

Moist Dry Waterlogged

Survival rates [%] 100 93.3 93.3
Total biomass [g dw] 9.55 ± 2.10a 6.34 ± 0.93b 3.47 ± 1.23c

Biomass shoot [g dw] 2.21 ± 0.89a 1.75 ± 0.67a 0.98 ± 0.43b

Biomass leaves [g dw] 1.69 ± 0.46a 1.32 ± 0.20a 0.51 ± 0.10b

Biomass male flowers [g dw] 0.47 ± 0.10a 0.43 ± 0.12a 0.20 ± 0.09b
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Fig. 1. Tissue porosity of roots and shoots (mean ± standard error) of Common
Ragweed cultivated under different soil moisture regimes (n = 15). Different letters
above root-related columns indicate significant differences (P < 0.001).

Table 2
Leaf chlorophyll content after one and two months plant growth of Ambrosia
artemisiifolia under different soil moisture conditions. Numbers show mean ± SD,
n = 15. Different superscript letters in a line indicate significant differences, P < 0.01
for (1), (4), P < 0.05 for (2).

Soil moisture treatment

Moist Dry Waterlogged

(1) Chlorophyll content after
30 days [mg g−1]

8.8 ± 0.6a 8.0 ± 0.7a 7.0 ± 0.5b

(2) Chlorophyll content after
69 days [mg g−1]

7.3 ± 0.5a 7.0 ± 1.3a 5.8 ± 0.7b

(3) Chlorophyll a/b ratio after
30 days

3.43 ± 0.28 3.44 ± 0.54 3.45 ± 0.69
Biomass female flowers [g dw] 1.49 ± 0.37b 1.05 ± 0.22a 0.47 ± 0.10c

Biomass roots [g dw] 3.60 ± 0.86b 1.72 ± 0.45a 1.25 ± 0.73a

Shoot/root ratio 1.70b 2.79a 2.16ab

esults

urvival and biomass allocation

The three soil moisture levels were: “waterlogged”, that cor-
esponds to soaked soil with water contents ≥39% (v/v), “moist”,
orresponding to 22% water content, and 5% under “dry” soil con-
itions. Different soil moisture levels had no effect on the survival
f Ambrosia. The seedlings survived under the three imposed water
evels and showed a survival rate of nearly 100% in all treatments
Table 1). However, soil moisture level had a significant influence on
he biomass produced by the species. Most biomass was accumu-
ated under moist soil conditions (9.55 ± 2.10 g dw), significant less
iomass (P < 0.01) was accumulated under dry and waterlogged soil
onditions (6.34 ± 0.93 g dw, 3.47 ± 1.23 g dw, respectively). Under
aterlogged conditions the biomass was reduced by 63.7%. The dif-

erences in dry weight were consistently different in all plant parts
nder the three soil moisture treatments (Table 1).

Until the end of June, all plants grew slowly with growth rates of
mm per day. Main growth started at the end of June and increased
ontinuously until the middle of August. Maximal growth rates
ere observed between the 01 August 2007 and the 16 August

007; after this time the growth slowed down. The soil treatments
ad no influence on the period of maximal and minimal growth.
owever, the amount of growth was influenced by soil moisture:
lants under moist but aerated soil conditions had higher growth
ates, the waterlogged plants had lowest growth levels, and the dry
nes were in between. During the time of main growth the plants
ould grow up to 20 cm shoot length per week. Under waterlogged
onditions, however, the maximal shoot growth rate was 10 cm per
eek.

issue porosity

In the shoots we did not find differences in tissue porosity
etween the treatments. Furthermore, the variance within each soil
reatment was high (Fig. 1). In the roots, however, there were sig-
ificant differences between the moisture treatments (P < 0.001).
nder dry conditions, the roots had a porosity of 9.6 ± 4.5%. With

ncreasing soil water content this value increased. Under moist and
aterlogged conditions the root porosity was significantly higher

moist: 20.2 ± 3.5%, waterlogged: 26.3 ± 4.2%, Fig. 1).

hlorophyll content
Under waterlogged conditions the chlorophyll content of the
eaves was significantly lower than in the other treatments
Table 2). The ratio of chlorophyll a/b, however, depended upon
he ontogenetic status of the plants. 30 days after exposal to dif-
erent soil moistures the content of total chlorophyll was different
(4) Chlorophyll a/b ratio after
69 days

2.89 ± 0.11a 3.98 ± 0.60b 3.80 ± 0.19b

between the treatments, but the ratio chlorophyll a/b was constant.
However, 69 days after the start of the experiment, also this ratio
differed significantly between the soil treatments.

Gas exchange

Under moist conditions Ambrosia had a maximal net photo-
synthesis rate of 31.1 �mol m−2 s−1, under dry or waterlogged
conditions the highest values were 16.7 �mol m−2 s−1 and
14.0 �mol m−2 s−1, respectively (Fig. 2). CO2 uptake was high-
est in August when the plants were adult but did not show any
senescence yet. In October, even under a high PPFD the net photo-
synthesis rates were lower, probably due to insufficient availability
of chlorophyll which became partly degraded in fall (Table 2). The
light compensation point was low at about 7–40 �mol m−2 s−1. Low
light intensities are obviously sufficient for the species to harvest
energy and assimilate carbon. Light saturation was reached already
at 300 �mol photons m−2 s−1 under all imposed soil moisture con-
ditions; higher light intensities did not much increase CO2 uptake
rates (Fig. 2).
When related to leaf chlorophyll contents, CO2
uptake showed highest values under moist conditions
(442 �mol mg−1 chloroph. h−1). Plants under dry or waterlogged
conditions were much less effective (326 �mol mg−1 chloroph. h−1,
235 �mol mg−1 chloroph. h−1, respectively). Thus, the reduced
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Fig. 2. Net CO2 gas exchange (A) of Common Ragweed cultivated under different
soil moisture regimes in dependency to light intensity (PPFD); top: moist, middle:
d
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Fig. 3. Stomatal conductance (g) and water use efficiency (WUE = net photo-

30 ◦C (Fig. 4) which is a typical range found in herbaceous sun-
ry, bottom: waterlogged; data are used from measurements of diurnal courses of
as exchange under outdoor conditions.

hotosynthesis rates under less favourable growth conditions
annot be explained only by the reduced chlorophyll content.

In the dry treatment we consider the reduced leaf conduc-
ance as the most important factor explaining the lower achieved
et photosynthesis levels. In comparison to optimal conditions
ith a mean conductance of 0.32 mmol H2O m−2 s−1 (Fig. 3), the
ean leaf conductance under dry conditions was reduced by 80%.
lso under waterlogging the mean stomatal conductance was

ower (0.24 �mol H2O m−2 s−1). The observed transpiration val-
es up to 18.4 mmol m−2 s−1 under moist soil conditions were
onsistent with results previously reported by Bazzaz (1974).

nder dry conditions, we observed lower transpiration rates (max.
.6 mmol m−2 s−1) due to the lower water availability in this treat-
ent which lead to a closure of the stomata.
synthesis per transpiration rate) and intrinsic water use efficiency (IWUE = net
photosynthesis per stomatal conductance) of Common Ragweed under different
soil moisture regimes.

Water use efficiency [WUE = net photosynthesis (A) per tran-
spiration rate (E)] and intrinsic water use efficiency [IWUE = net
photosynthesis (A) per stomatal conductance (g)] was highest
under conditions of dry soil (Fig. 4). Between the moist and water-
logged soil conditions no differences in both WUE and IWUE were
found.

Optimal temperatures for CO2-fixation were between 20 ◦C and
light plants from temperate regions (Larcher, 2001). Above and
below these temperatures the net CO2 exchange was lower, e.g.
at a temperature of 35 ◦C the rate was reduced by 50% (Fig. 4).
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the 21st century (e.g. Houghton et al., 1996). Ambrosia pollen pol-
ig. 4. Net CO2 gas exchange (A) of Common Ragweed depending on temperature
T). Data are used from measurements of diurnal courses of gas exchange under
utdoor conditions.

iscussion

Ambrosia artemisiifolia showed a high endurance against adverse
ffects from different soil moisture treatments. It was able to sur-
ive under all imposed water-levels, even under waterlogging, and
which is most important for an annual plant species like Ambrosia
to produce seeds. All individuals produced achenes and were able

o fulfill their life cycle this way. Under moist soil conditions the
rowth was highest and, in consequence most seeds per plant were
roduced. When grown under dry or waterlogged conditions the
lants attained lower heights and produced less seeds.

Under waterlogged soil, O2 availability to roots is reduced which
ay lead to problems in growth, nutrient and water uptake and

ormonal balance (Jackson and Colmer, 2005). Furthermore, less
nergy can be provided and microbiological processes in the soil
roduce toxic substances which may damage the plants. Gen-
rally, also non-wetland plants may develop higher amounts of
erenchyma in their roots when suffering from low oxygen concen-
rations in the soil (Lösch, 2003). Ambrosia artemisiifolia showed a
ignificant higher root aerenchyma content (porosity) under water-
ogged conditions. Hence, following Smirnoff and Crawford (1983)
he species may be classified as (moderately) flood-tolerant species
hich is able to survive waterlogging even over several months.
esophytic plants growing under dry conditions usually show

erenchyma contents of less than 7% (Justin and Armstrong, 1987),
hich was also measured for Ambrosia growing on aerated soil.

Both waterlogged and dry conditions are less optimal for the
pecies. This also became evident from the lower level of pho-
osynthesis and the lower leaf chlorophyll contents. Moist but
erated soil conditions, however, lead to optimal chlorophyll con-
ents and highest photosynthesis rates. Lower chlorophyll contents
nder waterlogging were described for wetland plants by Elakovich
nd Wooten (1989). The low chlorophyll content of Ambrosia
eaves under less favourable conditions partly explains the lower
ssimilation rates. But also an insufficient opening of the stomata
nfluences CO2 uptake. Plants are assumed to adapt physiologi-
ally to drier conditions by decreasing stomatal conductance and
hereby increasing their water use efficiency (Zangerl and Bazzaz,
984). Marshall and Zhang (1994) found a higher IWUE in ever-

reen and deciduous species along a decreasing rainfall gradient;
uch results were also found in Ambrosia growing on soil with dif-
erent moisture. Generally, waterlogged plants may attain low leaf
onductances (Liao and Lin, 2001; Pezeshki, 2001). For Ambrosia,
206 (2011) 511–516 515

however, the leaf conductance did not differ reasonably between
moist and waterlogged soil conditions.

The measured net CO2 uptake levels under optimal (moist) soil
conditions are consistent with results previously reported for rag-
weed in its native range in Central North America (Bazzaz, 1974).
The present climatic conditions in Central Europe are certainly less
continental than those in the areas of origin of Ambrosia artemisiifo-
lia, but obviously suitable for a good development of the species as
well. In the experiments, light saturation of CO2 uptake was already
reached at 300 �mol photons m−2 s−1. This may explain why irradi-
ation has shown to have only an influence on Ambrosia growth and
development when combined with low temperature stress (Deen
et al., 1998).

The maximal measured gas exchange values achieved under
different soil moisture were related to leaf chlorophyll contents
of the respective plant. Under moist conditions the CO2 gain per
chlorophyll is with 442 �mol mg−1 chloroph. h−1 nearly twice as
high than under waterlogged/dry conditions. This can be explained
by a lower quantum efficiency of the Photosystem II, as regularly
found when plants are waterlogged (e.g. Close and Davidson, 2003;
Smethurst and Shabala, 2003). Under dry soil conditions, the lower
photosynthesis can be attributed to a reduced stomatal conduc-
tance.

However, even with somewhat reduced vigor Ambrosia could
stand both extremes, dry and waterlogged conditions. This broad
hydrological amplitude in its ecological niche will enable ragweed
to grow on most soil types and under different water regimes. In
addition, also the gas exchange data indicate a generalist character
of this species with concern to irradiation conditions of the habitat:
It can occupy places from shadow and semi-shadow up to bright
sun. Therefore, Ambrosia does not seem to be strongly limited by
important abiotic habitat conditions.

The main growing time of the individuals was equal, irrespective
whether the plants were under moist, dry or waterlogged condi-
tions. The degree of growth, however, differed. This clearly resulted
from the differences in assimilation rates we found between the
hydrologically different substrates. Time of flower and fruit set,
however, was not as much influenced by the soil conditions. Just the
amount of generative organs per plant was higher under the opti-
mal situation of a moist, but aerated growth substrate. Flowering
and fruit set also under unfavourable conditions, in some species
starting even precociously, is typical for annual plants with high
phenotypic plasticity (Sultan, 2000).

However, similar as other annuals Ambrosia will face difficulties
to establish in dense vegetation. This became obvious also with the
spontane source population the seeds of which were used in the
present study: Situated at a meadow-pond ecotone, offsprings ger-
minated in the dense grass vegetation remained stunted, and no
spread occurred into the dense vegetation. But there are enough
open sites in densely men-populated Central Europe where founder
populations of the invader may establish. Therefore, it can be antici-
pated that Ambrosia will spread widely, if no measures will be taken
constraining this process.

Under the actual climate, the probability to reproduce suc-
cessfully also under Central European conditions is high. Wayne
et al. (2002) predict that an increasing CO2-concentration of the
atmosphere will even lead to a higher amount of Ambrosia pollen
produced per plant. In addition, Singer et al. (2005) describe an
increasing Amb a 1-content, the most crucial allergen in Ambrosia,
with rising CO2-concentration. Consequently, with an increasing
CO2-concentration to 600 ppm which is predicted for the middle of
lution of the air should seriously increase, resulting from increased
occurrences of the invader, from higher pollen amounts per plant,
and from their more severe allergenic properties. In the USA Barnes
et al. (2001) reported a statistically significant effect of temper-
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Zangerl, A.R., Bazzaz, F.A., 1984. Effects of short-term selection along environmen-
tal gradients on variation in populations of Amaranthus retroflexus and Abutilon
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ture on the pollen content in the air. We conclude that under
ear future climate change conditions (rising temperatures, rising
O2-concentration) humans will get more often in contact with
he allergenic pollen than they do now. With Ambrosia spread in
entral Europe the number of allergy-suffering persons surely will

ncrease and additional costs in the public health sector will occur.
Generally, containment of undesired neophytes is only efficient

f measures are taken in the beginning of their spread (Rejmánek
t al., 2005) – the situation presently given for Ambrosia in Germany.
ontrol measures against it should be intensified respective started
t the actual stage of an incipient spread. For this, it will be most
fficient to halt the introduction via bird seed. In addition, existing
opulations should be removed by tearing out. With incomplete
emoval or early mowing the species is able to re-sprout (Bohren
t al., 2005), late mowing increases the risk of increased distribution
f already developed seeds. Efficient containment measures are
imely to prevent an Ambrosia invasion over big parts of Germany.
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