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Abstract: Ambrosia artemisiifolia L. (Asteraceae), known as common ragweed, is an annual herbaceous
species native to North America that has become one of the most economically important weeds
in arable fields throughout Central Europe. Its large ecological amplitude enables the species to
become established in several types of environments, and management options to effectively contain
its spread are limited due to a lack of efficacy, high cost, or lack of awareness. In the last decade,
in particular, soybean fields have been severely affected by common ragweed invasion. However,
until now, information on the yield-decreasing effects of the plant has been scarce. Therefore, the
aim of this study was to evaluate the competition effects of common ragweed on (1) soybean growth
(aboveground /belowground), (2) the yield of two different soybean cultivars, and (3) the nodulation
potential. Based on a greenhouse and biennial field trial, we found that in plots with the highest
common ragweed biomass, the soybean yield loss accounted for 84% compared to the weed-free
control, on average. The number of nodules, in addition to the mean nodule weight, which are tightly
correlated with soybean yield, were significantly reduced by the presence of common ragweed.
Just one common ragweed plant per square meter reduced the number of nodules by 56%, and
consequently led to a decrease in yield of 18%. Although it has been reported that the genus Ambrosia
produces and releases several types of secondary metabolites, little is known about the influence
of these chemical compounds on soybean growth and nodulation. Thus, there is substantial need
for research to understand the mechanisms behind the interaction between common ragweed and
soybean, with a view to finding new approaches for improved common ragweed control, thereby
protecting soybean and other crops against substantial yield losses.

Keywords: invasive alien species; common ragweed; rhizobia; soybean nodulation

1. Introduction

Soybean (Glycine max (L.) Merr.) is one of the world’s most important oilseed and
protein crops, constituting the second largest source of vegetable oil and the largest source
of animal protein feed at a global scale [1]. Due to consistent improvements in average yield
through plant breeding and crop management, a significant reduction of production costs,
and the introduction of genetically modified (GM) glyphosate-resistant soybean cultivars,
an exponential increase in global production was observed during the past half-century, to
reach its present level of over 352 million tons of soybean per year, harvested from an area
of over 123.6 million ha (FAOSTAT, 2017).

Due to the role of soybean as a key protein source in livestock feed [2,3], its cultivation
area has more than trebled in Europe since the 1990s, up to approximately 5.7 million ha,
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with an average annual production of 10.7 million tons (FAOSTAT, 2017). In contrast to the
world’s major producers of soybean, several countries within the European Union (EU),
such as Austria, Germany, and France, have opted for a total ban on the cultivation of
GM crops (European Commission, Directive 2015/421/EU) due to a number of concerns,
including potential negative impacts on biodiversity, eco-toxicological issues, and the
evolution of glyphosate-resistant super-weeds [4-6].

The last point, in particular, is currently one of the major challenges in soybean culti-
vation, especially in countries where the cultivation of GM soybean is banned. Attempts
to increase or even maintain soybean yields face severe threats due to the rapid estab-
lishment and spread of super-weeds, such as common ragweed (Ambrosia artemisiifolia L.,
subsequently referred to as “ragweed”). The spread of ragweed has been promoted by a
combination of three factors: (1) the steady extension of the cultivation area of soybean,
(2) climate change (warmer and drier), and (3) a lack of efficacy in management options to
effectively contain the spread of the plant [7-9]. In recent years, this annual herbaceous
species, native to North America, has become not only an economically important and
troublesome agronomic weed in Central Europe, but is also one of the most dominant
inducers of pollen allergy [10-12]. Although it was first observed in Europe in the mid-19th
century, its main naturalization and establishment has been accelerated since the beginning
of the new millennium, particularly through changing climatic conditions related to climate
warming [9,13].

As a thermophilic plant, the beginning of ragweed field emergence in Central Europe
can be expected when the temperature in the upper soil (0-5 cm) is constantly above
10 °C [14,15]. Thus, small crops sown in late spring with wider row spacing (i.e., soybean)
are particularly threatened by the presence of ragweed [7,12]. Recently, studies on the
yield effect of ragweed on soybean were undertaken in the United States and showed
that the presence of one plant per 110 square feet (10.2 m?) reduced the soybean yield by
50% [16,17], which was mainly related to the influence of shading. However, several studies
on the allelopathic effects of ragweed revealed that it produces and releases several types
of secondary metabolites, including the sesquiterpene ambrosic acid, phenols, thiarubrines,
and thiopenes. Most of these compounds have a broad spectrum of biological activity,
and potentially inhibit germination and growth of plants and microorganisms [18-20]. As
shown by [21], ragweed residues in soil significantly affect seed emergence and seedling
growth of wheat and tomato. As revealed by [22], the presence of ragweed inhibits
germination and growth of red clover due to an accumulation of dead ragweed biomass.
Laboratory trials have indicated that the presence of an aqueous extract of aboveground
and belowground dry matter of ragweed reduces germination rates of maize [23]. Methanol
and hexane extracts from aboveground organs of ragweed lead to lower germination rates
in cress, radish, and red clover [24]. However, to the best of our knowledge, no studies
have focused on ragweed interference with soybean root nodulation, although previous
studies with weedy species, such as Centaurea diffusa and Arabidopsis thaliana, or aromatic
plants such as Eucalyptus globulus ssp. bicostata, revealed that soybean seedlings exposed to
weeds exhibited a reduction in the number of nodules per plant. This phenomenon may
be related to a decrease in the content of flavonoids, which served as the main signaling
molecules to symbiotic microbes, initiating the infection process [25-27].

It must be assumed that the importance of ragweed as an agricultural weed, partic-
ularly in soybean cultivation, will further increase. Therefore, the aim of this study was
to increase our knowledge of the interaction between soybean and ragweed at different
densities, which is essential to quantify the effects of intra- and interspecific competition
upon (1) growth (aboveground /belowground) of soybean and ragweed, and (2) the yield
of soybean. In addition, we observed whether the presence of ragweed has an effect on the
infection potential of soybean with rhizobial bacteria.
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2. Materials and Methods
2.1. Greenhouse Trial

To test the influence of different densities of common ragweed on the growth and
yield of soybean under controlled conditions, a one-season greenhouse trial was set up
in the experimental greenhouse of the University of Natural Resources and Life Sciences
(BOKU) in Tulln. Because we wanted to check if results vary among cultivars, two different
00-soybean cultivars (Saatbau Linz) with different growing behaviors were used. Whereas
cv. Albenga is characterized by a fast juvenile development and medium growth height,
cv. ES Mentor shows bushier growth, and therefore has greater stability. The plants were
grown in plastic pots (18 x 18 x 25 cm) filled with a sterilized mixture of arable soil from
the Grofi-Enzersdorf experimental farm, which is classified as a chernozem of alluvial
origin and is rich in calcareous sediments (pH 7.6, silty loam, 2.2-2.3% organic substance),
sand, and perlite at a ratio of 3:2:1 to avoid soil compaction in the pots. Before seeding,
soybean was inoculated with Bradyrhizobium japonicum (RWA Raiffeisen Ware Austria), a
nitrogen-fixing bacterial species that forms root nodules specifically on soybean roots but
is not sufficiently abundant in Central European soils, to ensure a successful symbiosis
between soybean and the bacteria.

In each pot, one soybean was planted together with 0, 1, 3, or 5 ragweed plants
(treatment labeling: RO, R1, R3, and R5) in four replications. In addition, pots with pure
stands of ragweed at densities of 1, 3, and 5 plants in four replications were established to
test for intraspecific competition of ragweed [13].

2.2. Field Trial

The two yearlong field experiment was conducted on the Grofi-Enzersdorf experi-
mental farm of BOKU during the vegetation periods of 2017 and 2018. The experimental
farm is located in the Marchfeld Plain, which is part of the Pannonian Basin in Eastern
Austria. This region is characterized by a semi-arid Pannonian climate, with hot and
intermittently dry summer periods. The mean annual temperature is 10.7 °C, the mean
annual precipitation is 543 mm (1983-2012), and, on average, 1900 h per annum of sunshine
are measured (APCC, 2014). In the soybean growing period of 2017 (cf. Table 1), an average
temperature of 20.4 °C and a precipitation sum of 183.1 mm were recorded. In the growing
period 2018, the average temperature was 21.3 °C and 305.6 mm of rainfall was measured
(data from the meteorological station on the experimental farm Grof3-Enzersdorf of BOKU).
To avoid drought stress, all plots were irrigated throughout the growing season until an
available field capacity of approx. 20-25 Vol.% was reached. Therefore, we measured the
volumetric soil humidity twice per week using a permittivity sensor (“WET-2”, Delta-T
Devices). Furthermore, plots were kept free from spontaneously emerging weeds through
a weekly manual weed removal. As N fertilization can have a negative impact on the
soybean-rhizobia mutualism, and therefore on the nitrogen-fixing efficacy [28-30], the
plants were not fertilized.

Table 1. Codes for sampling, sowing, and harvest dates (DAS = date after seeding), and the BBCH stage/range of the

examined soybean plants.

Sampling  Greenhouse Trial Field Trial Field Trial
Dates 2018 DAS BBCH 2017 DAS BBCH 2018 DAS BBCH
Seeding 13 February 21 16-18 23 May 17 May
T1 6 March 39 21-29 12 June 20 21-29 6 June 20 15-25
T2 14 April 60 51-65 3 July 41 51-55 26 June 40 25-29
T3 4 May 80 69-79 27 July 65 59-65 20 July 64 51-59
T4 1 June 108 96-99 21 August 90 69-79 16 August 91 65-79
T5 22 September 122 93-99 18 September 124 96-99

runner bean: 19 October 155 89-97
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As with the greenhouse trial, we wanted to observe the individual influence of rag-
weed on soybean growth, yield, and nodulation. Thus, only one soybean plant per 1 m?
plot was sown, with different densities of ragweed (0, 1, 3, or 5 plants; treatment labeling;:
RO, R1, R3, and R5), in four replicates to specifically dissect the impact of ragweed on
soybean plants. The aim of this experimental design of exemplary nature was to exclude
possible biochemical and growth-related interactions between soybean plants, hence con-
cealing the direct impact of ragweed on soybean growth and nodulation. Furthermore,
pure stands of ragweed at densities of 1, 3, and 5 plants in four replicates were established
to test for the intraspecific competition of ragweed [13].

In 2017, we used the same trial setup with the cultivars Albenga and ES Mentor, as
in the greenhouse trial. Due to the results that we gained in the greenhouse and in the
first field trial, in 2018 the same trial setup was used, but instead of ES Mentor another
legume species (scarlet runner bean (Phaseolus coccineus)) was included in the trial to check
whether the results obtained with soybean were species specific, or could be generalized to
another, more competitive legume species. As the shoots of runner bean have a vertical
growing behavior, we used bamboo sticks of 120 cm length as supports for the tendrils.

Before sowing, soybeans were inoculated with the same Bradyrhizobium japonicum
product as used in the greenhouse trial. As runner bean was introduced as a crop to
Europe after the discovery of the Americas, it has a long tradition in European, and
particularly Austrian, agriculture. Although commercial inoculants are available, recent
common practice has not demanded inoculation, because rhizobacteria strains which form
a symbiosis with runner bean are sufficiently abundant in Austrian soils [31].

2.3. Measurements

In greenhouse and field trials, five samplings (T1-T5) were performed throughout
the vegetation period from complete pots or plots, respectively (Table 1), to measure
the growth height, aboveground dry matter (AGDM), and belowground dry matter of
soybean, runner bean, and ragweed, in addition to the number and weight of nodules on
the legume roots. The growth rate, based on the AGDM, was calculated according to [32].
The root mass and number of nodules were sampled from T3 and T4 to allow for a stable
establishment of the symbiosis, and to avoid possible losses due to degradation processes
towards maturation. For carving out the soil in the field trials, we used standardized
metal frames (20 x 20 x 20 cm). The roots in the soil samples were washed out manually.
Nodules were counted, removed from the soybean roots, dried at 40 °C for 24 h, and
weighed. The roots of the soybean and ragweed were separated, dried at 105 °C for 24 h,
and weighed. The same drying conditions were used for the aboveground dry matter. The
runner bean was harvested 31 days later than soybean since the seeds need frost to mature.
At final harvest, the AGDM of soybean was separated into straw and grain, in order to
determine the soybean grain yield.

2.4. Statistical Analysis

Data analysis was performed using software R, Version 3.4.4 (R Core Development
Team, 2018). For the graphical visualization of the results, we used the R software and
SigmaPlot, Version 14.0 (Systat Software, 2018). Analysis of variance with subsequent
multiple comparisons of means according to Tukey were performed (significance level
o = 0.05). Shapiro Wilk’s test was used to test the normal distribution of data, and Levene’s
test was used to check homogeneity of variances. If a normal distribution was not found, a
Kruskal-Wallis ANOVA on ranks was performed. If homogeneity of variances was not
found, a statistical analysis was executed using Welsh’s unequal variances t-test. Because
ANOVA only checks if there are differences due to the factors and does not show how the
results could be best explained with the given variables, generalized linear mixed models
(GLMMs) were constructed to find the best model to explain soybean yield and other
yield-influencing parameters. Prior to this, data exploration analysis (collinearity, outlier
detection, and dispersion of response variables) was executed following [33]. As collinearity
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of explanatory variables can lead to incorrect parameter estimation, predictors with r > 0.5
were excluded from analysis in the same model. In this case, variables with higher single
explanatory power were chosen for calculating the models. Models were selected by
comparing the second order Akaike Information Criterion value (AICc), corrected for small
sample sizes. To identify the most parsimonious model based on the lowest AICc value,
we computed the AIC differences (AAICc) between the different candidate models [34]. As
a rough rule, [35] proposed that models for which AAICc > 2 receive substantial support,
because the chance of a smaller AICc value being correct is approximately 73%.

3. Results

As the main focus of this study was an investigation of the effects of ragweed on
soybean, the results focus on these research questions. Data on the runner bean are
summarized in brief at the end of this section.

3.1. Growth Performance of Soybean
3.1.1. Greenhouse Trial

In the greenhouse, the height of the ragweed plants did not exceed the canopy height
of either soybean cultivar. Nevertheless, the growth height of cv. Albenga was decreased by
11% on average with five ragweed plants in the pot (R5). Cv. Mentor showed a significant
mean reduction in height of 26% in the R5 pots. The negative impact of ragweed density on
the growth height was accompanied by a significant reduction in biomass production. In
early developmental stages, significant differences in the aboveground dry matter (AGDM),
particularly between the control plants grown without ragweed (R0) and the soybean plants
grown at the highest ragweed density of five plants per pot (R5), were detected. Both
cultivars were unable to compensate for this initial disadvantage prior to harvest. On
harvest date (T5), the lowest biomass was observed with cv. Albenga in the R5 pots, at 51%
less AGDM than the control plants. The lowest AGDM of cv. ES Mentor was measured
in the R3 pots, where the ragweed biomass was 33% higher than in the R5 pots (Figure 1,
Table S1 Supplementary Material).

Correspondingly, the soybean growth rate also decreased with increasing ragweed
density. In the greenhouse trial, Albenga plants grown without ragweed competition
showed the highest growth rate of 0.5 g/d between T3 and T4, which was a 90% or
87% higher growth rate than for plants grown with three or five ragweed plants per pot,
respectively. In contrast, the highest growth rate of 0.6 g/d for ES Mentor was observed
between T2 and T3 in the pots with highest ragweed density (R5). However, these plants
were not able to maintain this; thus, the growth rate decreased sharply down to 0.02 g/d
between T3 and T4 (60 to 80 days after seeding), whereas plants grown without ragweed
competition maintained and further increased their growth rate during this time span.
Consequently, at 0.5 g/d, the growth rate of RO plants was 96% higher than that of R5 at T4
(Table 2).

Table 2. Growth rate of soybean and ragweed (g/d; mean + standard deviation) throughout the
growing period (T1-T5), dependent on the ragweed density (0, 1, 3, 5 plants: R0, R1, R3, and R5) and
cultivar; n = 4; significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.

Soybean Ragweed
T1-T2 T2-T3 T3-T4 T4-T5 T2-T3 T3-T4 T4-T5
Greenhouse
trial
Cultivar
Albenga
RO 0.21 £0.01 0.47 £0.13 0.02 £0.20 0.01 £0.01 n.a. n.a. n.a.
R1 0.18 £0.02 0.31 £0.14 0.07 £0.81 0.04 £0.34 0.02+0.01  0.07+£0.03 —0.01 £0.16
R3 0174+0.02  —0.04£0.05 0.10+0.18 0.15+0.16 0.014+0.00 0.05+£0.00 —0.0140.01
R5 0.14 4 0.03 0.06 £ 0.04 0.01 +0.06 0.12 £ 0.07 0.014+0.00 0.02£0.00 —0.00+0.02
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Table 2. Cont.

Soybean Ragweed
TI-T T2-T3 T3-T4 T4-T5 T2-T3 T3-T4 T4-T5
Cultivar
Mentor
RO 023+005 051+006 054+025  0.01+0.06 na. na. na.
R1 020£002 060+007 028+051 —005+014 0014001 004£000 —0.05= 003
R3 013%+003 049+005 003+032 —000+004 001+000 004+000  0.00+ 003
R5 009006 061+004 002+057 0214£024 001+001 001+£001 0.0+ 001
R xE xax n.s. n.s e n.s n.s
\ i ** n.s n.s i n.s. n.s
R*V * i n.s. n.s n.s. n.s. n.s
Field trial
2017
Cultivar
Albenga
RO 0454024  0.09+020 0254060 0.2+ 053 na. na. na.
R1 0404021 0254080 0154107 -010+038 279+401 155+211 034+ 0.66
R3 0424010 0324038 o 005+002 1134142 0564064 —0.16+1.10
R5 0234027 —001+015 0154023 —011+019 0404047 193+246 —0.13+0.18
Cultivar
Mentor
RO 0314£005 078+017 038+015  0.13+028 na. na. na.
R1 0174013 0654047 0124018  005+024 326+184 165+174  2.11+093
R3 0224014 0454026 0014020 -006+032 130+£101 105+079 047 +1.26
R5 0181016 023+020 007+030 0034016 100+152 079+069 024+ 142
R * ** n.s. n.s. n.s. n.s. n.s
\ * i n.s n.s. i n.s n.s
R*V n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Field trial
Cultivar
Albenga
RO 0324+005 04305  030+012  0.12+0.20 na. na. na.
R1 0284006 045+037 0184013 —003+019 4174290 184+229  2.88+4.29
R3 0224006 0384017 T 001016  286+113 1334061 0144085
R5 0144010  0.11+0.14 T 004+010 2154181 2554187 037+ 160
R £ L %% n.s. * n.s. n.s.

3.1.2. Field Trial

In contrast to the growth performance in the greenhouse trial, in the field ragweed suc-
ceeded in overtopping the soybean canopy of both cultivars within 90 days (T4) (Figure S1
Supplementary Material). The maximum growth height of cv. Albenga (mean = stdv; 2017:
55 4+ 12 cm; 2018: 70 4+ 14) and of cv. ES Mentor (2017: 64 &+ 7 cm) was observed at final
harvest (T5) in the plots without ragweed competition. When five ragweed plants per plot
were present, Albenga showed a mean decrease in height of 55% (2017) and 22% (2018),
whereas cv. ES Mentor produced 18% shorter plants in 2017. The influence of ragweed on
the AGDM of soybean became even more obvious in the field trials. The negative impact
of ragweed became apparent in the early development stages of soybean.
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Figure 1. Above-ground dry matter (g) of soybean (left) and ragweed (right) of (a,b) Albenga (greenhouse trial, 2018),
(c,d) ES Mentor (greenhouse trial, 2018), (e,f) Albenga (field trial, 2017), (g,h) ES Mentor (field trial, 2017), (i,j) Albenga (field
trial, 2018), in the course of the trial period, with dependency on the ragweed density (0, 1, 3, 5 plants: R0, R1, R3, R5; n = 4;
significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001).
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On sampling date T3, which was 65 days after seeding, the biomass of cv. ES Mentor
grown in the R5 plots was reduced by 45% compared to that of the control plants. Cv.
Albenga was even more susceptible to the presence of ragweed. At T3, a significant
reduction in biomass of 50% was observed in the year 2018 in the R5 plots (Figure 1).
The negative impact of ragweed increased until harvest with both cultivars. A significant
reduction in the AGDM of Albenga was observed in the R3 plots (2017: —84%; 2018: —76%)
and the R5 plots (2017 and 2018: —83%). With ES Mentor only, one ragweed plant was
sufficient to clearly reduce biomass production by 34%, and ES Mentor plants grown in
the R5 plots showed a reduction in biomass of 68% on average (Table S1 Supplementary
Material). Accordingly, in the field trials, the presence of ragweed had a severe impact on
the growth rate of both cultivars until T3 (Table 2). In 2017, cv. Albenga showed the highest
mean growth performance of 0.5 g/d between T1 and T2 in the RO plots, which accounted
for +49% compared to the R5 plants. In this time span, the growth rate of cv. ES Mentor
in the RO plots was 31% lower than that of cv. Albenga, but increased sharply to 0.8 g/d
between T2 and T3. In contrast, with a growth rate of 0.2 g/d, the ES Mentor plants in
the R5 plots showed a 71% lower growth rate during this time. Between T3 and T4, the
growth rate was 81% higher than that of the R5 plants. In 2018, the highest growth rate of
cv. Albenga, which again was 0.5 g/d, was found in the R1 plots between T2 and T3, and
was significantly higher (+76%) than those of the R5 plants, with a growth rate of 0.1 g/d.

3.2. Growth Performance of Ragweed
3.2.1. Greenhouse Trial

Despite the fact that the presence of ragweed had substantial negative effects on the
biomass production and growth rate of soybean, particularly in the greenhouse trial, the
performance of ragweed compared to that of soybean was relatively poor. The mean growth
rate of ragweed (mean of all densities) was clearly below that of both soybean cultivars
(Table 2). Consequently, the ragweed AGDM (AGDMg) was clearly lower than those of
soybean, even in the pots with five ragweed plants (Figure 1, Table S1 Supplementary
Material).

3.2.2. Field Trials

However, in the field trials, the results were significantly different. In combination
with cv. Albenga, the highest growth rate of 4 g/d of ragweed was found in the R1 plots
between T2 and T3 (40 to 64 days after seeding), in 2018 (Table 2). A similar result was
observed with cv. ES Mentor, where ragweed showed the highest growth rate of 3 g/d in the
R1 plots between T2 and T3. Throughout the vegetation period and across all densities, the
growth rates of ragweed were 13-fold higher than those of cv. Albenga and 18-fold higher
than those of cv. ES Mentor. Nevertheless, we found evidence of interspecific competition
between soybean and ragweed. At the plot level, the highest mean AGDMy values of
424 g m~2 (2017) and 303 g m 2 (2018) were found in the plots with a single ragweed plant,
and without soybean (Figure 1). In competition with cv. Albenga, the AGDMpy per plot
was reduced by 48% (mean of both years). The presence of ES Mentor reduced the AGDMg
by 42%. Additionally, we found clear evidence for intraspecific competition of ragweed
at the plant level. In the R3 control plots without soybean intraspecific competition, we
observed a decrease in the average AGDMR per plant of 68%. The presence of cv. Albenga
in the R3 plots increased this biomass loss of the single ragweed plants to 77%. When ES
Mentor was present, the reduction effect on the AGDMp per plant was 73% in the R3 plots.
In the R5 control plots without soybean, intraspecific competition caused a decrease in
the average AGDMR, per plant of 84% compared to R1. In these high-density plots, both
soybean cultivars failed to show any further competitive effect on the average individual
plant weight of ragweed.
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3.3. Yield of Soybean
3.3.1. Greenhouse Trial

Ragweed density and the soybean cultivar had a significant impact on individual plant
yield. The highest yield of 15 g was observed with cv. ES Mentor in the R0 pots, whereas cv.
Albenga showed the lowest average yield of 3 g in the R5 pots. The yield of both cultivars
was not significantly affected by the presence of one ragweed plant; whereas the yield of
Albenga did not drop severely in the R3 pots, the yield of ES Mentor decreased significantly
in competition with three ragweed plants. The main difference between the cultivars was
observed in the R5 pots. Due to intraspecific competition between the ragweed plants in
the pots and a stronger interspecific competition due to its bushy growth, the yield of ES
Mentor slightly increased from 7.9 g in the R3 pots to 10 g in the R5 pots, whereas the yield
of Albenga further decreased (Figure 2, Table S1 Supplementary Material).

Gr Field trial 2017 Field trial 2018 10 1 Greenhouse Field trial 2017
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Figure 2. Soybean grain yield per plant, dependent on the ragweed density (0, 1, 3, and 5 plants: R0, R1, R3, and R5) of

(a) cultivar Albenga and (b) cultivar ES Mentor, separated by trial (n = 4; different letters indicate significant differences).

3.3.2. Field Trials

In the field trials, the factors of ragweed density and cultivar had a significant influence
on soybean yield (Figure 2, Table S1 Supplementary Material). The highest average yield
of 26 g was observed with cv. ES Mentor in 2018, in the plots with no ragweed (R0). The
lowest mean yield of 3 g was obtained by cv. Albenga in 2017 in the plots with five ragweed
plants (R5). Just one ragweed plant per square meter caused an average yield loss of 44%
with cv. Albenga (2017: 56%; 2018: 31%). The yield of ES Mentor was reduced by 36%
when one single ragweed plant was present. With three ragweed plants per plot, the yield
decreased sharply by 80% with Albenga and 65% with ES Mentor. For both cultivars, yields
at R3 did not differ significantly from the yields that were obtained at the highest ragweed
density level of five plants per plot. Regression analysis further revealed that not only
the number of plants, but particularly an increasing amount of ragweed biomass, was
responsible for the strong decrease in the yield of both soybean cultivars (overall R? = 0.7;
p < 0.001, data not shown). This was supported by generalized linear mixed model analysis,
which showed that soybean yield was tightly connected to the ragweed biomass present,
in addition to the number and weight of rhizobia nodules (Table 3).
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Table 3. AICc values for model selection of dependent variables; number of estimated explanatory
parameters and parameter combinations = 16 based on field trial data (AICc = second order Akaike
Information Criterion, AAICc = difference between the AICc and that of the next most parsimonious
model, R2m = marginal R?, R%¢ = conditional Rz).

Parameter Best Explanatory Model AICc  AAICc Rm @ R%c @
Soybean dry Null model: trial 6165 -
ragweed dry matter X mean weight of nodules 524.4 0.0 0.5 0.9
ragweed dry matter + mean weight of nodules 527.3 2.9
Soybean yield Null model: trial 540.7 -
ragweed dry matter X mean weight of nodules 446.2 0.0 0.6 0.7
ragweed dry matter + mean weight of nodules 452.7 6.5

() the proportion of variance explained by the fixed factors only; ) the proportion of variance explained by fixed
and random factors.

3.4. Nodules

Although there was a severe reduction in the aboveground biomass, we did not find
any significant decreases in soybean root mass. However, particularly in the field trials, a
mean decrease in soybean root biomass of 56% was observed between the RO and the R5
variant, on average, for both years and cultivars, although the variation between replicates
was large.

We detected a clear influence of the ragweed density on the number of nodules found
on the soybean roots (Figure 3, Table S1 Supplementary Material). Over all trials and
growing seasons, the cultivars did not differ significantly in their number of nodules, but
the highest mean number of 122 £ 11 nodules was found on roots of cv. ES Mentor, without
any ragweed present. In the RO variant of cv. Albenga, 94 £ 24 nodules were counted
on average. Only one ragweed plant per plot/pot was sufficient to reduce the number of
nodules of cv. Mentor by 58%. With a loss of 36% of nodules, cv. Albenga was slightly
more tolerant against one ragweed plant, but this advantage disappeared with increasing
ragweed density. With five plants per plot/pot, the number of nodules on Albenga roots
was reduced by 87% (mean: 12 nodules £ 7), whereas cv. Mentor showed a slightly lower
reduction of 73% fewer nodules (33 £ 13) in the R5 variant compared to R0. Although we
found significant linear correlations between the number of nodules and the yield (Mentor:
r=0.6, p <0.001; Albenga: r = 0.6, p < 0.001), and the ragweed root dry matter and the
number of nodules (ES Mentor: r = —0.6; Albenga: r = —0.6, p < 0.001), generalized linear
mixed model (GLMM) analysis revealed that the most parsimonious model explaining
the yield of soybean was the interaction of the factors of mean weight of nodules and the
amount of ragweed AGDM present (Table 3). Summarizing all trials, the highest mean
weight of nodules of 12 &+ 1 mg was observed with cv. ES Mentor, and of 9 &+ 4 mg with
cv. Albenga, in the RO variant. At ragweed densities of five plants per plot/pot, the mean
weight of nodules decreased by approx. 69% with both cultivars (Figure 4).

Particularly the relative soybean yield increased significantly with increasing mean
weight of nodules, and was clearly negatively affected by increasing ragweed AGDM,
irrespective of the trial year, greenhouse or field trial type, and cultivar (Figure 5). In
the greenhouse trials, the threshold above which the yield was higher than the average
was at a mean weight of nodules of 7 mg, and approx. 3 g of ragweed dry matter or
less. In the field trials, these threshold values were 7 mg mean nodule weight and approx.
150 g of ragweed dry matter in 2017. Plants in 2018 were more susceptible to ragweed;
100 g of ragweed dry matter per square meter was enough to push the yield below the
average yield. Furthermore, the threshold for the mean weight of nodules to produce an
above-average yield was 10 mg.
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regression analysis, greenhouse trial: n = 32, field trial 2017: n = 32, field trial 2018: n = 16).
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3.5. Growth and Yield of Runner Bean

In contrast to soybean, the growth height of the tendrilled runner bean in 2018 was
on average 79% higher than that of ragweed, irrespective of the ragweed density. At
harvest, the shoots of runner bean grown without ragweed reached a length of 293 £ 40 cm,
which was 26% longer than the climbers of runner bean grown together with five ragweed
plants. The maximum length of 70 & 22 cm of ragweed plants was observed in the R5
plots. Although the foliage of the ragweed did not overtop the canopy of runner bean,
we found a significant reduction in the AGDM of runner bean dependent on the ragweed
density. At final harvest, runner bean plants that were competing with five ragweed plants
produced 70% less AGDM than the RO plants. Thus, for runner bean, severe grain yield
losses due to the presence of ragweed were observed (Figure S2 Supplementary Material).
Just one ragweed plant per plot was enough to reduce the yield of runner bean by 58%.
The highest ragweed density of five plants per plot yielded a reduction of 74%. As with
soybean, we found a significant impact of ragweed on the number of nodules (Figure S3
Supplementary Material). On roots grown without ragweed competition (R0), on average,
107 +£ 30 nodules were counted. One ragweed plant per plot caused a reduction of 63%
(mean: 39 £ 15 nodules). Five ragweed plants per plot led to a decrease in the number of
nodules by 85% (mean: 16 £ 16 nodules). The correlation between the number of nodules
and yield that we found for soybean was confirmed by the results of regression analysis
for runner bean (R? = 0.9, p < 0.001). Furthermore, we detected a significant decrease in
the average weight of the nodules with increasing ragweed density. In the R5 variant,
individual nodules were 92% lighter than those of the R0 plants.

4. Discussion

The trial period did not have a strong impact on the results, but nevertheless we found
slight discrepancies in the morphological development of the soybean and ragweed plants.
Despite lower precipitation levels compared to the growing season in 2018, on 10 July
2017, there was a hail event which caused some morphological damage to the soybean and
ragweed plants. Although none of the plants were damaged past the point of recovery,
they had to catch up in their growth, which led to a slightly shifted growth performance
compared to the soybean and ragweed plants grown in 2018. However, throughout all
trials (greenhouse and field trials), we found consistent results and detected not only a
severe reduction in soybean growth height, but also in aboveground biomass (AGDM)
development, consequently having a negative impact on the yield. A reduction in AGDM
was previously measured in the early development stages of the soybean when exposed to
high ragweed densities under controlled growing conditions in the greenhouse. This trend
was also seen in the growth rate of both cultivars, which was significantly lower at high
ragweed densities until T2 (39 days after seeding: DAS).

In contrast, in the field trials, only small effects of ragweed on these growth parameters
were observed at the beginning of the season. Until T3 (40 DAS), the soybean plant height,
growth rate, and AGDM were similar among ragweed densities. This is in accordance with
other field studies that have shown that direct interference, i.e., touching, shading, etc.,
between soybean and weeds in the early development stages is not necessarily reflected in
differences in soybean biomass [36-38]. For example, [39] revealed that weed removal must
be undertaken no later than 8 weeks after soybean emergence to avoid significant losses
in biomass when soybean was grown with interference by Palmer amaranth (Amaranthus
palermi). A rare study dealing with soybean interference from ragweed [16] showed that
weed removal is essential to prevent yield loss after 4 weeks at the latest.

4.1. Growth Performance of Ragweed

In addition to the interference effect of ragweed on both soybean cultivars, we also
observed inter- and intraspecific competition effects for ragweed that led to large differ-
ences in growth height and AGDM. This corroborates other studies illustrating ragweed’s
extremely high morphological plasticity, which allows the majority of plants to complete
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their lifecycle even in very dense stands [12,40]. Particularly in plots with medium ragweed
density (R3), the plants produced on average 2/3 less biomass compared to plots where
only one ragweed plant was grown. Soybean had also a reduction effect on AGDMp of
around 50% when grown together with one ragweed plant. However, this growth effect dis-
appeared in plots with higher ragweed densities, which has also been confirmed by various
studies on the competition between soybean and weedy species, showing that soybean can
withstand low densities of weeds without severe growth and yield reductions [16,41,42].

4.2. Soybean Yield

In the present study, the critical period during which AGDM of both soybean cultivars
was significantly affected by ragweed was 5 weeks in the greenhouse and 9 weeks in the
field trials. After this period, the reduction in AGDM increased with increasing ragweed
density, consequently leading to severe yield losses, particularly for soybean plants growing
under high ragweed densities. Over all trials, the average yield of cv. ES Mentor grown
together with five ragweed plants was 56.1% lower than that of the soybean plants grown
without ragweed. The yield of cv. Albenga was even more reduced, by 80.2% in the
presence of five ragweed plants per pot/plot. In this context, refs. [38] and [43] showed
that, especially at very high weed densities, interference even at 4-6 weeks after soybean
emergence is enough to severely reduce the yield.

Particularly in the field trials, only one ragweed plant per square meter was enough to
reduce the yield of both cultivars by approximately one-third. Similar results were obtained
by [44], who studied the interference between soybean and giant ragweed (Ambrosia trifida),
showing that interspecific interference between adjacent weeds and soybean began at
relatively low weed densities. Particularly for giant ragweed, the injury threshold of two
plants per 9 m of row, which was enough to cause a yield loss of up to 50% in full-season
interference, was quite low. Similar results were found by [45] for other weedy species,
such as entireleaf morning glory (Ipomoea hederacea) and common cocklebur (Xanthium
strumarium), which are both troublesome weeds for soybean cultivation in the USA. The
conclusion reached by [38] was that, for weeds that grow taller than the crop, the main
competitive factor is shading. This statement could be only partly confirmed by the present
study, because particularly in the field the ragweed overgrew cv. Albenga approx. 9 weeks
after sowing—the time from which the AGDM was negatively affected by the presence of
ragweed. At T3 (60 DAS), the ragweed plants were 27.0% taller than the Albenga plants
grown at the highest ragweed density but were on average 14% smaller than other Albenga
plants grown at lower ragweed densities. The same was true for cv. ES Mentor plants in
the R5 plots, which were also exceeded in height by the ragweed by 17% at T3, whereas
the plants in lower ragweed densities were on average 11% taller than the ragweed.

4.3. Influence of Ragweed on Nodulation

GLMM and regression analyses were performed to identify the best model to explain
soybean yield. These analyses showed that not only ragweed dry matter, but also the
number of nodules and, in particular, the mean weight of the nodules, had a notable
influence not only on the yield, but also yield-influencing parameters, such as the AGDM.
In all our experimental environments, the soybean cultivars neither differed in their number
of nodules nor in the mean weight of their nodules, but ragweed density had a significant
negative impact on both parameters. Five plants per plot/pot reduced the number of
nodules of cv. Albenga by 87%, averaged over all experiments. Cv. ES Mentor showed a
slightly lower reduction of 73% fewer nodules in the R5 variant. Runner bean growing
together with five ragweed plants had 84.7% fewer nodules, which were also 92% lighter
than those of the runner bean grown without ragweed competition. As a consequence,
similar to soybean, a yield reduction of 74% for the runner bean was observed. Thus,
we found clear evidence that the presence of ragweed has a severe impact on growth
performance and yield of soybean, mainly by influencing nodulation and nodule growth.
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However, studies dealing with the interaction between weeds in general and soybean,
and how these weeds affect nodulation, are scarce. One reason might be the complexity
of the process, as not only soil properties and chemical interactions, but also biotic and
abiotic environmental factors, may have a direct or indirect impact on legume-rhizobia
symbiosis [46]. Although the effect of abiotic stressors, such as drought, salinity, or extreme
temperatures, on root morphology and related physiological processes can be excluded
from the present study, in particular, the factor of light must be paid closer attention. As
shown by [27], the red:far red light ratio (R:FR) had a significant impact on root morphology
and the chemical composition of root exudates, particularly the hydrogenperoxide (H,O,)
and the malondialdehyde (MDA) content. Both substances play an important signaling
role in the establishment and the functioning of the interaction between legumes and rhizo-
bia [47]. In addition, it can be assumed that competition with neighboring plants can also
induce the synthesis of general stress regulators such as phytohormones [48]. Abscisic acid
(ABA), in particular, plays a pivotal role in many physiological processes and, therefore,
also has an indirect impact on nodulation [49,50]. As shown by [51] and [52], increasing
levels of ABA in plant roots had significant negative effects on nodules. Furthermore,
it was shown that ABA markedly decreased the production of three isoflavonoid com-
pounds in soybean, which in consequence reduced the attraction of the roots to rhizobial
bacteria [53,54]. In this context, the presence of negative allelopathic agents can also have
a severe negative impact on rhizobium reproduction, on the “communication” between
soybean roots and rhizobia, and on nodule formation [55-57]. Recently, most of the studies
dealing with allelopathic effects of weeds on the legume-rhizobia interaction has been
executed using residues of weedy species. For example, [46] reported that residues of
couch grass (Elymus repens) when incorporated into the soil decreased the nodule number,
nodule fresh weight, and nitrogen fixation in soybean and bean. The residue of Carduus
nutans has been shown to affect the nitrogen fixation in Trifolium repens [58]. Similar
effects were reported by [59] with nettled-leaved goosefoot (Chenopodium murale) and
chickpeas. In soil amended with weed residues, not only the number of nodules, but also
their weight was significantly reduced, mainly by four phenolic acids, viz. protocatechuic,
ferulic, p-coumaric, and syringic acid. All these phytotoxins are reported to inhibit growth,
chlorophyll content, and biomass accumulation [60,61].

In the present study, we found clear evidence that the presence of ragweed has a
severe impact on the growth performance and yield of soybean, mainly by influencing the
nodulation behavior of soybean and/or rhizobia. Thus, in an ongoing study on soybean
and ragweed interactions, aqueous extracts of aboveground and belowground biomass,
in addition to the essential oil of ragweed, were prepared and analyzed. In total, we
found more than 60 chemical compounds in the plants, i.e., very high concentrations of
the sesquiterpene Germacrene-D, which is known for its antimicrobial properties, and
a-caryophyllene, which is highly reactive with various other molecules such as reactive
oxygen species (ROS), which thrive in the successful interaction between plant roots and
rhizobia [21,24].

However, regarding the quantification of the impact of allelopathy on the soybean—
ragweed interference, either independently or synergistically with other competitive factors
such as light and /or biotic and abiotic factors, a large gap in knowledge remains. Due to the
complexity of the symbiotic process, the detection of the major allelochemicals of ragweed
is essential. In a further step, mechanistic studies on the impact of these allelochemicals
on the root growth of soybean are highly recommended to obtain a better understanding
of the interaction processes between these allelochemicals and root growth, and how this
interference directly and/or indirectly affects nodulation.

5. Conclusions

In the present study, we showed that an infestation with ragweed can have a severe
impact on the growth performance and yield of soybean. However, it must be taken into
account that we used an experimental design of exemplary nature to exclude possible
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intraspecific interactions of soybean, to specifically dissect the impact of ragweed on
soybean plants. Thus, it can be assumed that the effects presented in the study will be
somewhat defused in practical field stands, because soybean density also affects crop
performance and has a competitive effect on ragweed. Nevertheless, we found clear
evidence that the presence of ragweed has no significant effect on the root growth of
soybean, but substantially impairs the nodulation performance of rhizobia, which will
have a significant impact on the vegetative growth and yield of soybean and other legumes.
Due to changing climatic conditions, limited management options, and the high plasticity
of the plant, it can be assumed that the spread of ragweed will further increase. Thus,
it is important to understand the mechanisms behind the interaction between ragweed
and crops such as soybean, in order to reveal new management options. In this context,
allelopathic interference represents a broad field of research, because little is known about
the chemical properties of the plant and how it affects crops by changing growth patterns,
morphological traits, and /or plant-microbe symbiosis.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy11081616/s1, Figure S1. Growth height (cm) of soybean and ragweed from (a)
Albenga (greenhouse trial), (b) ES Mentor (greenhouse trial) (c) Albenga (mean result of field trials
2017 and 2018), (d) ES Mentor (field trial, 2017) in the course of the trial period, dependent on the
ragweed density (0, 1, 3, 5 plants: R0, R1, R3, R5; n = 4; significance levels: * p < 0.05, ** p < 0.01,
***p <0.001). Table S1. Results of a two-way ANOVA for yield and other growth parameters
measured at harvest of soybean, dependent on ragweed density (R) and cultivar; V1 = Albenga,
V2 = ES Mentor; AGDM = aboveground dry matter; BGDM = belowground dry matter; n = 4;
significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001; interactions between main factors are not
visualized because no significances were detected. Figure S2. Runner bean grain yield per plant,
dependent on ragweed density (0, 1, 3, and 5 plants: R0, R1, R3, and R5; n = 4; different letters
indicate significant differences). Figure S3. (a) number of nodules and (b) mean weight of nodules
[mg] on runner bean, dependent on ragweed density (0, 1, 3, and 5 plants: R0, R1, R3, and R5; n =4;
different letters indicate significant differences).
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