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a b s t r a c t

Annual wormwood interference on soybean crop growth and yield may result from competition and
allelopathy, which are modulated by crop management. Allelochemicals released by annual worm-
wood (e.g. artemisinin) may affect the crop directly or indirectly through the effect on the nitrogen
fixing symbiont, Bradyrhizobium japonicum. The objectives were (i) to quantify the crop response (i.e.
biomass production, nodulation and yield) to weed interference and (ii) to determinate the relative
change of competition and allelopathy interferences, when a sublethal dose of herbicide is applied.
Two split plot field experiments with three replications were used. The experiment involved a facto-
rial combination of five weed–crop density (soybean/annual wormwood, plants m−2) levels: D1, pure
soybean, 40/0 plants m−2; D2, 40/2 plants m−2; D3, 40/4 plants m−2 and D4, 40/8 plants m−2, and D5, pure
annual wormwood, 0/8 plants m−2, two activated carbon (allelopathy) levels: C−, with activated carbon
(reduced allelopathy) and C+, non activated carbon applied (with allelopathy) and two herbicide levels:
H−, untreated and H+, treated with a sub-lethal dose of glyphosate. Activated carbon to adsorb allelo-
chemicals (with and without activated carbon) and glyphosate application (with and no herbicide) were
assigned to sub-plots. Increasing weed density did not affect crop biomass at flowering, but changed nod-
ule number and soybean yield with a different pattern depending on carbon and herbicide treatment.
Relative crop yield decreased with increasing relative weed biomass. This decrease was particularly dras-
tic when allelopathy was reduced by activated carbon and without herbicide application. The maximum
yield losses of 33% in 2006 and 17% in 2007 were observed with the highest weed density (8 plants m−2).
In contrast, without carbon (high allelopathy level), soybean yield remained stable within the explored
range of annual wormwood biomass, despite the fact that weed biomass at high densities (D4) was high
enough to generate competition. The lack of response to increasing weed density could be related to the

indirect effect of allelochemicals interacting with soil microorganisms (i.e. B. japonicum) that positively
affected the nodulation (e.g. larger nodules in 2006 and increased nodules biomass due to higher number
of roots in 2007 at high densities). With herbicide application, soybean yield of both carbon treatments
remained stable when biomass of annual wormwood increased. This research provided strong evidence
in support of the existence of positive effect of allelopathic and competitive interactions between annual

crop u
wormwood and soybean
. Introduction

Interference between crop and weed plants has been attributed
o competition for resources, light, water and nutrients (de Wit,
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nder field conditions that may be overridden under herbicide application.
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1960; Aldrich, 1984). However, allelopathy, defined as the direct or
indirect effect of one plant on others through the release of chem-
ical compounds (i.e. allelochemicals) into the environment (Rice,
1984; Seigler, 1996), is also an important non-competitive interfer-
ence (Inderjit et al., 2001; Callaway, 2002; Barney et al., 2005). The
allelopathy encompasses both stimulatory and inhibitory inter-
actions among neighbour plants (Molish, 1937) directly affecting

growth, development, establishment and reproduction (Rice, 1984;
Inderjit and Mallik, 2002) or indirectly, for example, through sup-
pressed nodulation in legume crops (Batish et al., 2007).

Annual wormwood (Artemisia annua L.), a component of
soybean (Glycine max (L.) Merr.) weed community in Argentina
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de la Fuente et al., 1999, 2006, 2010), may release allelochem-
cals (i.e. artemisinin) affecting crop growth (Duke et al., 1987;

eston, 1996; Weston and Duke, 2003). However, some chemical
ompounds (e.g. arteannuic acid and arteannuin B) showed a
timulating effect on root formation in legume crops (i.e. mung
ean) (Chen and Leather, 1990). Although artemisinin (non
olatile compound) and other chemicals with allelopathic activity
re present in various organs, including leaves, stems, floral and
ruit parts (Delabays et al., 2001). Leaves and fruits have the most
mportant allelopathic potential (Inderjit, 2005). These compounds
re released into the soil environment by volatilization, leaching,
oot exudation or/and residue decomposition (Harborne, 1997).
nder greenhouse conditions, soybean is susceptible to allelo-
hemicals due to the fact that not only nodulation, and hence
itrogen fixation (Rice, 1984) are affected but also plant growth
Lydon et al., 1997) and yield (Azania et al., 2003).

Crop management imposes stress (i.e. herbicide application) on
lants that can enhance not only the amount and the physiolog-

cal effects of the allelochemicals produced by the donor species
Einhellig, 1999), but also the sensitivity of target plants to alle-
ochemicals (Einhellig, 1996). Likewise, the presence of herbicides
hat regulate the competition between weeds and crops may inter-
ct with the activity of allelochemicals. The effect observed may be
ither additive, antagonist or synergistic (Einhellig, 1996). Inten-
ional or unintentional exposure to sublethal herbicide dose is a
ommon event in target weed populations (Vila-Aiub and Ghersa,
005). For example, Lolium multiflorum Lam. plants exposed to
ublethal dosages of herbicide application triggered an increase
f allelochemicals levels in the plants (Vila-Aiub and Ghersa,
005). On the other hand, low rates of herbicides (i.e. glyphosate)
aused deleterious effect on Bradyrhizobium japonicum (Moorman
t al., 1992; Hernandez et al., 1999) and inhibition of the nodu-
ation (Reddy, 2000) and/or nitrogen fixation in soybean plants
Zablotowics and Reddy, 2004).

Most studies analyzing allelopathic weed–crop interferences
sing annual wormwood (Lydon et al., 1997) and other allelopathic
pecies (Batish et al., 2007) were conducted under laboratory and
reenhouse conditions (Inderjit et al., 2001; Inderjit and Nilsen,
003). Few experiments investigated the relative importance of
ompetition and allelopathy under field conditions (Nilsson, 1994;
nderjit et al., 2001). However, knowing the allelopathic annual

ormwood effect on soybean crop due to changes in weed density
nd glyphosate rates could be relevant to improve crop manage-
ent strategies. Consequently, further studies that explore both

nterferences under field conditions are needed.
Within this context, the working hypothesis of this study

as that allelopathic and competitive interferences in a crop-
llelopathic weed system are modified by weed density and
erbicide application. Thus, the overall purpose of the work was
o evaluate allelopathic and competitive interferences in annual
ormwood–soybean crop system modified by weed density and
erbicide application under field conditions. The specific objectives
ere (i) to quantify the crop response (i.e. aboveground biomass
roduction, nodulation and yield) to weed interference and (ii)
o determine the relative change of competition and allelopathy
nterferences, when a sublethal dose of herbicide is applied.

. Materials and methods

.1. Field experiments
Field experiments were conducted in 2006 and 2007 at the
aculty of Agronomy in the University of Buenos Aires, Argentina
34◦35′S, 58◦25′W) on a silty clay loam soil classified as Vertic
rgiudoll according to the USDA taxonomy (1999). Meteorological
onomy 34 (2011) 211–221

conditions (temperature and rainfall) were recorded at meteoro-
logical station Villa Ortúzar located 34◦35′S, 58◦25′W (Table 1).

The soil was ploughed and refined to produce a smooth seed
bed. Soybean cultivar of maturity group IV (DM 4800) was inocu-
lated with B. japonicum (109 colony forming units/g inoculant) and
sown at a rate of 45 seeds m−2 in plots of 16 rows width, 0.35 m
apart, and 2.8 m long on January 18th in both years. The plots were
N–S oriented. The sowing was carefully made in order to achieve a
uniform soybean seed germination and seedling emergence. Soy-
bean seeds (with more than 98% of germination) were placed in
the rows, covered with soil, lightly compacted and irrigated. At
soybean emergence (VE, Fehr and Caviness, 1977), soybean plants
were thinned to 40 plants m−2. Annual wormwood was previously
sown in speedling trays and then transplanted to plots at soybean
seedling emergence.

During the experiments plots were irrigated to supplement nat-
ural rainfall (455.4 mm in 2006 and 203.4 mm in 2007) with the
objective of maintaining the soil near field capacity. Spontaneous
weeds were manually removed, and all plots were sprayed with
the equivalent of 0.1 L a.i. ha−1 of cypermethrin and 0.8 L ha−1 of
chlorpyrifos at soybean vegetative stage (V2; Fehr and Caviness,
1977) and with endosulfan (1.5 L ha−1, 35%) at reproductive stage
(R6; Fehr and Caviness, 1977), to prevent pests throughout the crop
cycle.

2.2. Treatments and experimental design

The experiment involved twenty treatments, resulting from a
factorial combination of: five weed–crop density (soybean/annual
wormwood, plants m−2) levels: D1, pure soybean, 40/0 plants m−2;
D2, 40/2 plants m−2; D3, 40/4 plants m−2 and D4, 40/8 plants m−2,
and D5, pure annual wormwood, 0/8 plants m−2; two activated car-
bon (allelopathy) levels: C−, non activated carbon applied (with
allelopathy) and C+, with activated carbon (reduced allelopathy),
and two herbicide levels: H−, untreated and H+, treated with a sub-
lethal dose of glyphosate. Control plots were pure soybean (D1) and
pure annual wormwood (D5) with (C−; H−), (C+; H−), (C−; H+),
(C+; H+) treatments, respectively.

The experimental design was a split-plot factorial arranged in
a randomized complete block with three replications due to the
slight slope of the field used during 2006. In 2007 treatments
were arranged in a factorial randomized complete design with
three replications. Crop–weed density (competition) treatment
was assigned to the main plots (64 m−2) and subplots consisted
of a factorial combination of activated carbon (allelopathy) and
herbicide treatments.

Crop–weed density interactions were studied using an additive
experimental design (Park et al., 2003). Thus soybean density was
left constant (40 plants m−2) in each plot and different densities
of annual wormwood plants were transplanted into the inter-row,
according to density treatments at soybean emergence (VE, Fehr
and Caviness, 1977).

Activated carbon was used to reduce allelopathy under field
conditions (Nilsson, 1994) and as a simple way to separate allelopa-
thy and competition. Activated carbon adsorbs organic compounds
with little effect on inorganic nutrients (Inderjit and Callaway,
2003). At vegetative stage of soybean V1 (Fehr and Caviness, 1977)
500 g m−2 activated carbon (Refil SA and Clarimex SA) was spread
according to Nilsson (1994) and to a previous experiment per-
formed to test if the allelochemicals released by annual wormwood

were adsorbed by the soil. Reduced allelopathy sub-plots were cov-
ered with soil (650 g m−2). The purpose was to avoid wind dispersal
of the carbon, considering that the carbon texture is very fine (from
2 to 5 nm) and to prevent colour and soil temperature differences
between allelopathy treatments (C+ and C−).
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Table 1
Monthly maximum, minimum temperatures (◦C) and accumulated rainfall (mm) during 2006 and 2007 recorded at Climatological Villa Ortúzar Station.

Crop month 2006 2007

Temperature (◦C) Rainfall (mm) Temperature (◦C) Rainfall (mm)

Maximum Minimum Maximum Minimum

January 36.6 14.9 33.3 35.4 12.7 70.9
February 35.0 12.6 201.4 35.8 11.0 123.2
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March 30.1 7.1 149.4
April 28.4 4.6 69.6
May 24.7 −0.3 1.7

Laboratory tests were conducted to assess the adsorption capac-
ty of the activated carbon and the probability that it would mix

ith the soil in the field plots. Three artemisinin concentration
evels (0, control; 0.2 mL L−1 and 0.5 mL L−1 standard artemisinin
igma–Aldrich 98%) were tested (n = 3). Standard solutions of
rtemisinin were prepared by dissolving an accurately weighed
uantity (about 6 mg) of artemisinin in ethanol, and adjusting it
o the 6 mL mark. Three aliquots equivalent to 0.2 and three 0.5 mL
f the mentioned solution were drop-poured into six 50 mL flasks,
espectively. The solutions were then added to six beakers contain-
ng 2 g of activated carbon (5 mm layer) and were kept under 20 ◦C
or 2 days. Control treatment was made following the same steps
ithout the addition of artemisinin. Ethanol was vacuum evapo-

ated by a rotary evaporator. Activated carbon was washed with
0 mL to simulate rainfall and then shaken (10 min). The water
xtracted solution was vacuum distilled by a rotary evaporator. The
esidue was dissolved in ethanol and vacuum filtered. The filtrate
as concentrated and transferred into a 5 mL flask. Artemisinin

ontent in the solutions was measured by Reversed Phase HPLC
ollowing the method described by Qian et al. (2005). After lab-
ratory tests, artemisinin content in the water solution extracted
rom the activated carbon was 0% for all the tested concentrations
f artemisinin, thus it can be assumed that the quantity of acti-
ated carbon used in the field experiment to reduce allelopathy
as enough to adsorb artemisinin and other minor weight chemical

ompounds lixiviated from leaves of annual wormwood.
To test whether the activated carbon layer would remain pure

ithout mixing with the rest of the soil during the experiment,
hree Büchner funnels were prepared. They contained a layer of soil
10 mm), a layer of carbon (5 mm) and a layer of soil (10 mm). Both
oil layers were taken from the experimental site. The combination
f layers was sprayed with water up to saturation to simulate rain
very second day during two weeks. Visual observation of the layers
as performed so as to verify there was no mixing between soil and

arbon.
At vegetative stage of soybean V4 (Fehr and Caviness, 1977)

lyphosate was applied in sub lethal dose (1/8 of commercial dose,
kg a.i. ha−1). Sub lethal dose of glyphosate was chosen by previ-
usly testing four doses of glyphosate (0, 1/2, 1/4 and 1/8 of dose,
kg a.i. ha−1) on annual wormwood plants (3 plants per treatment)
rowing in the same field (n = 3). Visual observation of weed plants
as carried out after 15 days of the herbicide application.

.3. Data collection

At flowering (R1; Fehr and Caviness, 1977), soybean plants in the
entral rows of the plots were sampled to determine dry weight of
boveground and root biomass and nodulation. Roots were sam-

led to determine nodule number and dry weight. Soil samples
2.1 m × 0.20 m × 0.25 m deep) that included the primary and sec-
ndary roots and nodules were immediately washed with water
nd filtered (1 mm mesh). Samples were placed in plastic bags and
rozen until separation of nodules from roots.
31.1 11.6 0.3
31.4 5.2 0.0
24.9 −2.1 0.0

At the end of soybean growing season (maturity: R8; Fehr and
Caviness, 1977), soybean plants covering a surface of 0.75 m2 in
the three central rows of plots were harvested to determine above-
ground biomass and seed yield. In the same sample area, 5 plants
of annual wormwood were harvested to determine aboveground
biomass. Dry weight of all samples was determined after oven-
drying samples for three days at 68 ◦C until reaching constancy of
weight.

2.4. Statistical analyses

Main and interaction effects of experimental factors were
determined from analysis of variance (ANOVA) using the “Gen-
eral Lineal Model” (GLM) procedure in the Statistical Analysis
System (SAS, v. 9.1, SAS Institute, Cary, NC). Block and repli-
cation were set as random effects. ANOVA assumptions were
tested (random and homogenous residuals, normal distribution).
Means were separated using Tukey’s test at p < 0.05. Data was
log-transformed when distribution was not normal. In this case, re-
transformed means are presented in figures. Number of roots was
input as co variable for ANOVA in number and biomass of nodules
in 2007.

Considering there was a gradient of aboveground biomass in
the experiments, analysis of regression was used to describe the
relationship between soybean yield and total annual wormwood
aboveground biomass at maturity. A hyperbolic model was used,
as shown in Eq. (1). Hyperbolic functions have been used to
describe yield with increasing weed biomass (Canner et al., 2002).
To compare data obtained in both years, yield of soybean and total
aboveground biomass of annual wormwood were transformed to
relative values. This was done by dividing yield or biomass obtained
in each subplot by the yield or biomass obtained in each control
subplot each year.

Ŷijk = (a + b × Xij)
(c + Xij)

(1)

where Ŷijk represents the predicted ratio between soybean yield
(g m−2) and soybean yield in each control plot (D1) plot for the
carbon i (i = C+, C−), herbicide application j (j = H+, H−) and repli-
cation k (k = 1–3); Xij represents the ratio between aboveground
biomass of annual wormwood (g m−2) at maturity and above-
ground biomass of annual wormwood in each control plot (D5)
for the carbon i and herbicide j treatments; −a/b is the amount
of relative biomass of the weed as Ŷijk approaches 0 and a/c is the
intercept, i.e. the relative soybean yield in absence of the weed. Ŷijk

and Xij units are g m−2/g m−2 while units of parameter model a, b

and c are g m−2.

Eq. (1) was analyzed using the non-linear modules of Sigma Plot
v.10. Goodness of fit was judged by residual mean square (RMS),
estimation of parameters, adjusted R2, and visual examination of
the residuals.
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. Results

.1. Crop response to weed interference at flowering stage (R1)

(a) Crop biomass: At flowering, mean soybean aboveground
iomass was similar in all plots regardless of herbicide application
r carbon addition to the soil (Table 2). However, in 2006 exper-
ment herbicide sub-lethal dose application resulted on average
n an 11% increase of soybean biomass production relative to the
ntreated plots (p = 0.01, Table 3). This increase was related to the
early 16 fold reduction in annual wormwood average biomass
bserved in the herbicide treated in relation to the untreated plots
Table 2).

(b) Root biomass and number: In general soybean root number
nd biomass did not vary across treatments. However, in 2007
xperiment root number showed a significant reduction when the
eed density was 4 and 8 plants m−2 (D3 and D4 levels) in relation

o the crop’s pure stand (D1), in the plots with reduced allelopa-
hy (with carbon) (Fig. 1). Differences observed in this and other
ariables (see below) among carbon treatments when soybean and

nnual wormwood were grown together were not related to a
irect effect of activated carbon, since in pure stands plots (D1
nd D5) no significant effect (p > 0.05) of activated carbon was
bserved on aboveground biomass of soybean and annual worm-
ood at R1 (Fig. 2A and B), biomass and number of nodules (Fig. 2C

0

200

400

600

800

1000 2006 2007

ns ns

(A)

A
bo

ve
gr

ou
nd

 b
io

m
as

s
of

 s
oy

be
an

 a
t R

1 
(g

 m
-2

)

0

5

10

15 2006 2007

ns

ns

(C)

B
io

m
as

s 
of

 n
od

ul
es

 (
N

 m
-3

)

0

20

40

60

80
2006 2007

ns

ns

(E)

Without carbon With carbon

B
io

m
as

s 
of

 r
oo

ts
 (

g 
m

-3
)

ig. 2. Effect of activated carbon on: (A) aboveground biomass of soybean at flowering (
g m−2), (C) biomass of soybean nodules (g m−3), (D) number of nodules (number m−3), (E)
006 and 2007. Control plots were pure soybean (D1) or pure annual wormwood (D5) w
erbicide (black bars), respectively. Values of biomass of annual wormwood, number and
ignificant: F-test significant at p < 0.05.
white symbols) on number of soybean roots (roots m ) in 2007. D, (soy-
bean/annual wormwood, plants m−2); D1, 40/0 plants m−2; D2, 40/2 plants m−2; D3,
40/4 plants m−2; D4, 40/8 plants m−2. Vertical lines are the SE. Different letters indi-
cate significant differences between means according to Tukey’s test at p < 0.05.

and D), and biomass and number of roots (Fig. 2E and F) in both

years.

(c) Nodule size and number: The reduction of soil allelochemi-
cals by the activated carbon affected the development of soybean
nodules, with a different pattern each year (Tables 2 and 3). In
2006 the crop’s roots of the plots with activated carbon treatment
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R1; Fehr and Caviness, 1977) (g m−2), (B) aboveground of annual wormwood at R1
biomass of roots (g m−2) and (F) number of roots (roots m−3) in control plots during

ithout carbon and untreated herbicide (white bars) and with carbon and untreated
biomass of nodules are the re-transformed means and vertical lines are SE. ns, not
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Table 2
Mean values of aboveground biomass of soybean and wormwood at flowering, biomass and number of nodules and biomass and number of soybean roots for the density
(D), activated carbon (C) and herbicide (H) treatments in 2006 and 2007.

Year Factor Level Soybean Annual wormwood

Aboveground biomass at R1 (g m−2) Nodules Roots Aboveground biomass at R1 (g m−2)a

Biomass
(g m−3)a

Number
(nod-
ules m−3)a

Biomass
(g m−3)

Number
(roots m−3)

2006 Density
D1 571.16 144.97 1.49 60.46 41.58 –
D2 523.76 77.31 1.24 53.86 40.66 27.99a
D3 558.24 395.20 2.82 62.86 39.58 52.09b
D4 497.57 249.28 2.30 51.98 36.50 117.84c
D5 – – – – 636.90d

Carbon
C− 534.67 71.21a 1.62a 56.83 38.58 216.64
C+ 540.69 362.17b 2.30b 57.75 40.58 143.77

Herbicide
H− 508.58 210.82 1.94 58.09 39.37 265.01a
H+ 566.78 222.56 1.98 56.49 39.79 16.62b

2007 Density
D1 487.34 673.11 7.54 40.82 43.66a –
D2 496.91 568.22 6.89 40.23 38.77ab 11.57
D3 481.07 318.56 4.54 42.19 34.55b 21.31
D4 496.65 518.67 5.92 38.94 37.33b 34.03
D5 – – – – – 316.08

Carbon
C− 494.52 611.72 6.71a 42.61 38.22 99.00
C+ 486.47 427.56 5.73b 38.47 38.94 99.78

Herbicide
H− 504.55 536.61 6.44 41.93 39.11 109.01
H+ 476.44 502.67 6.00 39.16 38.05 90.60

D by dif
s

d
p
u
t
m

T
A
r

d

, density; C, activated carbon; H, herbicide. Within each column, means followed
ignificance level based on Tukey’s test.

a Data was log-transformed before for statistical analysis.
eveloped a higher number of nodules than those of the untreated
lots. However, in 2007 mean nodule number was higher in the
ntreated plots. Only in 2006 and without carbon (with allelopathy)
he average nodule’s weight was larger than with carbon treat-

ents (Table 2 and Fig. 3).

able 3
nalyses of variance of aboveground biomass of soybean and annual wormwood at flow
oots as affected by weed density (D), activated carbon (C) and herbicide (H) treatments a

Year Factor d.f. p-Values of F-test

Soybean

Aboveground biomass at R1 Nodules

Biomass

2006 Block 2 0.32 0.82
D 3 0.36 0.54
Block × D 6 0.14 <0.001
C 1 0.78 <0.01
H 1 0.01 0.94
D × C 3 0.07 0.15
D × H 3 0.57 0.68
C × H 1 0.92 0.82
D × C × H 3 0.48 0.67
Error 22

2007 D 3 0.97 0.91
Replication × D 8 0.41 <0.001
C 1 0.77 0.07
H 1 0.31 0.98
D × C 3 0.64 0.78
D × H 3 0.63 0.44
C × H 1 0.05 0.65
D × C × H 3 0.54 0.20
Error 24

.f., degree of freedom. Numbers in bold indicate significant differences at p < 0.05 based
ferent letters are significantly different for the same factor in each year at the 0.05
3.2. Crop response to weed interference at maturity (R8)

In both years soybean aboveground biomass was not affected
by the experimental treatments (Tables 4 and 5). However, the
effect of weed interference on soybean yield was different each

ering (R1), biomass and number of nodules and biomass and number of soybean
nd their interactions for 2006 and 2007.

Annual wormwood

Roots Aboveground biomass at R1

Number Biomass Number

0.97 0.47 0.92 0.60
0.77 0.35 0.66 0.01

<0.001 0.01 <0.01 0.04
<0.001 0.15 0.29 0.21

0.84 0.29 0.97 <0.001
0.21 0.64 0.13 0.36
0.76 0.08 0.88 0.16
0.80 0.25 0.24 0.83
0.51 0.18 0.71 0.27

0.79 0.85 <0.01 0.97
<0.001 0.42 0.82 0.41

0.01 0.12 0.65 0.77
0.62 0.29 0.51 0.31
0.72 0.91 0.03 0.64
0.37 0.95 0.53 0.63
0.83 0.17 0.26 0.05
0.26 0.65 0.56 0.54

on F-test.
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Table 4
Mean values of soybean yield and aboveground biomass and annual wormwood at maturity (R8) in the density (D), activated carbon (C) and herbicide (H) treatments in 2006
and 2007.

Year Factor Level Soybean Annual wormwood

Yield (g m−2) Biomass at R8 (g m−2) Biomass at R8 (g m−2)a

2006 Density
D1 314.97a 638.12 –
D2 331.57a 682.38 143.69a
D3 306.52a 633.72 244.86b
D4 264.90b 573.36 287.66c
D5 – – 453.23d

Carbon
C− 299.09 636.85 295.82
C+ 309.89 626.94 269.24

Herbicide
H− 294.22 607.27 507.75a
H+ 314.76 656.52 46.94b

2007 Density
D1 237.91ab 658.15
D2 269.04a 666.37 47.71a
D3 264.52ab 657.40 98.24a
D4 232.16b 615.39 223.17b
D5 – – 563.74c

Carbon
C− 254.52 656.03 245.32
C+ 247.29 642.63 221.11

Herbicide
H− 241.15 625.08 260.82a
H+ 260.66 673.58 205.61b

D × H factor interaction in both years is shown in Fig. 6. D × C × H factor interactions of soybean yield in 2006 is shown in Fig. 4. Within each column, means followed by
different letters are significantly different for the same factor at each year at the 0.05 significance level based on Tukey’s test.

a Data were analysed on log-transformed data and retransformed to the original scale.

Table 5
Analyses of variance of soybean yield and aboveground biomass and annual wormwood biomass at maturity (R8) in the density (D), activated carbon (C) and herbicide (H)
treatments and their interactions in 2006 and 2007.

Year Factor d.f. p-Values of the F-test

Soybean Annual wormwood

Yield Aboveground biomass at R8 Aboveground biomass at R8

2006 Block 2 0.62 0.95 0.62
D 3 <0.01 0.34 <0.001
Block × D 6 0.09 0.09 0.81
C 1 0.48 0.71 0.68
H 1 0.10 0.07 <0.001
D × C 3 0.39 0.45 0.48
D × H 3 0.58 0.51 <0.001
C × H 1 0.62 0.21 0.79
D × C × H 3 0.01 0.33 0.43
Error 22

2007 D 3 0.02 0.08 <0.01
Replication × D 8 0.97 0.98 0.06
C 1 0.69 0.69 0.11
H 1 0.28 0.18 <0.01
D × C 3 0.98 0.85 0.36
D × H 3 0.85 0.69 0.03
C × H 1 0.77 0.78 0.65
D × C × H 3 0.77 0.92 0.48
Error 24

D, density; C, activated carbon; H, herbicide; d.f., degrees of freedom. Numbers in bold indicate significant differences at p < 0.05 based on F-test.

Table 6
Estimated parameters values obtained by fitting a hyperbolic model (Eq. (1)) describing the relationship between relative biomass (RB) and relative yield (RY) of soybean
and relative biomass of annual wormwood at maturity in herbicide untreated plots with carbon. Values between parenthesis denote the SE; Pmodel = likelihood of the model
and d.f. = degrees of freedom.

Treatment Regression parameters (±SE) RMSE (g m−2) R2
adj Pmodel d.f.

−2 −2 −2

H

a (g m ) b (g m ) c (g m )

RY −0.77 (0.06) 1.07 (0.05) −0.73 (0.04)

yperbolic model: Ŷijk = (a + b × Xij)/(c + Xij)
0.13 0.73 0.01 7
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ear. In the 2006 experiment soybean yield response to wormwood
ensity increase was altered by both the addition of carbon and
erbicide as accounted by the observed triple treatment interac-
ion (D × C × H) (p = 0.01, Table 5). Without herbicide application,
nnual wormwood presence in the mixture reduced soybean yield,
ignificantly, only at the highest weed density level (D4), and if
arbon was applied to the soil (Table 4, Fig. 4).

In 2007 experiment there were no treatment interactions
Table 5) and high wormwood density (8 plants m−2) significantly
ecreased grain yield of soybean (p = 0.02, Table 5).

No direct effect of carbon was also observed at this phenological
tage. Soybean and annual wormwood biomass and soybean yield
n pure stands (D1 and D5) were similar between carbon treatments
n both years (Fig. 5).

Weed biomass did not increase as expected with density in 2006
ut was significantly reduced in herbicide-treated plots (Fig. 6).
ithout herbicide, wormwood biomass production was equal

cross density treatments when growing in mixture with soybean.
owever, in D5 plots (with 8 plants per m2 of the weed growing in
ure stand) biomass production almost doubled. Herbicide reduced
he weed biomass in all treatments, but changed the pattern of
esponse to density, as wormwood biomass increased both with
he increase in density and the elimination of soybean interference
Fig. 6). In 2007 wormwood biomass production increased with
eed density in the mixture, but showed no change to the elimi-
ation of soybean interference. Herbicide treatment changed this
attern because in the absence of soybean (D5) despite the her-
icide application, the weed produced around a fivefold biomass

ncrease relative to the mixed stands (Fig. 6).

The regression analysis showed that relative crop yield

ecreased with increasing relative weed biomass (Table 6). This
ecrease was particularly drastic when allelopathy was reduced by
ctivated carbon and without herbicide application (Fig. 7A). The
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best fit of the hyperbolic model was obtained with data from plots
with carbon but no herbicide (p = 0.01, R2

adj. = 0.73, Table 6). In these
plots grain yield decreased when annual wormwood increased
from 266 to 535 g m−2 (0.34 and 0.69 relative biomass, respectively,
Table 7) in 2006 and from 127 to 256 g m−2 (0.23 and 0.62 rela-
tive biomass, respectively, Table 7) in 2007. The maximum yield
losses of 33% (0.67 RY) in 2006 and 17% (0.83 RY) in 2007 (Table 7)
were observed with the highest density (8 plants m−2) of annual
wormwood. In contrast, without carbon (high allelopathy level),
soybean yield remained stable within the explored range of annual
wormwood biomass, despite the fact that weed biomass at high
densities (D4) was high enough to generate competition (Fig. 6
and Table 7).

Interestingly soybean yield was higher in D2 (low weed density
plots) than controls in all carbon and herbicide treatments in both
years (e.g. in C− and H−, soybean mean yield even increased 13% in
2007), except without carbon and no herbicide application in 2006
(Tables 7 and 8). In herbicide treatments, soybean yield of both
carbon treatments remained stable when biomass of annual worm-
wood increased (Fig. 7B) and the biomass of annual wormwood was
lower with herbicide application in both years (Fig. 6), suggesting
that the level of competition of annual wormwood on soybean crop
was lower in H+ than H− treatments (see Tables 7 and 8).

4. Discussion

This experimental design included the manipulation of den-
sity by adding weed plants to a crop stand and the reduction of
weed growth without density variation by adding sub-lethal her-
bicide doses. In both years the density and herbicide treatments
aimed at modulating weed interference levels produced an inter-
action effect, resulting in a wide range of variation in wormwood
biomass. However, at flowering stage, soybean aerial and root
biomass, and root density remained unchanged in all treatments.
Only during 2006 with herbicide, in which weed biomass in the
mixed stands, was dramatically reduced there was an increase in
soybean aerial biomass production. This relative poor response to
treatments was also found at maturity, since aerial biomass pro-
duction was unaffected by variations in weed density and biomass
among treatments. On the other hand, soybean yield diminished
at the highest weed density of 8 plants per m2, and the reduction
in weed biomass due to herbicide application caused a significant
increase in the average yield. In the 2006 experiment there was
a triple interaction indicating that soybean yield was affected not
only by the weed’s density or biomass but also by the release of alle-
lochemicals to the soil environment. At the D4 density level of the
gesting that weed interference (i.e. competition) was reduced if the
allelochemicals were present in the soil. This assertion is sustained
on the field experiments that included the use of activated carbon to
reduce the input of wormwood allelochemicals to the soil environ-
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d carbon (with, black bars, and without, white bars) treatments on soybean yield
rding to Tukey’s test at p < 0.05. F-test significant at p < 0.05.
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ent. Although activated carbon is considered an effective tool for
tudying allelopathy under field conditions (Inderjit and Callaway,
003), studies of allelopathy and competition interferences must
e carefully interpreted, particularly when using activated carbon
o separate both processes. In these experiments, activated carbon
ayer was experimentally tested as an effective way of capturing

llelochemicals without direct measurable effects on the growth of
he crop or the weed. The quantity of activated carbon used and the
ay in which it was applied did not directly influence the biomass

nd yield of soybean and the biomass of annual wormwood at both
ampling development stages (R1 and R8), suggesting that the dif-
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Table 7
Means, standard error and relative values of soybean yield and aboveground biomass of annual wormwood at maturity of herbicide untreated plots in 2006 and 2007.

No herbicide application

Year Density level With herbicide application With carbon

Soybean Annual wormwood Soybean Annual wormwood

Yield (SE) (g m−2) RY (g m−2/g m−2)a Aboveground biomass
(SE) (g m−2)

RB (g m−2/g m−2)b Yield (SE) (g m−2) RY (g m−2/g m−2)a Aboveground biomass
(SE) (g m−2)

RB (g m−2/g m−2)b

2006 D1 306.50 (13.43) 1.00 0(0) 0 317.04 (34.41) 1.00 0(0) 0
D2 277.62 (3.64) 0.91 175.78 (56.64) 0.24 354.49 (23.54) 1.12 390.14 (239.00) 0.50
D3 289.76 (39.39) 0.95 691.55 (306.11) 0.93 320.77 (24.15) 1.01 266.69 (79.04) 0.34
D4 275.25 (33.91) 0.90 476.50 (119.25) 0.64 212.30 (7.56) 0.67 535.26 (6.39) 0.69
D5 0(0) 0 746.22 (141.43) 1.00 0(0) 0 779.89 (40.43) 1.00

2007 D1 228.13 (17.39) 1.00 0(0) 0 237.40 (2.53) 1.00 0(0) 0
D2 258.50 (9.38) 1.13 61.34 (24.70) 0.12 258.24 (28.69) 1.09 42.96 (14.40) 0.08
D3 274.67 (26.12) 1.20 179.52 (38.92) 0.34 246.93 (10.53) 1.04 127.02 (48.01) 0.23
D4 228.95 (8.67) 1.00 349.00 (160.37) 0.66 196.37 (8.55) 0.83 256.82 (160.32) 0.62
D5 0(0) 0 525.33 (54.75) 1.00 0(0) 0 544.60 (36.08) 1.00

D, (soybean/annual wormwood, plants m−2); D1, 40/0 plants m2; D2, 40/2 plants m−2; D3, 40/4 plants m−2; D4, 40/8 plants m−2. D5, 0/8 plants m−2).
a RY, Relative yield of soybean was calculated dividing soybean yield obtained in each subplot by the yield obtained in each control subplot in each year.
b RB, Relative biomass of annual wormwood was calculated dividing biomass obtained in each subplot by the biomass obtained in each control subplot in each year.

Table 8
Means, standard error and relative values of soybean yield and aboveground biomass of annual wormwood in herbicide treated plots.

With herbicide application

Year Density level Without carbon With carbon

Soybean Annual wormwood Soybean Annual wormwood

Yield (SE) (g m−2) RY (g m−2/g m−2)a Aboveground biomass
(SE) (g m−2)

RB (g m−2/g m−2)b Yield (SE) (g m−2) RY (g m−2/g m−2)a Aboveground biomass
(SE) (g m−2)

RB (g m−2/g m−2)b

2006 D1 337.09 (38.62) 1.00 0(0) 0 299.24 (23.50) 1.00 0(0) 0
D2 346.30 (45.21) 1.13 4.02 (0.50) 0.03 347.87 (14.02) 1.13 4.82 (1.83) 0.03
D3 299.73 (35.21) 0.98 10.31 (1.59) 0.07 315.81 (15.24) 1.03 10.91 (3.71) 0.08
D4 260.50 (11.17) 0.85 30.36 (7.88) 0.21 311.57 (12.29) 1.02 22.75 (5.66) 0.16
D5 0(0) 0 143.30 (31.78) 1.00 0(0) 0 607.44 (90.65) 1.00

2007 D1 252.49 (52.47) 1.00 0(0) 0 233.60 (36.37) 1.00 0(0) 0
D2 285.00 (20.22) 1.13 64.73 (0.14) 0.11 274.41 (15.29) 1.17 21.81 (9.64) 0.03
D3 258.09 (34.72) 1.02 60.54 (28.18) 0.10 278.37 (19.47) 1.19 25.87 (12.58) 0.04
D4 250.33 (20.76) 0.99 144.48 (94.21) 0.25 252.99 (14.13) 1.08 142.37 (19.57) 0.23
D5 0(0) 0 577.60 (90.17) 1.00 0(0) 0 143.49 (35.82) 1.00

D, (soybean/annual wormwood, plants m−2); D1, 40/0 plants m−2; D2, 40/2 plants m−2; D3, 40/4 plants m−2; D4, 40/8 plants m−2.
a Relative yield of soybean was calculated dividing soybean yield obtained in each subplot by the yield obtained in each control subplot in each year.
b Relative biomass of annual wormwood was calculated dividing biomass obtained in each subplot by the biomass obtained in each control subplot in each year.
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hese works and ours may be related to the quantity (thin layer)
nd conditions (covered with soil) in which the activated carbon
as used.

The importance of allelochemicals in modulating the impact of
eed interference on soybean crop yield became apparent when

he data of the two experiments were normalized and subjected to
regression analysis.

As expected, according to the weed–crop competition model
Cousens, 1991), soybean RY was dependent on annual wormwood
B (weed density) responding to a hyperbolic model when allelopa-
hy was reduced (with carbon). These results are in agreement with
ifferent authors (e.g. Oreja and Gonzalez-Andujar, 2007; Ryan
t al., 2009), who showed that hyperbolic relationship is one of the
ajor models describing the crop yield losses from additive exper-

ments. However, other experiments conducted in pots showed
hat soybean biomass decreased as A. annua leaf tissue incor-
orated into the soil increased, following an exponential model
Lydon et al., 1997). At the same time, residue amendment of soil of
henopodium murale L., resulted in a drastic reduction of growth in

egume crops (chickpea and pea) (Batish et al., 2007). These results
emonstrate the occurrence of allelopathy as a mechanism of inter-
erence under controlled conditions, but these responses may differ
n complex, natural field systems (Ridenour and Callaway, 2001). In
he field, allelopathy through allelochemicals released from aerial
lant parts would depend on many factors, such as plant densities
Weidenhamer et al., 1989) and microbial activity (Ridenour and
allaway, 2001).

In this study, when competition and allelopathy occurred simul-
aneously, soybean RY was not affected by the presence of annual
ormwood in the range of crop–weed densities studied, although
eed densities were high enough to generate competition with

oybean crop. Moreover, growing annual wormwood together
ith soybean and without carbon showed a positive effect on the

verage weight of nodules. This suggests that a possible mecha-
ism explaining the apparent stability in soybean crop, in spite
f weed competition, could involve positive and indirect interac-
ions between the annual wormwood allelochemicals and the soil

icroorganisms, such as B. japonicum, generating positive changes
n soybean nodulation. Positive and negative effects could hap-
en simultaneously when species interact (Callaway, 1994) and the
et effect of one species on the other may be the addition of both
ffects (Callaway, 1995). Direct effects of allelopathy on plant nodu-
ation could be as important as indirect effects, altering nitrogen
ycling through the effect on the chemical environment in which
oil microorganisms grow (Blanco, 2007). Its consequences may be
ore diverse than previously assumed, since stimulatory effects
ay exist regularly in the field. Besides, the balance between the

timulation and inhibition depends on both plant density and the
llelochemical concentration in the soil (Sinkkonen, 2001). Thus the
table soybean yield as increasing weed density could be mainly an
ndirect consequence of increase in the average unit of nodules (i.e.
odules were higher without carbon than with carbon in 2006).
his higher weight per unit was associated with higher nodules
hat are localized in primary roots, which usually fix more nitrogen.
n 2007, the greater number of root at D4 contributed to increase
iomass of nodules in plots without carbon (750 g m−3) compared
o carbon treatments (287 g m−3). These results do not agree with
revious studies reporting a reduction of plant growth and nodula-
ion related to the incorporation of allelopathic plant residues into
he soil (Wardle et al., 1994; Batish et al., 2007). The differences
etween both studies may be related to either the type of allelo-

hemicals involved (terpenoids vs. phenolic acids), the source of
llelochemicals used (lixiviation from the plant vs. residue incor-
oration) or the nodulation process evaluated (nodule weight vs.

eghemoglobin content). Thus, the presence of allelochemicals in
plant is not strong evidence for direct crop–weed allelopathy.
onomy 34 (2011) 211–221

This is because the observed growth and nodulation may be due
to the influence of these compounds on soil ecological processes
rather than direct effects on the target plants (Inderjit and Weiner,
2001). The addition of plant litter to soil may also influence nutri-
ent mobilization and soil pH, which can further influence nutrient
immobilization and microbial activity (Facelli and Pickett, 1991).

Interestingly, when a sublethal dose of herbicide was applied in
these experiments, mimicking spray drift in field applications, soy-
bean RY in both carbon treatments remained stable as RB of annual
wormwood increased. But at high densities of the weed (D4) soy-
bean RY showed a decreasing trend in treatments without carbon
(Soybean yield was reduced 85%, in 2006). These results suggest
that, the positive effect of allelochemicals on nodulation was erased
by the herbicide, decreasing soybean RY (at high RB of the weed).
n. A negative effect of glyphosate on nitrogen fixation processes,
observed in previous works, (Zablotowics and Reddy, 2004) may
support this hypothesis.

Different studies have focused on allelopathic weed–crop inter-
ference including annual wormwood (Lydon et al., 1997) and other
allelopathic species (Batish et al., 2007) with experiments under
laboratory and greenhouse conditions (Inderjit et al., 2001; Inderjit
and Nilsen, 2003). However, few experiments investigated the
relative importance of competition and allelopathy under field con-
ditions (Nilsson, 1994; Inderjit et al., 2001) where both or one of
the competitive and allelopathy interferences could override the
effect on another. To our knowledge, this is the first study showing
allelopathic effects of annual wormwood on a coexisting soybean
crop exposed to real spatio-temporal variation of weed density and
herbicide sub-lethal doses. This study shows that the use of the
additive experimental design and activated carbon to manipulate
chemical effects in a realistic agroecological approach is an effective
tool to investigate competition and allelopathy. Biotic and abiotic
variations in natural soils create a great deal of conditionality in
chemicals effects, and can either buffer or catalyze chemical effects
(Inderjit and Callaway, 2003). Therefore, physical, chemical and
biological processes in the soil environment, interacting with alle-
lochemicals (Inderjit et al., 2001) may produce contrasting effects
on soybean crop nodulation and the response of soybean RY.

Despite the difficulties in studying and clearly evaluating allelo-
pathic interference in natural environments, this research provided
strong evidence in support of the existence of positive effects of
allelopathic and competitive interactions between annual worm-
wood and soybean crop under field conditions. In the future,
it is necessary to develop a more holistic approach integrating
allelochemicals into crop–weed management strategies. Multidis-
ciplinary efforts involving plant ecology, physiology, biochemistry,
soil science and microbiology, can address this complex research
area to answer the key questions relating allelopathy and compe-
tition under field conditions.
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