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Abstract

Junglerice [Echinochloa colona (L.) Link] is increasing its prevalence in eastern Australia by
adapting to Australia’s changing climatic conditions and conservation agricultural systems
and by evolving resistance to glyphosate. Information is limited on the growth and seed
production dynamics of E. colona when it interferes with mung bean [Vigna radiata (L).
R. Wilczek], a major potential export crop for eastern Australia. This field study examined
the interference of E. colona in mung bean for two summer seasons (2020 and 2021) at
Gatton, QLD. Different infestation levels (0, 2, 4, 8, 16, and 32 plants m−2) of E. colona were
assessed for their potential to cause yield reductions inmung bean. Seed yield of mung bean was
highest in the weed-free plots (2,767 kg ha−1) and declined by 20%, 27%, 34%, and 43% at weed
infestation levels of 4, 8, 16, and 32 plants m−2, respectively. Echinochloa colona biomass in
mung bean varied from 11 to 137 g m−2 as weed density increased from 2 to 32 plants
m−2. Based on a three-parameter hyperbolic rectangular decay model, crop yield loss
was 52% and 57%, respectively, when weed density and weed biomass approached maxi-
mum. Echinochloa colona at the highest density (32 plants m−2) produced a maximum
of 15,140 seeds m−2, and this seed production was reduced by 50% at a weed density of
10 plants m−2. Echinochloa colona plants retained 63% to 68% seeds at mung bean maturity,
indicating a great opportunity for harvest weed seed control. This study suggests that a high
infestation of E. colona in mung bean fields could cause a substantial yield loss and increase
the weed seedbank.

Introduction

Mung bean [Vigna radiata (L.) R. Wilczek] is a high potential export pulse crop of
Australia. This crop occupies an area of about ~100,000 ha in Australia and produces
130 trillion kg of beans (GRDC 2017; Rachaputi et al. 2019). Almost 90% of mung bean
produced in Australia is exported to Asia, Europe, the Middle East, and North America,
resulting in revenue gains of AU$180 million (GRDC 2017). Mung bean in Australia is
grown with wider row spacings (50 to 100 cm), which leads to heavy weed infestation
and increases weed seedbank replenishment (GRDC 2017). Weeds in mung bean cause
a huge seed yield loss, which can result in an 87% reduction (Chauhan et al. 2017;
Yadav et al. 1983). Information on yield loss of mung bean with the interference of jungler-
ice [Echinochloa colona (L.) Link] is very limited.

Echinochloa colona is one of the most common grass weeds that infest mung bean in eastern
Australia (GRDC 2017). Its prolific seed production, dispersal by water and wind, and evolved
glyphosate-resistant biotypes could be the reasons for the prevalence of E. colona throughout the
cropping region of eastern Australia (Mahajan et al. 2019b, 2020). Echinochloa colona hasmulti-
ple cohorts in spring and summer in eastern Australia (McGillion and Storrie 2006). Early
spring emergence of E. colona is a common problem in mung bean fields; therefore, preplant
control with glyphosate is a common practice for the management of early-season E. colona
infestation.

Adoption of a no-till system and overreliance on glyphosate as preplant weed control have
led to the problem of glyphosate-resistant E. colona in Australia. The first incidence of glyph-
osate resistance in an Australian biotype of E. colona was reported in New South Wales in 2007
(Preston 2010). Later, several glyphosate-resistant biotypes of E. colonawere reported in eastern
Australia (Heap and Duke 2018; Mahajan et al. 2020). With the advent of glyphosate-resistant
biotypes, it is important to assess yield losses at different levels of E. colona competition.

Echinochloa colona populations in Australia are highly adapted to water-stress conditions,
and they can germinate under a wide range of environmental conditions (Mahajan et al. 2019a;
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Mutti et al. 2019a). In sorghum [Sorghum bicolor (L.) Moench], E.
colona has been ranked fifth when assessed in terms of manage-
ment costs incurred due to herbicide-resistant weeds in
Australia. Australia loses about 800 million kg of grains (cereal,
pulses, and oilseeds) every year due to E. colona infestation, result-
ing in a revenue loss of AU$14.7 million yr−1 (Llewellyn
et al. 2016).

The concept of threshold in weed science is assessed in terms of
economic, damage, time period, and action threshold levels (Coble
and Mortensen 1992). Knowledge of the economic threshold level
(ETL) of E. colona is important to implement cost-effective and
timely weed management in mung bean production. The ETL of
weeds indicates the density of weeds at which their control is
required for economic gain (Hamouz et al. 2013). It is an important
metric for making decisions for the most economic weed control.
However, the ETL is underestimated if we do not account for the
seed production of weeds that are allowed to grow when they are
below the ETL. The high seed production ability of weeds that are
below the ETL may increase the cost of weed control in the next
season by producing seeds and reinfesting fields through seed
rains. This suggests that restricting seed production of weed plants,
even when they are below the ETL, is important for sustainable
weed control.

Knowledge of the competitiveness of weeds in crops such as
mung bean could aid in developing integrated weed management
(IWM) strategies (Amini et al. 2014; Eslami et al. 2006; Manalil
et al. 2020). Various authors have reported that crops differ in their
potential when competing with different weeds (Eslami et al. 2006;
Lemerle et al. 2014; Reiss et al. 2018; Sardana et al. 2017). For exam-
ple, barley (Hordeum vulgare L.) is more competitive with weeds
than wheat (Triticum aestivum L.) or faba bean (Vicia faba L.).
Therefore, competitive crops that smother weed flora are preferred
in crop rotations when formulating IWM strategies (Dhima et al.
2018; Tautges et al. 2017). This information could help in framing
IWM measures.

The time of seed maturity and seed retention ability of E. colona
in relation to mung bean maturity is important, particularly when
exploring the possibility of harvest weed seed control (HWSC) for
implementing IWM measures (Mahajan et al. 2019b; Walsh et al.
2018a, 2018b). The phenology, seed production, and seed dispersal
ability of weeds change with crops of various developmental phases
(Goplen et al. 2016). There is a lack of information on the growth,
seed production, and seed retention ability of E. colona relative to
mung bean developmental phases. At crop maturity, weed seeds
that fall during seed rains or are captured by the harvester are gen-
erally returned to the fields and may cause further reinfestation
(Walsh et al. 2013). Weed control measures, such as HWSC, could
restrict weed seed return by capturing seeds on the plants at crop
harvest and then destroying them with practices such as burning
the chaff in narrow windrows, chaff lining, or through the
Harrington Seed Destructor system (Walsh and Newman 2007;
Walsh et al. 2018a). Weed seed retention at crop harvest provides
estimates of the proportion of weed seeds that can be reduced with
HWSC practices (Mahajan et al. 2019b; Soni et al. 2020).
Echinochloa colona is a short-duration weed that can complete
its life cycle in 56 d (Mutti et al. 2019b), which may allow the cap-
ture of weed seeds of E. colona in a short-duration crop such as
mung bean. Knowledge gaps exist regarding the competitiveness
of E. colona in mung bean in Australia. Therefore, the objective
of this study was to evaluate the competitiveness and seed produc-
tion dynamics of E. colona in mung bean crops at different infes-
tation levels.

Materials and Methods

Experimental Details

Field experiments were conducted during the summer seasons of
2020 and 2021 (from January to March) at the research field of the
University of Queensland, Gatton, QLD (27.5514°S, 152.3428°E).
The soil type in the experimental field was clay loam with an
organic matter content of 1.1% and pH 7.1. Before mung bean
planting, the field was tilled twice with a cultivator (Ergon
N120-205, Celli, Forli, Italy) to ensure a fine seedbed at planting
time. The field study was conducted with six infestation levels
(0, 2, 4, 18, 16, and 32 plants m−2) of E. colona in mung bean.
All treatments were arranged in a randomized complete block
design, with three replicates.

The mung bean cultivar ‘Jade-Au’ was planted at 35-cm row
spacing with a density of 30 plants m−2 (i.e., 300,000 plants ha
−1). Previous workers suggested that an optimum stand of about
300,000 plants ha−1 is an essential requirement to obtain high
yields in mung bean under Australian conditions (Rachaputi
et al. 2019). The crop was sown on January 24 and January 19
in 2020 and 2021, respectively. Sowing was done manually, and
seeds were sown at a depth of 5 cm. The dimension of an individual
plot was 1.5 m by 1.0 m. The plots were irrigated after sowing using
a drip-irrigated system until crop and weed establishment (up to 4
wk after planting), and thereafter, the crop was rainfed to simulate
growers’ conditions. No fertilizer was applied to the crop.

Seeds of E. colona utilized in this study were originally collected
from Dalby, QLD (27.6197°S, 151.4511°E), with the permission of
the property owner in October 2017.Weed seedmultiplication was
done at the Research Farm of the University of Queensland,
Gatton, in the summer season of 2019. Seeds were collected from
50 to 60 mature plants and stored at room temperature until used.

Echinochloa colona seeds were planted initially in plastic trays
(January 21 and January 16 in 2020 and 2021, respectively) filled
with a potting mix (Centenary Landscape, Darra, QLD, Australia)
and kept in a screenhouse. Weed seeds were planted 3 d before
mung bean sowing to match the weed emergence time with crop
emergence. Desired densities of E. colona plants were then trans-
planted at the 2-leaf stage (January 30 and January 25 in 2020 and
2021, respectively) into the respective plots (as per the planting
pattern shown in Supplementary Figure 1) at the emergence time
of mung bean. The plots were regularly hand weeded to maintain
E. colona density in each plot.

Seed production and biomass of E. colona were assessed at
mung bean harvest. For estimation of seed production of E. colona,
seedheads from 1 m2 (using a 1 m by 1 m quadrat at the center of
the plot) were counted. Seed production per head was determined
using two intact seed heads that were chosen randomly from each
plot. To estimate the total number of seeds, each rachilla segment
(pedicel base) was counted and then averaged to calculate seeds per
head (Mahajan et al. 2019b). The seeds that were still attached to
the rachilla segment at harvest were counted separately to assess
seed loss due to shattering.

For weed biomass analysis, samples were collected by cutting all
E. colona plants at the ground level in each plot (1 m by 1m) and
drying them in an oven at 70 C for 72 h. At crop harvest, two
E. colona plants were selected randomly from each plot for height
measurements, and their heights were averaged. Height was mea-
sured from the base of the plant to the top of the tallest inflores-
cence. Mung bean pods were harvested manually, and seed yield
after threshing was determined from the same 1 m2 in each plot
from which the weed biomass was sampled. Seed yield was
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converted to kilograms per hectare (kg ha−1) at 12% moisture con-
tent. Emergence, flowering, and maturity of mung bean and E.
colona were related to growing degree-day base 10 (GDD10) as:

GDD10 ¼ ½ðmaximum daily temperature

þminimum daily temperatureÞ=2Þ � 10� [1]

Weather data for the Gatton location were obtained from the
Bureau of Meteorology, Australia (http://www.bom.gov.au/cli-
mate) situated within 500 m of the experimental field.

Statistical Analyses

The data for both years were subjected to an ANOVA using the
software CPCS1, verified with GENSTAT (19th ed., VSN
International, Hemel Hempstead, UK). Year by treatment inter-
actions were nonsignificant for each parameter; therefore, data
were pooled over the years (a total of six replications) for further
analysis. Treatment means were compared at the 5% level of sig-
nificance using Fisher’s protected least significant difference
(LSD). Data were also validated to meet the assumptions of nor-
mality and variance before analysis.

The relationship between mung bean yield and weed biomass,
and mung bean yield and weed density were fit using a three-
parameter hyperbolic decay model in SigmaPlot 14.5 (Systat
Software, San Jose, CA, USA):

G ¼ G0 þ ða � x=bþ xÞ [2]

where G is the mung bean yield as a percentage of weed-free con-
trol at weed density or weed biomass x, G0 is mung bean yield (%)
under weed-free conditions, a is the crop yield loss as weed density
or weed biomass approaches maximum, and b is the slope
(SigmaPlot 14.5, Systat Software).

The relationship between weed density and weed seed produc-
tion was estimated with a three-parameter logistic model using:

S ¼ a=½1þ ðx=d50Þb� [3]

In this model, S is weed seed production in relation to weed density
x, a is the maximum seed production, d50 is the weed density
(plants m−2) required for a 50% reduction in seed production,
and b is the slope. The fit of the selected models was determined
using R2 values.

Results and Discussion

Weather Data and Crop Growth

Mung bean emerged at 5 d (91 GDD) and 7 d (99 GDD) after seed-
ing 2020 and 2021, respectively. Echinochloa colona flowered at 35
d (596 GDD) and 42 d (688 GDD) after seeding in 2020 and 2021,
respectively. The crop was matured at 65 d (997 GDD) and 71 d
(1053 GDD) after seeding in 2020 and 2021, respectively. The
maximum temperature during February 2021 was relatively higher
than in February 2020 (Figure 1). However, the minimum temper-
ature during February 2021 was also lower than in February 2020.
The crop received 122 and 39 mm of rainfall in February 2020 and
2021, respectively. However, in March, the crop received 41 and
134 mm of rainfall in 2020, and 2021, respectively (Figure 1).

In 2020, there were 27 rainy days during the cropping season, 20
of which occurred during the vegetative stage; whereas in 2021,

there were 20 rainy days during the season with only 6 rainy days
during the vegetative stage. These rainfall quantities and timing
differences may explain the differences in observed absolute yields.

Echinochloa colona Interference in Mung Bean

Echinochloa colona seed production in mung bean plots increased
from 589 to 15,300 seeds m−2 with an increase in weed density level
from 2 to 32 plants m−2 (Table 1). A similar trend was noticed for
the biomass of E. colona (Table 1). At a weed density of 2 plants m
−2, E. colona in mung bean plots accrued biomass of 11 g m−2,
which increased to 137 g m−2 at the weed density of 32 plants
m−2. Echinochloa colona biomass and seed production in mung
bean plots remained similar at weed densities of 2 and 4 plants
m−2 but was lower than at weed densities of 16 and 32 plants m
−2. The seed retention component of E. colona remained similar
at different infestation levels, and values ranged from 63% to
68% (Table 1).

The mung bean seed yield in weed-free plots was 2,767 kg ha−1

(Table 1). The mung bean seed yield at weed infestation levels of 4,
8, 16, and 32 plants m−2 was reduced by 20%, 27%, 34%, and 43%,
respectively, compared with weed-free plots. Based on the hyper-
bolic decay model (Equation 2), crop yield loss was 52% and 57%,
respectively, at the highest weed density and weed biomass
(Figures 2 and 3). The yield reduction in mung bean due to inter-
ference of weeds was primarily due to a lower number of pods per
plot, because the 100-seed weight of mung bean did not vary with
weed interference levels (data not shown).

A three-parameter logistic model (Equation 3) was fit to
explain the effect of weed density on seed production of E. colona
(Figure 4). Based on the logistic model, the highest density
(32 plants m−2) of E. colona in mung bean produced a maximum
of 15,140 seeds m−2, and weed seed production was reduced by
50% at a weed density of 10 plants m−2. The high level of seed pro-
duction of E. colona at weed densities ranging from 8 and 32 plants
m−2 can enhance the adaptive potential of E. colona to become a
dominant weed. Weeds compete for growth resources with crop
plants; therefore, seed yield reduction in mung bean due to inter-
ference of E. colona was expected. In a crop–weed interaction, the
density of both the crop and the weed plays a crucial role in com-
petition. In this study, crop density was fixed, and the yield of
mung bean was assessed in relation to varying E. colona density.
At the lowest weed density (2 plants m−2), the seed yield of mung
bean was not affected. It is quite possible that at this density, indi-
vidual weeds might not have had to share the same resources,
reducing the chances of interference in that case. Various studies
predicted little crop yield loss when the weed density was low
(Bhan 1983; Chauhan et al. 2017; Smith 1968; Zimdahl 1980).

With increasing weed density, the proximity between neighbor-
ing crop plants and weeds is likely to increase, which may result in
increased intra- and interspecific competition. Thereafter, crop
and weed plants react to the presence of neighboring plants at high
density and compete for space and growth resources. This was
quite evident in the present study, as mung bean seed yield
decreased due to greater competition when the density of E. colona
increased from 4 to 32 plants m−2. Plants share their space in pro-
portion to their size. At high densities, the area occupied by indi-
vidual plants overlaps, and resources for plants become limited. It
is a well-established fact that density-dependent processes play a
crucial role in establishing natural plant populations, and at an
“ecologically effective distance,” increased weed density did not
further reduce yield (Antonovics and Levin 1980).
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Overall, our results are in line with previous studies that
reported grain/seed yield losses in crops such as mung bean and
rice (Oryza sativa L.) due to infestation of E. colona (Gwon
et al. 2006; Kumar and Kairon 1990; Mercado and Talatala
1977; Punia et al. 2004; Singh et al. 2003). Data on specific crop
yield losses due to infestation of E. colona in Australia are limited.
A competition study on Japanese millet [Echinochloa esculenta (A.
Braun) H. Scholz], a close mimic of barnyardgrass [Echinochloa
crus-galli (L.) P. Beauv.], reported that 80 plants m−2 of E. esculenta
could reduce sorghum yield by up to 1,600 kg ha−1 (Wu et al. 2010).

Our recent studies suggested that the biological traits of E.
colona enabled this weed to complete its life cycle under a wide
range of environments, competition, and water-stress conditions
(Mahajan et al. 2019a, 2019b; Mutti et al. 2019a, 2019b).
Therefore, this weed could invade the agroecological system if
allowed to grow, including inmung bean fields. Echinochloa colona
tends to emerge in spring or early summer (>20 C mean temper-
ature) if suitable soil moisture is available (Walker et al. 2010).
Under lab conditions, it was observed that E. colona could germi-
nate over a wide range of alternating day/night temperatures (20/
10 to 35/25 C) (Chauhan and Johnson 2009; Mutti et al. 2019a).
These results suggest that E. colona could interfere withmung bean
crops under a range of planting times and environmental condi-
tions and produce seeds.

A recent pot study in Australia also suggested that one plant of
E. colona tends to produce enough seeds (~4,000 seeds per pant)
when grown in competition with four mung bean plants per pot
(Mutti et al. 2019b). Previous studies in Australia also revealed that
E. colona could produce multiple cohorts under a wide range of
environmental conditions (Walker et al. 2010). These observations

suggest that E. colona can infest mung bean crops at different
planting times and reduce mung bean yield, if not managed in a
timely way.

In Australia, mung bean is grown under rainfed conditions,
which can result in multiple cohorts of E. colona, and the plant-
ing time of mung bean varies with the occurrence of rainfall.
Consequently, preemergence and postemergence herbicides
may not provide adequate control of this weed in mung bean.
Therefore, IWM strategies, including preplant control and cul-
tural techniques that increase crop competition through early
canopy closure, judicious use of herbicides, and HWSC practi-
ces could provide sustainable control of E. colona.

The present study supports the possibility of HWSC of E. colona
in mung bean, as the seed retention of E. colona at mung bean
maturity ranged from 63% to 68%. A previous study on sorghum
suggested that seed retention of E. colona ranged from 42% to 56%
at sorghum maturity (Mahajan et al. 2019b). The high seed reten-
tion ability of E. colona inmung bean suggests that sustainable con-
trol of E. colona in the no-till production systems of Australia can
be achieved by using measures such as HWSC. Because HWSC
programs help to break the cycle of seed replenishment in the soil,
these methods could reduce weed infestation by reducing the soil
seedbank. Weed seeds that remain on the soil surface in a no-till
system may decay quickly, as the persistence of E. colona seeds on
the soil surface is short (<2 yr) (Walker et al. 2010). No-till systems
tend to foster a greater occurrence of weed seed predators than
conventional tillage.

In fields where E. colona is dominant, an attempt should be
made for early control with suitable herbicide measures to
restrict mung bean yield loss. Agronomic practices such as
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Figure 1. Weather conditions in Gatton, QLD, Australia, during crop seasons of mung bean.
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delayed planting, strategic tillage, exploring weed-competitive
cultivars, and closer row spacing, all of which help in early can-
opy closure, may prove to be useful tools that can be integrated
with suitable herbicides for the early control of weeds and thus
may be effective tools for an IWM approach to managing
E. colona in mung beans.

Various studies reported that biomass of E. colona could be
reduced by >90% by following integrated control measures

(Kaur et al. 2017; Kumar et al. 2020). Our results illustrate that even
low densities (2 plantsm−2) of E. colona inmung bean could lead to
considerable seed production (590 seeds m−2) for reinfestation
without timely control. Therefore, the approach must be oriented
toward complete control of E. colona in the field.

Further, there is a need to generate more data on how different
populations of E. colona behave and to assess the competitive inter-
action with mung bean under various environmental conditions.
This study was conducted with one population of E. colona and
with one planting date of mung bean for each of the two planting
seasons. The competitive ability of weeds may vary with crop cul-
tivars, seasons, moisture regimes, and weed populations (Carlson
and Hill 1985). The relative time of emergence of E. colona and
mung bean may also influence the competitive ability of the weed.
Therefore, there is a need to explore the potential of cultural weed
management practices such as sowing time, seeding rate, exploring
competitive cultivars, and row spacing under a wide range of envi-
ronmental conditions and variables.

As mentioned earlier, the outcome of competition depends not
only on the density and proportion of weed species but also on the
crop attributes. Therefore, different varieties of mung bean may
show different responses to weed interference and weed seed reten-
tion levels. It would be interesting to study the interference of dif-
ferent E. colona populations with some promising mung bean
varieties under various tillage regimes. A recent pot study showed
that increased mung bean density in pots reduced seed production
and biomass of E. colona (Mutti et al. 2019b). Therefore, future
research on crop–weed competition in mung bean could be ori-
ented toward identifying more inherently competitive cultivars
and the manipulation of crop population to improve the competi-
tive ability of currently grown cultivars ofmung bean against weeds
such as E. colona.

In conclusion, this study revealed that based on the three-
parameter hyperbolic decay model (Equation 2), E. colona density
ranging from 2 to 32 plants m−2 caused a substantial reduction in
mung bean yield. Based on the logistic model relationship between
weed density and weed seed production, E. colona at the highest
density (32 plants m−2) in mung bean produced a maximum of
15,140 seeds m−2, and seed production declined by 50% at a weed
density of 10 plants m−2. The seed retention component of
E. colona in mung bean is high. The current study emphasized that
efforts need to be made toward control of low densities of E. colona
with the aim of minimizing crop–weed interference at an early
stage to reduce yield loss. It implied that HWSC may be a useful

Table 1. Effect of Echinochloa colona density on weed parameters and seed
yield in mung bean.

Weed density
Weed

biomass
Weed seed
production

Weed seed
retention

Mung bean
yield

plants m−2 g m−2 no. m−2 % kg ha−1

0 — — — 2,767
2 10.8 589 68 2,489
4 23.4 1,594 68 2,213
8 44.6 5,607 63 2,011
16 70.3 8,972 66 1,813
32 136.7 15,349 68 1,584
LSD (0.05) 35.9 3,973 NS 459

G = 100 + [(-51.6*x) / (7.1 + x)]
R2 = 0.99

Weed density (plants m-2)
0 4 8 12 16 20 24 28 32

 d leiy nae b gnu
M

)lortnoc eerf-dee
w fo 

%(

0

20

40

60

80

100

Figure 2. Effect of Echinochloa colona density on mung bean seed yield as a percent
of weed-free control. Symbols indicate means from a total of six replications in 2020
and 2021, and the response was fit using a three-parameter hyperbolic decay model
(Equation 2).

G = 100 + [(-57.4*x) / (46.8 + x)]
R2 = 0.99
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Figure 3. Effect of Echinochloa colona biomass on mung bean seed yield as a percent
of weed-free control. Symbols indicate means from a total of six replications in 2020
and 2021, and the response was fit using a three-parameter hyperbolic decay model
(Equation 2).

S = 15140 / [1 + (x/10.3)-3.2]
R2 = 0.99
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Figure 4. Effect of Echinochloa colona density on weed seed production. Symbols
indicate means from a total of six replications in 2020 and 2021, and the response
was fit using a three-parameter logistic model (Equation 3).
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tool for reducing weed seed replenishment for the integrated man-
agement of E. colona in mung bean production in Australia.
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