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Abstract: Lolium multiflorum (annual Italian ryegrass) and other grass weeds are an increasing
problem in cereal cropping systems in Denmark. Grass weeds are highly competitive and an
increasing number of species develop resistance against the most commonly used herbicide modes
of action. A diverse management strategy provides a better overall control of grass weeds and
decreases the reliance on herbicides. The bio-economic decision support system, DK-RIM
(Denmark-Ryegrass Integrated Management), was developed to assist integrated management of L.
multiflorum in Danish cropping systems, based on the Australian RIM model. DK-RIM provides
long-term estimations (10-year period) and visual outputs of L. multiflorum population
development, depending on management strategies. The dynamics of L. multiflorum plants within
the season and of the soil seed bank across seasons are simulated. The user can combine cultural
weed control practices with chemical control options. Cultural practices include crop rotation
changes, seeding density, sowing time, soil tillage system, and cover crops. Scenarios with
increasing crop rotation diversity or different tillage strategies were evaluated. DK-RIM aims at
being an actual support system, aiding the farmer’s decisions and encouraging discussions among
stakeholders on alternative management strategies.

Keywords: IWM; integrated weed management; decision support system; weed; Italian ryegrass;
crop rotation; tillage system; sowing time

1. Introduction

Large areas of cereals are grown due to the need for cereal grain for fodder, flour and malting
barley. By far, winter wheat is the most abundant crop in most European regions, with 44% of the
harvested cereal crops being common wheat and spelt in 2018 [1]. In Denmark, the area with autumn-
sown cereals was around 60% in 2019, with winter wheat constituting 41% of the total [2]. Concern
over production stability and environmental considerations have increased the focus on diversity
and alternative management strategies [3,4]. The EU Sustainable Use Directive aims at reducing the
risks of pesticide use to human health and the environment, by promoting integrated pest
management (IPM), including alternative techniques and approaches (EU Framework Directive
2009/128/EC). Integrated weed management (IWM), as part of IPM, includes strategies that decrease
the reliance on herbicides and optimally integrate measures for prevention of weed establishment, a
reduction of crop interference and weed seed return [5].
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Grass weeds are a group of weeds, which requires special attention, due to a substantial risk of
yield losses and herbicide resistance development [6]. One of the main issues with many grass weed
species is that their life cycle is more or less similar to that of winter wheat, hence they thrive in a
cropping system with a high proportion of autumn-sown cereals. A continuous winter wheat
cropping system with limited soil disturbance can therefore be considered a worst-case scenario for
grass weed management. Decision support systems (DSS) can aid in the practical implementation of
IWM, by visualising the long-term consequences of a certain crop rotation, including the benefits of
diversification. Ideally, such DSS take into account yield, weed biology, the influence of cultural and
mechanical management tactics and the goal of reduced herbicide use.

Several models have been developed with this aim as research models, but few have been
adopted by farmers. One reason is that most models operate at a time scale of a single growing season
[7], which inadequately reflects the long-term requirements of IWM. A second issue is that large
numbers of parameter input are often required from the user, which reduces the usability for farmers
and advisors. A third issue is that a DSS needs to include a diversity of tools in all the crops included
in the rotation, to be relevant for IWM. Often, a DSS aims at decisions related to a specific weed
management tool, like herbicide choice [8,9]. A last barrier for widespread uptake of DSS is that
farmers have different preferences for the outcome of decision support systems and the level of detail
required. A sociological survey on the use of a DSS in Denmark concluded that farmers could be
assigned to three major groups characterised by different approaches to decision making and
preferences for DSS [10]. The three groups were system-oriented farmers, experience-based farmers
and advisory-oriented farmers. The system-oriented farmers was the group considered most likely
to benefit from a DSS, as the other two groups either base their decision primarily on own experiences
or advisory services. The system-oriented farmer will aim for long-term assessments and search for
generalised scientific knowledge.

Very few DSS have been published that follow IWM recommendations for diverse strategies.
One such example is the Australian DSS for Integrated Ryegrass Management, RIM [11]. RIM aims
to provide practical advice and the visualisation of the long-term development of Lolium rigidum
(Gaud.), rigid ryegrass, populations [11-13]. It was developed for the management of L. rigidum in
the Western Australian wheatbelt, and the concept has subsequently been modified and adapted for
several weed species and cropping systems, including the Southern Australian wheatbelt, Papaver
rhoeas (L.), common poppy, in Spanish cereal fields and Echinochloa crus-galli, cockspur, complex in
Philippines rice systems [14-16]. RIM is different from many DSS, as the intent is to visualise the
tendencies in L. rigidum development and the economic consequences over a long time period, rather
than providing specific recommendations for immediate actions. RIM can help understand the long-
term consequences of strategy choices, with the most relevant scenarios depending on the farmer’s
situation and experience. In Australia, the main objective for the development of RIM was herbicide
resistance management. Lacoste et al. [13] investigated nine different scenarios in RIM, with a focus
on loss of certain modes of action, delayed sowing time, harvest seed destruction and initial L. rigidum
density; which demonstrated how management practices can influence the financial costs of
herbicide resistance.

RIM was chosen for adaption to Danish conditions for Lolium multiflorum (Lam.), Italian ryegrass,
management, as it was evaluated as suitable for general advice on diversification in cropping systems.
Furthermore, documentation was already available for integration with advisory services [17]. L.
multiflorum is one of the most important grass weeds in Denmark, and resistance development has
accelerated in recent years [18,19]. Furthermore, L. multiflorum can be considered representative for
other annual grass weeds in Northern Europe, for which the integrated management strategies are,
to some extent, applicable.

The objective of this paper was to describe the adjustments made to RIM for Danish cereal
cropping systems, based on the most relevant IWM principles and the associated challenges in
Denmark. In order to show the usefulness of DK-RIM (Denmark-Ryegrass Integrated Management),
the influence of diverse crop rotations and tillage practice on L. multiflorum development was
evaluated, by running scenarios with different levels of crop rotation diversity and tillage intensity.
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2. Materials and Methods

2.1. Lolium multiflorum (Lam.), Italian Ryegrass

L. multiflorum is primarily an annual grass, but biannual and perennial varieties also exist. The
annual variety can mature and shed seeds in both autumn- and spring-sown crops, while the
perennial varieties of L. multiflorum do not usually shed seeds in spring-sown crops. The annual
variety is the most common; consequently, the model represents this latter form only. Plants of L.
rigidum can yield more than 35,000 seeds per m?, and the same value was adopted for L. multiflorum,
as no documentation was available for this species growing under field conditions [14]. There is a
limited initial dormancy under Northern European conditions, which leads to a rapid germination
of seeds left on the soil surface under moist conditions. Once buried, the seeds survive longer, but
most seeds lose the ability to germinate after 3 years [20]. Like most other annual grass weeds, L.
multiflorum is mainly a problem in crop rotations dominated by autumn-sown cereals under
Northern European conditions. The cultural control management practices for L. multiflorum,
generally, match those for other annual grass weeds; (i) late sowing in autumn, (ii) increased spring
crop frequency in the crop rotation plus inclusion of perennial crops, like grasses grown as seed crops
or pasture, (iii) increased crop seeding density, (iv) awareness at harvest to limit the spread of seeds
by machinery, and (v) leaving the seed on the soil surface longer after harvest.

2.2. Model Overview

DK-RIM shows the likely outcome of selected management practices on populations of L.
multiflorum. The strength of the DSS lies in the visualisation of the long-term consequences of
management choices relative to other management strategies, rather than actual recommendations,
and it should not be considered as an economic planning tool. Structure, functionalities and
important assumptions of RIM were described by Lacoste and Powles [11,13]. The simplifications
made in the original Australian RIM were carried over; hence, no yearly climatic variation and no
spatial heterogeneity were included [13]. DK-RIM simulates the biology of L. multiflorum plant
populations, which in turn affects the size of the soil seed bank with consideration of seed
germination patterns, natural seed mortality and dormancy. Management practices and crop
competition affect the emerged L. multiflorum plants, and successful control tactics reduce the healthy
proportion of L. multiflorum plants, with a resulting lower seed production. Beside L. multiflorum seed
production, the management practices affect yield and economics through a rule-based model
dependent on the timing and the combination of practices in a 10-year strategy (Figure 1).

Parameters
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Figure 1. The structure of DK-RIM (Denmark-Ryegrass Integrated Management) showing the
interconnections of the rule-based model, the L. multiflorum (Italian ryegrass) model and the economic
output (modified from [11]). kr: Danish kroner.
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Differences from the original RIM mainly include differences in cropping systems and
parameter estimates, which were adapted to reflect L. multiflorum behaviour in the Northern
European region. The most significant of these modifications was adjustment to the growing season
from semi-arid Australia (one winter crop a year, summer in fallow) to that of northern Europe, with
both autumn- and spring-sown crops. In addition, cover crops established between cash crops can be
included in DK-RIM. Harvest seed destruction is not included, even though it can be an effective
measure to control L. multiflorum, but it has limited relevance in Denmark, as the burning of plant
material in fields is not allowed, and seed destruction tools have not gained attention by Danish
farmers. Another modification was the removal of animal husbandry, which only influenced the
economic evaluation, not the biological evaluations.

To implement the cropping system under Northern European conditions, the yearly crop cycle
was divided into autumn- and spring-sown crop cycles. If an autumn-sown crop is chosen, the spring
sowing cycle is not activated and vice versa. There are three sowing timings available for both seasons;
early (autumn before 15th Sep., spring before 20th Mar.), normal/intermediate (autumn 1st-15th Sep.,
spring 20th Mar.—15th Apr.), and late (autumn after 20th Sep., spring after 15th Apr.) Delayed sowing
implies a need for higher seeding rates to ensure the optimal tiller number per area. When the winter
cereals are sown late, the individual plants will result in fewer tillers and therefore an increased
number of plants is required to reach the same number of tillers as for earlier sowing. If the user
chooses a high seeding rate with early sowing, the resulting plant number will be higher, and hence
a higher tiller number per area is achieved. The autumn and spring crop cycles are similar with regard
to cultivation choices, but for the autumn-sown crops, there are additional choices for pre-emergence
and post-emergence herbicide applications, before going through the winter growth pause and
continuing on to the possible post-emergence spring application of herbicides. Glyphosate
application before crop establishment is available for all sowing times and crops, as the only non-
selective herbicide option in Denmark. In addition to the cash crops included in the model (Table 1),
grass and a grass/clover mix are included as possible breaks in the cropping sequence, which can be
used to control heavy infestations of L. multiflorum, but without an economic outcome.

2.3. Input Parameters and User Interface

DK-RIM was implemented in Microsoft Excel® (Version 2016 for Microsoft Windows) and is
available for farmers and advisors via a publicly available webpage at a national advisory service
centre [21]. Two modes are accessible for DK-RIM, locked and unlocked. In the locked mode, the user
will experience software-like behaviour (implemented in Visual Basic for Application macros, VBA
7.1, 2012, Microsoft). In the unlocked mode, the programme makes all content visible and editable.
For new users, a tutorial is available as part of the programme.

The parameters varying most among farms can be adjusted in the user interface, to
accommodate local and yearly variations, most notably potential weed free yield and commodity
sales prices. The herbicide control options available and initial size of the L. multiflorum population
are adjusted by the user from the “Basic information” page. There are additional layers of adjustable
options regarding prices and management practices, which the user can access (“More prices” and
“More options”). Generally, these parameters are related to specific practices at farm level, and once
they are adjusted to the actual situation on the farm, the farmer does not need to adjust them again,
unless practices change. The following step is “Build Strategy”, where the crop rotation and
management practices are selected. The output pages show a number of graphs and tables to visualise
and compare the planned strategies. These results can be exported for further use.

Herbicide options are often restricted in DSS to reflect legislative imperatives, but in DK-RIM,
the assumption is made that the farmers are aware of the limitations on herbicide use (including the
legal application time and dose) and respect these constraints. Herbicide resistance is one of the main
factors driving the need for long-term strategies and integrated weed management. Resistance
evolution, however, is not modelled in DK-RIM. Instead, the user specifies whether the included
herbicides are still effective, and at what level of efficacy. In the DSS, all L. multiflorum plants are
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assumed to be equally susceptible to herbicides; thus, the selection for resistant biotypes is not
included in the model.

To ensure its relevance and user friendliness, DK-RIM was presented and discussed at a
workshop, with five independent advisors from different regions of Denmark. The advisors were
asked to test the model with different scenarios relevant to their region. These ranged from traditional
ploughed strategies to no-till strategies on different soil types and with different sizes of L. multiflorum
populations. Their feedback led to several adjustments and substantial improvement of DK-RIM.
Furthermore, DK-RIM was presented at a farmer workshop organised by an advisor service, in a
region with severe L. multiflorum problems, and the farmers gave their immediate feedback.

2.4. The L. multiflorum Population Model in DK-RIM

The number of L. multiflorum plants emerging at the time of sowing is calculated by multiplying
the number of seeds in the soil by the germination percentage. If sowing is postponed, a larger
number of seeds will have emerged, and are thus controlled by the seed bed preparation. The
emergence pattern is affected by tillage system and timing. At any given sowing time, the number of
live germinated L. multiflorum plants (Gtine) is found by (Equation (1)).

Gtime = Gtime—1 X RStime—1 + Rtime—1 X VStime 1)

where Grtime-1is the number of germinated L. multiflorum plants in the period before, RStime1 is the
number of L. multiflorum plants surviving the period before, Rime-1is the number of viable seeds
remaining in the soil and VSt is the percentage of viable seeds that germinate in the present period.
The number of L. multiflorum plants at the end of the growing season is affected by management
practices, including herbicide applications, cover crops and other options, as specified by the user.
Herbicide applications, either pre-emergence or post-emergence, will modify this equation by a factor,
depending on the herbicide efficacy.

The L. multiflorum seed population in the soil is modified by the number of seeds germinating
through the growth season, by subtracting the germinated number. The L. multiflorum seed set (Rs)
is modified by the control measures applied during the season, additional emerged L. multiflorum
plants, and the natural mortality. For further details, see the reference manual for RIM [22]. The effect
of inter- and intraspecific competition from autumn- and spring sown crops (Table 1) and L.
multiflorum and sub-lethal herbicide effects on the L. multiflorum seed set per plant (Rs) are described
by the following equation, adopted from Renton et al. [23] (Equation (2)).

r X Wy
RsetszaXX<1+erH+ch>Xs @
When the crop is grass or grass with clover the equation is alternatively modified to (Equation

).

1
Rset = Rppax X <W> Xs 3)

where R is the maximum number of seeds produced per m? per year in a non-competitive situation,
r is the intraspecific competition factor for L. multiflorum, Wh is the healthy equivalent L. multiflorum
plants surviving the season, c is the interspecific crop competition factor, D is the crop density, s is
the phytotoxic effect of any applied herbicides, and fis the competition factor of pasture (Table 2).

Wi is calculated as a percentage of the potential plant number, based on the potential for seed
production relative to sowing time, the germination and control percentage (Equation (4)). For grass
and grass clover, this is an expert assessment, as the seeding density of grass cannot be adjusted by
the user. Both the equation for L. multiflorum seed set (Rsr) and the healthy equivalent plants (Wr)
were modified compared to the original RIM.

Wy = Gtime X Reontrot X P 4)

where Gtine is the germinated number of L. multiflorum plants at a given time, Reontrol is the percentage
L. multiflorum plants controlled in the given period, and p is the progeny index, representing the
number of seeds produced per plant, relative to the maximum possible amount, which is affected by
sowing time.
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Table 1. List of cash crops implemented in DK-RIM, with corresponding competition factors (c) used
in Equation (2) and maximum values for yield loss (2) used in Equation (5).

Cash Crops Implemented Interspecific Crop Competition Max Yield Loss from L.

in DK-RIM Factor (c) [23,24] multiflorum (a) (%) [24-26]
Winter wheat 0.09 60
Winter barley 0.15 60
Winter rye 0.09 60
Spring barley 0.25 45
Spring oat 0.3 40
Spring wheat 0.2 40
Winter oilseed rape 0.2 45
Legumes (default peas) 0.07 95

Some parameters in DK-RIM were adjusted for L. multiflorum according to literature or expert
assessments (Table 2), but if no documentation was available, parameters for L. rigidum was used.

Table 2. List of Lolium multiflorum parameters used in DK-RIM 1.

Intraspecific competition factor for L. Extra mortality of seeds in soil with need-based

0.04 809

multiflorum (r) [23] ploughing o
Competition factor of pasture on L. Sub-lethal effect of post-emergence herbicides on

; 9% ... 33%
multiflorum (f) viability of seeds (s) [27]
Natural mortality of seeds during 309 L. multiflorum germination in grass or grass-clover 309
season [27] ? crops ?
Natural mortality of seedlings [27] 5%  Removal of seeds with crop at harvest [27] 5%

1When no reference is stated, the parameter is an expert assessment for L. multiflorum under Danish conditions.

2.5. Yield Loss

The maximum weed free yield is modified by the L. multiflorum competition and the benefits
and penalties arising from the selected crop rotation.
Yield loss due to competition is described by (Equation (5)).

Y — l X Dryegrass
loss 1+ (i X Dryegrass) (5)
a
where i describes the % yield loss per L. multiflorum plant per unit area as weed density approaches
zero and was 1% for all crops, a is the maximum yield loss in each specific crop (Table 1) and D is the

density of L. multiflorum plants per unit area at the end of the season [28].

2.6. Management Tools

The management tools available in DK-RIM include crop rotation sequences with or without
cover crops, alternate tillage and establishment practices, plus herbicide applications. Few other
options are available in Denmark to supplement these management options. Desiccation before
harvest does not provide significant control of L. multiflorum, as most of the seeds are mature and
shed before such desiccation. As a last resort with weed heavy infestations, the crop can be sacrificed
to prevent L. multiflorum reaching maturity. Mechanical weed control is not included in DK-RIM.

2.6.1. Crop Rotations

Weed germination and subsequent seedset can be reduced through increased crop diversity, e.g.,
by introducing more spring-sown crops [29-31], as only a few L. multiflorum plants will emerge in
spring. By introducing more crop species, a diversification of herbicides is possible as well, which
reduces the risk of resistance development, by introducing more modes of action. There are also yield
effects of the crop rotation, as certain sequences are beneficial for productivity, while others will
impose a cost through yield reduction. There is a general benefit of a leguminous pre-crop, of winter
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cereals following a spring crop and of oilseed rape following grass or grass/clover. On the other hand,
there are penalties for immediately repeating crops, which is most pronounced for oilseed rape and
legumes, whereas the yield penalty for wheat monoculture is highest in the first two years and then
gradually diminishes. In DK-RIM, the benefits and penalties for each crop rotation are mainly
controlled by parameters hidden from the user, but a few specific values are adjustable from the user
interface. This is applicable for benefits after legumes and cover/catch crops, and for the penalties for
repeating oilseed rape or legumes in the crop rotation. Legumes are a broad category, and the user
has to adjust the benefit and penalties depending on the actual crop, as some legumes are more
sensitive to repeated cropping than others. Colbach et al. [32] found that simulating varying affects
in cropping systems showed larger effects over 5-10 years compared to 15-19 years, and that the
longer that an individual tactic was used, the larger the impact was. The time span of 10 years in DK-
RIM is considered appropriate to show the long-term effects of alternating management practices.

2.6.2. Cover Crops

A certain area with cover crops is mandatory for Danish farmers every season, which does not
relate to weed management, but rather to legislation affecting nitrogen leaching. The level of weed
suppression from cover crops is not well established and depends on the type of cover crops and the
establishment timing plus the method of removal [33-35]. Gerhards and Schappert [36] discussed
cover crop use in IWM and reported high control levels on volunteer cereals and other weeds. They
attributed this partly to competition, and partly to allelopathic effects depending on the type of cover
crop or mulches. Cover crops are included in DK-RIM as an optional management practice for
farmers, with the level of control adjusted in the user interface.

2.6.3. Cultivation Practices

Mouldboard ploughing is an effective tool in grass weed control. Inversion tillage prevents
establishment by killing a large proportion of newly emerged L. multiflorum plants. Ploughing will
bury many seeds in a deeper soil layer, which will prevent immediate germination [37]. The timing
of soil tillage is important, as seeds left on the soil surface will degrade faster than seeds buried. The
efficacy of leaving seeds at the soil surface depends on the weed species, but is significant for L.
multiflorum [38,39].

The effect of soil tillage on L. multiflorum germination is adjustable in the user interface, where
the user can choose to modify the level of weed control provided by ploughing, reduced tillage and
no-till. Reduced tillage here represents a reduced tillage practice before every crop, which only
disturbs the upper soil layer. Ploughing and no-till will have relatively stable effects on germination,
but reduced tillage practice is a highly variable practice, and it does not cover the same type of soil
management for all farmers. If farmers apply reduced tillage, it is important to adjust the control level
for the practice accordingly, as the default “reduced tillage” is unspecified. In addition, DK-RIM
offers the possibility for need-based ploughing, which is a practice used occasionally by some no-till
farmers for increased weed control; typically, once every fourth to fifth year. This will bury the weed
seeds in the deeper soil layers, and for seeds with short survival, it will kill the seeds before the next
ploughing event. Furthermore, crop density and sowing time can be adjusted, which can also
contribute to prevent emergence and control weed populations [29,40—42].

2.6.4. Herbicide Application

Herbicides are an important tool in L. multiflorum control, but preventive tactics and alternative
weed measures must be in place before deciding to apply herbicides. The available herbicides are
added by the user in three categories; pre-establishment, pre- and post-emergence with respective
levels of efficacy. In Denmark, the only available pre-establishment herbicide is glyphosate, and
therefore this was specifically included. Herbicide application will reduce the number of L.
multiflorum plants establishing or reaching maturity and limit the seed production, depending on
application timing.
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2.7. Economics

The costs are implemented based on agricultural contractor prices, as this is the most common
practice for small to medium farm sizes in Denmark. Machinery running expenses and payments are
not modelled. Costs are included and subtracted from the yield income, which is simply obtained by
multiplying crop yield with sales price for the commodity. EU agricultural subsidies are an important
source of income, but the size of the EU subsidy varies over years and depends on a range of factors;
the adjustments, however, cannot be described by equations, hence an average subsidy can be
included from the user interface.

2.8. Scenarios for Evaluation

The aim of the six scenarios in this study was to evaluate the influence of crop rotation and tillage
strategy on L. multiflorum development in the model. Even though a monoculture of winter wheat is
not very common in Denmark, this was chosen as a standard scenario, to show the influence of
increasing diversity in crop rotations (Table 3). A typical herbicide programme in winter wheat will
consist of a pre-emergence herbicide, followed by an autumn and/or spring post-emergence herbicide.
The optimal herbicide choice depends on sowing time and the emerged weed population. With a
non-resistant L. multiflorum population, the full spraying programme will keep a L. multiflorum
population under control at the short-term, and it would not be possible to see the effects of the IWNM
tactics in the results of the simulations. Therefore, only a pre-emergence herbicide application for L.
multiflorum control was included in the scenarios. In all other crops, a commonly used herbicide
programme is applied (Table 4). A starting population of twenty L. multiflorum plants per m? the year
before the simulations and a soil seed bank of fifty viable seeds per m? were used.

Table 3. Scenarios included in the evaluation. Wheat and oilseed rape are winter crops, while barley
is a spring crop.

4-Year Crop Rotation, Repeated

Scenario Winter Wheat Cultivation Facts ! Scenario Results
over 10 Years

1 Wheat-Wheat-Wheat-Wheat Plough, early sown, standard density, Figure 2
prosulfocarb

2 Wheat-Wheat-Wheat-Wheat Plough, late sown, high density, Figure 2
prosulfocarb
Plough, lat high densit

3 Barley-Wheat-Wheat-Wheat ough, fate sown, ugh density, Figure 2
prosulfocarb

4 Barley—Oilseed rape-Wheat-Wheat Plough, late sown, high density, Figure 2
prosulfocarb
R ill 1

5 Wheat-Wheat-Wheat-Wheat edu‘ced tillage, early sown, standard Figure 3
density, prosulfocarb

6 Wheat-Wheat-Wheat-Wheat No-till, early sown, standard density, Figure 3

prosulfocarb

! Prosulfocarb: Boxer, Syngenta Nordics A/S.
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Table 4. Crops and management options included in the scenarios.

Crop Sowing Time Denssff;lzllzglha) Soil Tillage Herbicide !
Ploughed + harrow seedbed
preparation
Winter  Early: primo Sep. Standard 100 Reduced tillage: superficial 1600 g prosulfocarb per ha, pre-
wheat  Late: primo Oct. High 185 soil disturbing once emergence
No-till: direct sowing, no soil
disturbance
Spring April 190 Spring ploughed + harrow 3.5 g iodosulfuron +0.525 g
barley seedbed preparation mesosulfuron per ha, post-emergence
‘ Winter Ultimo August 45 Ploughecjl +harrow seedbed 500 g propyzamide per ha, post-
oilseed rape preparation emergence

! Prosulfocarb: 2 L/ha Boxer®, Syngenta Nordics A/S, Iodosulfuron + mesosulfuron: 0.07 1/ha Hussar
Plus OD®, BAYER A/S, Propyzamide: 1.25 1/ha Kerb 400 SC®, CORTEVA Agriscience.

3. Results

Different scenarios with alternate crop rotations; different sowing time and soil tillage options
resulted in marked changes in number of mature L. multiflorum plants at the end of growing seasons
and seeds in soil at the start of the following season.

3.1. Crop Rotation and Delayed Sowing

Delaying sowing (scenario 2) had a marked effect on the number of mature L. multiflorum plants
over 10 years (48% less plants compared to scenario 1), and the number of seeds in the soil at the start
of each season was also reduced (6% less seeds), but it was still high and increased over the 10 years
(Figure 2). Changing the crop rotation to a four-year rotation with spring barley as the first crop
(scenario 3) and further adding an oilseed rape crop in the rotation (scenario 4) reduced weed
numbers and kept the L. multiflorum population under relative control, even after 10 years. In scenario
3, the number of mature L. multiflorum plants were 59% lower than in scenario 2, and further reduced
by 49% in scenario 4. This is an overall reduction of 89% after 10 years, compared to the continuous
wheat rotation in scenario 1. After 10 years of scenario 4, the number of mature L. multiflorum plants
per m? shedding seeds and adding to the soil seed bank was 197 plants, with approximately 6000
seeds in the soil.

Mature plants

1500

1000

-l - .

Seeds in soil

o

Number per m?

20,000
15,000

10,000

5000 | — .
o . = i

1 2 3 4
Scenario

After 1 yr [l After 5 yrs [l Atter 10 yrs

Figure 2. Number of mature L. multiflorum plants per m? at the end of the three periods (top) and
number of seeds in the soil per m? at the beginning of the following season (bottom) in the simulations
with increasing diversity in the four-year crop rotation (Table 3). Scenario 1 represent a ploughed
mono-wheat scenario with early sowing. Scenario 2 was the same with late sowing. Scenario 3 starts
the 4-year rotation with spring barley and in scenario 4 the rotation is spring barley, winter oilseed
rape, winter wheat, winter wheat.
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3.2. Tillage System

Changes in the soil tillage strategy were also compared to scenario 1, with less soil disturbance
in terms of a reduced tillage system (scenario 5) and a no tillage system (scenario 6) (Figure 3). To
observe the effect of changing soil tillage system, the rest of the factors were maintained as in the
reference scenario (scenario 1). Ploughing has the largest control effect on L. multiflorum and changing
to a reduced tillage system increased the number of mature L. multiflorum plants after 10 years (32%
more plants compared to the ploughed strategy) and led to increased L. multiflorum infestations
(Figure 3). In the no-till scenario, the number of mature L. multiflorum was also increased compared
to the ploughed scenario (20% more plants) after a 10-year simulation. The number of seeds in the
soil was less affected by the soil tillage strategy than mature plants (12% more seeds in the reduced
tillage strategy), while the percentage change in seeds for the no tillage strategy compared to the
ploughed strategy was similar (19% more seeds).

Mature plants

2000
1500
1000
500
2
2

=)

Seeds in soil

Number per m?

25,000

1
20,000
15,000
10,000
5000
1

3
0 l
3

Figure 3. Number of mature L. multiflorum plants per m? at the end of the three periods (top) and

Scenario

After 1 yr.Aﬂer 5 yrs.Aﬂer 10 yrs

number of seeds in the soil per m? at the beginning of the following season (bottom) in the simulations
with different tillage strategies (Table 3). Scenario 1 represented a ploughed mono-wheat scenario
with early sowing. Reduced tillage (scenario 5) represented any tillage strategy with only superficial
soil inversion, whereas no-till (scenario 6) is a true no-till strategy with direct sowing.

4. Discussion

The delayed sowing of winter wheat and the increased diversity in crop rotations are common
advice to manage grass weeds [29]. The simulations reflected this, as a better control of L. multiflorum
was obtained when these control options were implemented in a typical ploughed system. In the
scenarios, the limited inclusion of herbicides in the winter wheat crop enabled insights into the model
behaviour with alternate cultural tactics in L. multiflorum management. In a situation without
resistance, the cultural tactics and a basic herbicide application were observed to keep L. multiflorum
at relatively low levels (scenario 4), but still at a level which will be unacceptable farmers. Even with
the diverse crop rotation, a herbicide programme, including post-emergence application, will be
necessary. Continuous winter wheat or a low-diversity crop rotation may appear attractive to farmers
in the short term, as there are no immediate, unsolvable weed problems, and the commodity is easy
to sell with profit, even with a minor yield penalty compared to mixed crop rotations [30,43].
Therefore, the implementation of IWM, including crop rotation changes, is often driven by necessity
caused by loss of herbicide efficacy [44]. The implementation of diversity in the crop rotation depends
on the farmer’s ability to sell other commodities and the soil suitability for other crops. However, the
crop rotation does not need to be fixed in the long term to obtain the benefits of crop diversification;
farmers may as well have an overall aim for the crop rotation, but allow for changes through time.
Planning on a long-term basis may infer suboptimal economic results in the short term. Thus, the
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trade-off between immediate economic surplus and the possible detrimental long-term effects of
current practice needs to be a part of the management strategy for both advisors and farmers [45].
The rotation shown in scenario 4 could be further diversified with a longer rotation, and potentially
include a grass or grass/clover leys. Grass or grass/clover leys over two to three years with regular
mowing will reduce grass weed problems, but will be costly for the farmer if no economic outcome
can be established from the leys. A period of grass or grass/clover can be a relevant measure in fields
with severe L. multiflorum problems. The perennial crop will keep the L. multiflorum seeds buried and
deplete the soil seed bank through natural seed mortality, prior to reintroducing a crop rotation with
annual crops [46].

Lower soil tillage intensity is becoming more and more common, as it protects and enhances a
range of beneficial services in agricultural systems [47]. Conversion to no-till strategies have benefits
in terms of reduced soil erosion, improved soil structure, reduced leaching and less run-off, but it
also carries new challenges. In no-till systems, grass weeds have the opportunity to propagate and
carry over from one cropping season to the next and accelerate grass weed problems [48-50]. In most
no-till strategies, glyphosate is applied prior to establishment, either to remove all surviving weeds
or to destroy a cover crop [49]. There is no application of glyphosate before crop establishment in the
presented no-till scenario. It was omitted to enable a more direct comparison of tillage systems on
the L. multiflorum population development. Comparison of the three tillage systems showed a
difference among the systems, with ploughing being more effective in L. multiflorum control than no-
till and reduced tillage. The no tillage strategy resulted in fewer mature L. multiflorum plants than the
reduced tillage system, which is related to the germination pattern of the two systems. Farmers with
no-till systems are reluctant to use ploughing as a control measure, and an occasional need-based
ploughing will only be implemented when grass weed problems are out of control. Reduced tillage
is a strategy, which does not have any of the advantages of ploughing or no-till for grass weed control;
rather, it keeps the grass seeds in the topsoil and exposes the seeds every season to conditions
favourable for germination [51]. As the type of reduced tillage is not specified in DK-RIM, this is
highly dependent on the level of control stated by the user. There are, however, underlying dynamics
in the model, which influence the outcome, which makes reduced tillage practices less viable for
management of L. multiflorum than ploughing and no-till. As reduced tillage systems cover a broad
variety of practices it is difficult to evaluate the model behaviour. In practice, variable control levels
have been observed for reduced tillage systems [29].

The primary aim of the presented scenarios using DK-RIM was to show the DSS’s relevance
under Danish growing conditions, with the adjustments made to the original RIM. The scenario
outcomes corresponded to results from literature and practical experience, in terms of the influence
of sowing time, crop rotation and tillage strategy.

Crop rotation diversification was the single factor that had the highest effect on seed build-up
of L. multiflorum in the scenarios. None of the tactics were expected to achieve adequate management
of L. multiflorum on their own, whereas the combined effort of several tactics influenced populations
substantially. Similar results have been observed for other grass weeds, such as L. rigidum [52], Apera
spica-venti, loose silky-bent [51], and Avena fatua, common wild oat [53]. The present scenarios
represented a situation devoid of L. multiflorum herbicide resistance, which might be unrealistic in
many parts of Denmark [19]. In fields with resistance development, the cultural practices will become
even more important. DK-RIM represents a cropping system, which is representative for several
Northern European countries in the same climatic zone. Differences in the management practices
among countries and regions exist, e.g., the availability of tools for seed destruction at harvest, but
establishment practices and crop rotations are similar. A future adoption of DK-RIM in neighbouring
regions is therefore feasible, with minor modifications for differences in management practices. For
Danish conditions, there are additional features, which can be implemented to have a more complete
DSS, e.g., alternate row distances, to incorporate mechanical weed control, mixed populations of
susceptible and resistant L. multiflorum, or additional crops like grasses grown as seed crops.

Experiences from Western Australia with the original RIM showed that the tool is a valuable
starting point for discussions between farmers and advisors [54]. The first experiences from Denmark
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with farmers meetings on L. multiflorum management presenting DK-RIM were generally positive,
and indicated that it is a valuable practical tool, when farmers use it in cooperation with advisors.
The main purpose of DK-RIM should be to generate discussion cf. the recommendations of Lacoste
and Powles [17]. A few farmers were enthusiastic, and they might gain from independent use. Other
farmers, who rely on advisors to plan their management, are more likely to benefit from the
workshop approach. Involving stakeholders in the development of a DSS is essential, and even
though complex models might provide the most accurate predictions of management consequences,
they may be of little value in practical planning [55]. More targeted communication from the advisory
services and researchers have been identified as a stepping stone on the road to an increased
implementation of IWM [56,57] and IPM in general [58], and a DSS like DK-RIM can aid this type of
communication.

5. Conclusions

DK-RIM provided practical relevant decision support under Danish conditions for the
management of L. multiflorum. The DSS was evaluated by advisors and farmers, who found it a
valuable tool to visualise the long-term consequences of different management strategies. The
scenarios showed that an increased diversity in the crop rotation and to a minor extent, delayed
sowing of winter wheat, were tactics that reduced the impact of L. multiflorum.
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