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ABSTRACT

Context. Barley grass (Hordeum spp. L.) is an annual, invasive grass weed of southern Australian
crops and pastures, frequently associated with weight loss and carcass damage in sheep due to its
sharp seeds. Knowledge gaps exist regarding optimal density thresholds for effective control to
reduce impacts on animal production. The value of integrated weed management (IWM) over
individual control options for reducing barley grass populations in pasture is also unknown.
Aims. We aimed to develop a model for simulating the population dynamics of barley grass
within lucerne (Medicago sativa L.) pastures of southern Australia and to test the hypothesis that
combining herbicides with mowing will be more effective for removing barley grass seedbanks
over time than individual control measures. Methods. The model was developed within
Microsoft Excel and adapted from other annual grass models. The model takes a Monte Carlo
approach to simulate control impacts on weed seedbanks over 10 years using five weed-control
density thresholds. It was parameterised using data from recent experiments and available
literature. Key results. The most effective long-term control strategy for barley grass occurred
with a density threshold of 5 seedlings m~2 by combining early and late herbicide applications,
and by combining early and late herbicides with mowing, reducing the seedbank by 86% and 89%,
respectively. Conclusions. Simulation results showed that IWM programs were more effective
than individual control options in reducing the barley grass seedbanks over 10 years, particularly
at low weed densities (<50 seedlings m~2). Implications. Incorporation of this model into a
bioeconomic grazing systems model will be valuable for determining the economic impacts and
optimal weed-control strategies for minimising the effects of barley grass seed contamination in
lamb production systems.

Keywords: annual pasture, defoliation, herbicides, integrated weed mangement, lucerne, mowing,
plant growth models, seed production.

Introduction

Barley grass (Hordeum spp. L.) is a southern Australian annual pasture weed and is currently
listed as one of the top 20 residual weeds impacting Australian cereal crops (Llewellyn et al.
2016). Barley grass flourishes in nutrient-rich soils, rapidly becoming dominant under
limited competition (Rossiter 1964; Groves et al. 2003). Consequently, barley grass
typically invades degraded lucerne (Medicago sativa L.) pastures grazed by sheep, where
the sharp seeds can penetrate body tissues, resulting in significant production loss and
negative welfare implications for the flock (Kelly et al. 2018). Barley grass control in
Australia requires significant intervention, typically repeated herbicide applications.
Grazing and mowing have been investigated for barley grassmanagement (Smith 1968a;
Myers and Squires 1970; Campbell et al. 1972; Hartley et al. 1978; El-Shatnawi et al. 1999;
Bowcher 2002), and differ with regard to their impacts on pasture botanical composition
(Jantunen 2003). Effects of grazing are considered more complex than those of mowing
(Dormaar et al. 1989), often being associated with grass dominance (Jantunen 2003).
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By contrast, mowing has been associated with legume
dominance (Myers and Squires 1970), frequently reducing
annual grass seed production when timed to coincide with
reproductive development (El-Shatnawi et al. 1999; Bowcher
2002; Anderson and Frank 2003; Donald 2006; Brownsey
et al. 2017). Additional beneficial effects of mowing have
been documented considering that repeated mowing may
further limit seed production (Donald 2006; Kelly et al.
2020), because barley grass experiences difficulty recovering
from defoliation after the commencement of reproductive
growth (El-Shatnawi et al. 1999). These effects are also
typically exacerbated in dense populations (Kelly et al. 2020),
likely resulting from pre-existing competitive stress exerted
by neighbouring plants (Weiner 2004).

Despite much research on grass weeds in pasture,
information is scarce regarding the long-term efficacy of
integrated weed management (IWM) programs against
the barley grass seedbank. Recent studies in Australia
compared the impacts of single herbicide applications and
of mowing with combinations of each on barley grass
survival (Kelly et al. 2020), with treatment success shown
to be dependent on the timing of applications to plant growth
stage and seasonal weather patterns. Other studies inves-
tigating herbicide combinations with repeated mowing for
control of other annual weeds have also shown some
success (Donald et al. 2001). However, the demanding
nature of field experiments to validate the effects of
IWM strategies can make them costly and impractical.
Mathematical modelling can overcome these limitations,
facilitating an examination of weed population dynamics
and novel weed management strategies over time without
the costly consequences of management errors associated
with equipment miscalibration or weather events (Pannell
et al. 2004). When weed models are authenticated using
field trial data, a better understanding of key parameters
influencing stages of the weed life cycle is generated,
highlighting areas where control strategies may be most
effective for managing weed populations (Watkinson
et al. 2000).

This paper describes the development of a barley grass
population model, which simulates barley grass popula-
tion dynamics within a typical degraded lucerne pasture in
southern New South Wales (NSW), Australia. The paper
also identifies the impacts of herbicide/mowing combinations
on the weed seedbank. The model was implemented to
address the following questions: (1) How does a barley grass
seedbank behave in the absence of control over 10 years
within an infested southern Australian lucerne pasture?
(2) Is the combination of herbicide applications and mowing
more effective in reducing the barley grass seedbank than
either tactic applied individually over 10 years? (3) Does
barley grass population density influence the degree of
control exerted on the population by the implementation of
weed control strategies over time?

Model description

Existing population models for various weed species
have traditionally been based on species with similar life
cycles (Gonzalez-Andujar and Fernandez-Quintanilla 2004).
Consequently, the barley grass model equations were
adapted from the existing models of two other annual grasses,
Lolium rigidum Gaud. (Gonzalez-Andujar and Fernandez-
Quintanilla 2004) and Avena sterilis L. (Gonzalez-Andujar
and Fernandez-Quintanilla 1991). The conceptual model for
barley grass growth is described as a simple annual life
cycle model from seedling emergence through to seed entry
into the seedbank (Fig. 1). Pasture and control efficacy
parameters were obtained from experimental observations
generated on an experimental site containing a degraded
lucerne stand, located at Charles Sturt University, Wagga
Wagga, NSW, as described by Kelly et al. (2020).

The barley grass model was constructed in Microsoft Excel
2013 (ver. 15.0.5153.1000; Microsoft, Redmond, WA, USA).
The model has a 10-year simulation horizon, a time frame
considered adequate for visualising annual weed seedbank
trends (Gonzalez-Andujar and Fernandez-Quintanilla 1991,
1993, 2004). Additional pasture data were imported into the
model from simulations of a Wagga Wagga lucerne-barley
grass pasture using the widely accepted decision support
tool GRASSGRO (ver. 3.3.9) (Moore et al. 1997).

The six key model equations comprising the barley grass
population dynamics model (as adapted from Gonzalez-
Andujar and Fernandez-Quintanilla (1991, 2004) are
available within the Supplementary Materials (numbered
Eqns 1-6). The adaptations that were applied to some of
these equations are described as follows:

1. The addition of a climate scalar value. This value was
added as a stochastic multiplier within Eqn 4 (Cacho
et al. 1999) to adjust seed production based on the
effects of seasonal conditions within a given year type.
Eqn 4 can thus be re-written as follows:

__f
F=iran® )

where CS is the climate scalar (encompassing values
from O to 1), which adjusts seed production based on year
type. Year type represents the percentage change in seed
production occurring as a result of variable weather
patterns in any given year. Year types from 1990 to 2017
were used in this model and are randomly selected for
each year of the 10-year horizon covered during each
simulation iteration.

2. The addition of control strategies and species competition.
Many post-emergent herbicide labels for annual grass
weeds recommend application at early tiller stage for
optimal control. Certain herbicides, such as paraquat,
can be applied somewhat later in the season to reduce
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Fig. I. Life cycle concept model for the barley grass population (Hordeum spp.), as adapted from

Gonzalez-Andujar and Fernandez-Quintanilla (1991) and Gonzalez-Andujar and Fernandez-
Quintanilla (2004). Letters across the base of the image represent months of the year. Barley
grass emergence begins in April, because autumn is considered the regular germination period

for annual grasses in Australia.

seed set and thereby seed production (Powles 1986).
Similarly, competition from other species also acts as a
mechanism to reduce fecundity (Popay and Sanders 1982).
If c¢; represents the percentage reduction in seedling
survival by early herbicide applications, and c, and c3
represent the percentage reduction in fecundity as a
result of a later herbicide application and competition
from another species, respectively (Gonzalez-Andujar
and Fernandez-Quintanilla 2004), Eqns 2 and 4 can be
rewritten (as Eqns 8, 9, respectively) to include all effects
as follows:

Z,=e SB/(1—¢cy) €)]
_f(1=cy)(1 —c3)
Fe= (14 aM,) ©

Defoliation by mowing is acknowledged as an effective
method for reducing barley grass total fecundity when
timed with the most susceptible stage of growth
(Bowcher 2002). The proportional reduction in total
fecundity due to mowing in the model is given by value
c4, rewriting Eqn 5 as:

S, =F,M,(1 —c,) (10)

GRASSGRO simulations: competition and
climate effects

To generate impacts on barley grass survival and seed produc-
tion due to competition and climate in each simulated year,

890

data for the lucerne-barley grass pasture were produced
in GRASSGRO (Moore et al. 1997) using ‘lucerne’ and
‘annual grass — early’ species settings, historical climate data
(1990-2017), and default soil settings for Wagga Wagga.
This model has some limitations in simulating interspecies
competition (Donnelly et al. 2002) and plant death due to
stressors over time (Smith et al. 2017) — weaknesses common
to all crop and pasture biophysical models (Smith et al. 2017).
However, GRASSGRO was considered the most suitable
method for modelling species competition within the barley
grass model because GRASSGRO is a broadly accepted model,
has the capability to simulate basic species competition, and
also takes into account the significant and variable impacts of
climate/soil moisture on plant growth over time (Clark et al.
2000). GRASSGRO simulations were conducted between
1990 and 2017 to obtain pasture data in response to the
climate patterns for each of these years, generating a bank of
data representing pasture production under each year ‘type’.
Parameters used in the construction of the GRASSGRO
pasture simulations are listed in Table 1.

For each year, daily total available biomass data
(kg DM ha™!) was extracted from GRASSGRO for barley
grass and lucerne species. The proportion of lucerne on a dry
matter (DM) basis was then calculated per day and averaged
across the year to provide the competition input value for c53
in Eqn 6 of the barley grass model, and which varied
with year.

Because climate variability influences seed production in
barley grass plants (Johnston et al. 2009), the climate scalar
(i.e. CS) was introduced as a stochastic element into the barley
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Table I.
from 1990 to 2017.

Parameters used in the GRASSGRO lucerne—barley grass pasture simulation for | January at Wagga Wagga, NSWV, using climate data

Parameter Pasture: lucerne-barley grass
Lucerne - winter active Source Annual grass — early Source
Phenology: Reproductive Senescent

Live dry matter (DM) 100 Wagga Wagga site observation 100 Wagga Wagga site

(kg ha™") observation

Standing dead DM 500 Wagga Wagga site observation 3500 Wagga Wagga site

(kg ha™!, leaf and stem) observation

Litter DM (kg ha™') 500 Wagga Wagga site observation 500 Wagga Wagga site
observation

Below-ground DM 600 ok 2000 Crawford et al.

(kg ha™', roots) (1997)

Max. rooting depth (mm) 700 Robertson (2012) 450 e

Seed DM (kg ha™) n/a n/a 1000 solok

ek Adjusted from default settings and confirmed as suitable by expert opinion (pers. comm., A Moore, | March 2019) for the modelled site, which included the

degraded nature of the lucerne stand and heavy infestation of barley grass.

Referenced values are adjusted from published values to reflect likely paddock conditions during 2016 and 2017. Fertility scalar set to 0.7 in GRASSGRO settings to
reflect annual single superphosphate applications and high nutrient availability within the simulated paddock.

n/a, not applicable in perennial species.

grass model (Moore et al. 1997; Smith et al. 2017), enabling
adjustment of seed production based on year type. Climate
index values from 1990 to 2017 were derived by dividing
the total barley grass seed production in each of these years
by the long-term average seed production value obtained
from yearly GRASSGRO simulations (pers. comm., A. Moore,
1 March 2019). Final plant fecundity in each year across the
10-year planning horizon was thus determined by multiplying
plant fecundity by the CS index associated with the randomly
drawn year (Eqn 5).

All other parameters used in the model are listed in Table 2
and were obtained from greenhouse experimental findings
(Kelly et al. 2020) and the recently updated RIM model for
barley grass (Monjardino and Llewellyn 2018).

Control strategy descriptions

Seven separate weed-control strategies were simulated in the
barley grass model, plus a ‘No control’ option, all of which
could be used in practice within a grazed lucerne paddock
in Australia. Control strategies consisted of an annual early
herbicide application, a late herbicide application, and a
repeated mow. The remaining control programs consisted
of combinations of these approaches. The various control
strategies are shown in Table 3.

The ‘no control’ strategy provided a comparative baseline
seedbank and barley grass population indicative of no
suppression of plant growth or seedbank dynamics. ‘Early
herbicide’ represents an annual systemic herbicide (e.g.

Table 2. Parameter values utilised within the barley grass simulation model.
Parameter Symbol Value Data source
Emergence (%) E 0.995 Unpubl. data, J. Kelly
Seedling survivorship (%) S 0.956 Unpubl. data, J. Kelly
Max. fecundity of one plant F 2255 Unpubl. data, J. Kelly
(no. of viable seeds plant™) a 0.33 Unpubl. data, J. Kelly
Fecundity equation parameter value
Seed loss (%) L, 0.3 Monjardino and Llewellyn (2018)
Dormant seed mortality (%) DSM 0.5 Monjardino and Llewellyn (2018)
Control by early herbicide (propaquizafop) (%) q 0.99 Kelly et al. (2020)
Lucerne competition (%) (o3 Variable with year GRASSGRO pasture simulations
Control by late herbicide (paraquat) (%) [ 0.58 Kelly et al. (2020)
Control by mowing (%) C4 Eqn 5 Kelly et al. (2020)

For parameters with unpublished data as source, values are derived from barley grass growth data obtained under greenhouse conditions (Kelly et al. 2020), as later

described within this study.
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Table 3. Control strategies used in modelling the impact of control
practices on the barley grass seedbank within a lucerne pasture at
Wagga Wagga, NSW.

Control strategy Description

No control No control

Early herbicide Early herbicide only

Late herbicide Late herbicide only

Mow” Mowing only

Early_late Early herbicide + late herbicide
Early_mow Early herbicide + mowing
Mow_late Mowing + late herbicide

Early_late_mow Early herbicide + late herbicide + mowing

AAlways refers to a repeated mow timed to coincide with post-inflorescence
emergence of barley grass plants because this tactic was found to be most
effective against barley grass invading a lucerne pasture (Kelly et al. 2020).

ACCase inhibitor, propaquizafop) applied at 2-3-leaf stage
during autumn at 99% efficacy, reflecting recent significant
field results obtained during 2016 and 2017 (Kelly et al. 2020).
The ‘late herbicide’ strategy represents an annual contact
herbicide applied in winter (e.g. Photosystem I electron
diverter, paraquat) at 58% efficacy, a value also signifying
paraquat efficacy against barley grass obtained from recent
field results during 2017 (Kelly et al. 2020). This treatment
simulates an annual spraytop application and represents a
reactive approach to barley grass control, that is, a herbicide
applied later in the season to more mature plants (late
vegetative to boot stage) to reduce seed set. The ‘mow’
strategy simulates the reduction in fecundity (removal of
inflorescences) as a result of two mowings (i.e. a repeated
mow), each of which is timed to coincide with all plants
reaching post-inflorescence stage, for the initial defoliation
and for the repeated defoliation on regrown plants.

Separate pasture data were generated in GRASSGRO for
each strategy within each year to model the impact of
control on botanical composition and competition between
lucerne and barley grass. No grazing was simulated in the
model, because each control strategy in this scenario would
typically occur before grazing by spring-weaned lambs in
this region. The impact of the herbicides was modelled
in GRASSGRO by reducing the barley grass green DM
percentage and seed DM parameters in GRASSGRO in each
year by the percentage efficacy of each herbicide. This was
implemented to simulate early systemic herbicide effects
on seedling survival and later contact herbicide effects on
seed set. The amount of green DM reduced by the early
herbicide was added to the dead DM present at the time of
application. Early herbicide parameters were initiated on
1 May in GRASSGRO to simulate control of seedlings. If
<100 kg green barley grass DM was present at this time,
the simulated application was delayed to the first of each
month, thereafter until green DM reached >100 kg, or by
1 August, whichever came first. This ensured that the early
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herbicide application was ‘applied’ to young growing plants,
considering that applications may also occur later in some
years owing to the interaction of temperature and moisture.

The hay-cut function was utilised in GRASSGRO to
simulate the effect of a repeat mowing on the proportion of
lucerne in the simulated pasture. The hay-cut function in
GRASSGRO was structured to include two defoliations, one
on 1 August and the second on 1 September. These months
were observed to coincide with inflorescence emergence at
the simulated site in Wagga Wagga during 2016 and 2017
(Kelly et al. 2020).

Model parameterisation

Mature plant density and fecundity data obtained from recent
greenhouse studies at Wagga Wagga (Kelly et al. 2020) were
used to determine the parameters and relationships contained
within the barley grass model. Additional data were also
collected from greenhouse plants used in this study to
determine particular parameters within the model equations.
The development and description of these relationships
(Supplementary Fig. Sla-d and associated Eqn 11) are
available within Supplementary Materials. Parameters are
listed in Table 2.

Model sensitivity

A sensitivity analysis incorporating methods by Gonzalez-
Andujar and Fernandez-Quintanilla (1993, 2004) was used
to assess model sensitivity (Pannell 1997). A sensitivity
index was generated by the following relationship:

(Dimax = Dimin )

SI= 12)

Dmax

where D, and D,,;, are the model seedbank output values at
the end of the final year of the 10-year simulation when each
parameter is set to 40% above (maximum) and below
(minimum) the model parameter values (Table 4). The
higher the sensitivity index, the more sensitive the model is
to parameter variation. The starting seedbank was set at
100 seeds m~2 for all simulations. Variability occurs between
model iterations because of climate variability between years;
hence, 1000 iterations for each parameter variation were
conducted and a mean final seedbank value at the end of
the 10-year simulation period was determined. The results
of this analysis showed that the barley grass model was
most sensitive to changes in emergence, fecundity, seed loss,
dormant seed mortality and propaquizafop (early herbicide)
efficacy, and relatively insensitive to the value assigned to
seedling survivorship, paraquat (late herbicide) and mowing
efficacy (Table 4). Previous studies and observations of plants
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Table 4. Sensitivity of the final seedbank population of barley grass to variation in values of demographic parameters after a |0-year simulation.
Parameter Values Sensitivity index
Max. (+40%) Min. (—40%) Model value
Emergence | 0.597 0.995 —0.63
Seedling survivorship | 0.5736 0.956 0.028
Fecundity of single plant 3157 1353 2255 0.5
Seed loss 0.42 0.18 0.3 —0.41
Dormant seed mortality 0.7 0.3 0.5 -1.4
Control strategy efficacy
Propaquizafop (early herbicide) 0.999 0.59 0.99 -85
Paraquat (late herbicide) 0.8l 0.35 0.58 0.016
Mowing 0.999 0.5 0.84 0.008

taken during the greenhouse study confirmed that the range
of values selected for sensitivity analysis for each parameter
was within a realistic set of values obtained across a wide
range of conditions (Smith 1968b; Borchert and Jain 1978;
Popay 1981; Perry and Ellerton 1983).

Model simulations

To examine the impacts of the control methods on the
barley grass seedbank over time, a Monte Carlo simulation
procedure was used. Different density threshold values (for
seedling and mature plant density, per m?) were set to trigger
the implementation of control measures based on typical
timings of the control strategy in relation to plant growth
stage. The selected density threshold value was assumed at
seedling stage. The associated mature plant density threshold
value was calculated by using Eqn 2 and was considered to
be the proportion of seedlings surviving to maturity.

Early and late herbicide ‘applications’ were triggered when
barley grass seedling and mature plant densities exceeded set
density threshold values for seedlings and mature plants,
respectively, during each simulation. The mowing treatment
was also triggered in response to mature plant density
exceeding a density threshold value, because each mature
plant would be expected to produce at least one inflores-
cence during the reproductive stage, the time when mowing
most effectively reduces seed production (Brownsey et al.
2017). In the simulations involving combined strategies, the
model timed the implementation of control tactics sequentially
as they would occur in practice, triggered whenever the density
threshold values required for each strategy were reached.
If density threshold values were not exceeded during a
simulated year, the particular tactic was not implemented.

A factorial design was chosen, using five weed seedling
density thresholds (WT = 5, 50, 250, 500, 1000 seedlings m~2)
and eight control strategies, including an uncontrolled

seedbank or ‘no control’ treatment (Table 3). The model was
run for 1000 iterations per simulation and the starting value
for the seedbank was set at 100 seeds m~2 for each iteration.
Two-way analysis of variance was conducted using R software
(R Core Team 2016) to determine the significance of individual
factors (weed density threshold and strategy) in producing
mean seedbank differences with significance threshold set at
P =0.05.

Model predictions

Significant differences in the mean seedbank overall occurred
as a result of the interaction between strategy and weed
density threshold (d.f. =28, F=156.9, P < 0.001). Combined
strategies were generally found to be most effective in
reducing the barley grass seedbank over 10 years (Fig. 2). The
largest reductions in the weed seedbank compared with the
control occurred when all control tactics were applied at
the lowest density thresholds (<50 seedlings m~2), whereas
seedbank size converged towards that of the uncontrolled
seedbank as the seedling density threshold increased
(>250 seedlings m~2; Fig. 2).

The uncontrolled seedbank reached a population equilib-
rium at 950 seeds m~2 (Fig. 2), representing the potential
maximum density of barley grass invading a lucerne pasture
under Wagga Wagga climatic conditions.

Compared with the uncontrolled population, the single
early herbicide applications produced the smallest overall
mean seedbank of all individual tactics when implemented
at a density threshold of 5 seedlings m~2 (288 seeds m™2),
reducing the barley grass seedbank by 70% (Fig. 2). By
contrast, this tactic was the least effective individual tactic
at all other density thresholds, reducing the mean seedbank
by16-50% (between 435 and 746 seeds m~2; Fig. 2).

Together with the repeat mowing treatment, the late herbi-
cide application was more effective than the early herbicide at
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densities >5 seedlings m~2 in reducing the mean seedbank by
up to 56% of the uncontrolled population (Fig. 2).

At 5 seedlings m~2, repeat mowing resulted in the largest
seedbank of all individual tactics (346 seeds m~2). When
implemented at all other density thresholds, this tactic
performed similarly to the late herbicide application, and was
the most effective individual tactic at the highest density
threshold, reducing the weed seedbank by 57% (Fig. 2).

The four combined programs generally resulted in smaller
seedbanks than the individual tactics, particularly at the
lower weed density thresholds of 5 and 50 seedlings m~2
(Fig. 2). The greatest impact overall was achieved at a density
threshold of 5 seedlings m~2 by the early_late and early_late_
mow programs, resulting in a 86% and 89% overall
reduction in the uncontrolled seedbank, respectively (Fig. 2).

The early_late_.mow program was more effective than all
other strategies in reducing the seedbank across all density
thresholds. Of all other combined strategies, the early_late
strategy generally resulted in a lower overall seedbank at
density thresholds of 5 and 50 seedlings m~2 only (Fig. 2),
whereas the late_mow strategy performed most effectively
at higher density thresholds. The early mow strategy
generally performed least effectively of all combinations
over time at all density thresholds <1000 seedlings m~2,
but surpassed performance of the early_late program within
the largest population (Fig. 2).

Discussion

This study demonstrates the value of modelling for comparing
the efficacy of integrated and individual control practices
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against barley grass populations in a lucerne pasture setting
over time, and highlights the superiority of IWM for reducing
barley grass seedbanks. The size of the barley grass seedbank
obtained by model simulations in the absence of control
(987 seeds m~2) was consistent with seedbanks measured in
lucerne field studies conducted in southern Australia (Powles
et al. 1992). Sustained seedbanks of this degree result in
dense, mature barley grass stands each year (Powles et al.
1992), leading to prolific seed production, and pose signifi-
cant contamination risks to grazing sheep (Atkinson
and Hartley 1972; Hartley and Bimler 1975). Such risks
demonstrate the importance of early control of barley grass
populations in grazed pastures before high seedbank levels
are attained.

The results of this study consist of model predictions and
must therefore be considered as largely speculative; however,
they can facilitate the identification of key principles that may
inform the practical management of barley grass populations
invading established lucerne pastures in southern Australia.

Although individual control strategies were predicted
to reduce the seedbank compared with the uncontrolled
population, a residual barley grass population remained,
contributing seed to the seedbank in subsequent years. This
is to be expected in practice, because the efficacy of singular
control practices is rarely 100%. Further, when chemical
control is suboptimal, such as encountered by the late
herbicide treatment in this study (i.e. 58%), the practices
typically lead to the formation of larger weed populations,
greater investment in herbicides, and a higher risk of ensuing
herbicide resistance (Diggle et al. 2003; Gonzalez-Andujar
and Fernandez-Quintanilla 2004).

The repeat mowing strategy simulated in this study shows
promise as an individual tool for reducing community-level
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seed production in barley grass populations, a predicted
outcome supported by field studies investigating the impacts
of defoliation on other annual grasses such as Avena spp.
and Lolium perenne populations (Morris and Gardner
1958; Hebblethwaite and Clemence 1983). However, the
timely application of mowing post inflorescence emergence
will likely be crucial to success when implemented in
practice, because defoliations of annual grasses prior to
reproductive development under field study conditions have
typically resulted in sustained or increased seed production
(Hebblethwaite and Clemence 1983; El-Shatnawi et al. 1999;
Brownsey et al. 2017; Kelly et al. 2020). Fewer viable seeds
are typically available for dispersal and seedbank entry at
this stage of growth, owing to incomplete seed development
(Hempy-Mayer and Pyke 2008). Further, the repeated nature
of the mowing strategy simulated in the model may also be
important during field applications, considering that the
greatest reductions in seed production were reported when
repeated defoliations of barley grass plants were timed to
occur at the same stage of growth (Kelly et al. 2020).

The superiority of the combined strategies in reducing
the simulated barley grass seedbank was consistent with
field results reported by Piltz et al. (2019), who reported
superior control against barley grass in a clover pasture by
combining grazing with herbicides. However, the model
predictions were inconsistent with the results of defoliation
and herbicide treatments applied under field conditions
similar to the simulations (Kelly et al. 2020). This may be
due to differences in the timing of treatments between the
field study and simulations, where individual field mowing
applications that were applied while some plants were still
at the vegetative stage encouraged increased tillering and
copious seed production.

Despite the predicted efficacy of the combined weed-
control programs simulated in this model, some considera-
tions and questions remain in relation to their use in
practice. These include the potential for emerging herbicide
resistance within weed populations as a result of repeated
herbicide use and the economic advantages of such strategies
for maximising production returns from livestock grazing
barley grass-infested lucerne pastures. Hypothetically, herbi-
cides applied prior to a repeated mowing post inflorescence
emergence may in fact limit development of herbicide
resistance because surviving plants cannot contribute seed
to the seedbank owing to inflorescence removal by mowing.
This may be likened to an effect similar to that of the ‘double
knock’ system practiced in cropping systems. Further,
considering the prevailing high lamb prices across southern
Australia in recent years (Behrendt and Weeks 2019), it is
possible that the benefits of weed seed control in pastures
outweigh the input price of grass herbicide as well as the
labour and machinery costs associated with mowing. If so, the
early_late_mow program would show promise in yielding high
economic benefits to a lamb enterprise grazing lucerne
pastures with significant barley grass incursion, given that

this strategy maintained the smallest weed population
consistently over time at all weed density thresholds and
would thus be expected to reduce the frequency of contact
between seeds and grazing animals most significantly.
However, in practice, consideration would need to be given
to the phenological development of other species within the
pasture, because applications timed to control barley grass
may also inadvertently produce detrimental impacts on the
co-existent lucerne population, resulting in a negative
production outcome.

The outcomes from this study also highlight the important
influence of weed seedling density on managed barley
grass populations, owing to the direct relationship between
seed density and the size of the residual population in the
absence of any control intervention. Implementing effective
population control at low density thresholds limited the
size of the population and reduced the community-level
seed production to the seedbank. This likely explains the
greater efficacy of the early herbicide application than of
the other individual tactics implemented at the lowest
density threshold. Although control was not attained when
implemented at high density thresholds owing to significant
community-level seed production, individual late herbicide
and mowing applications can effect greater control than an
early herbicide because of their impact on seed production
and the number of seeds entering the seedbank in the
same year. Although more costly, better results may be
achieved in practice via the optimal and timely application
of herbicides and mowings, combined with re-establishment
of the lucerne pasture in the following year. Model findings
thus advocate the proactive uptake of cost-effective weed-
control practices that preserve low barley grass seedbanks
throughout the life of the pasture, facilitating greater control,
less herbicide use over time, and the potential for competition
by neighbouring species (Kemp and King 2001). Furthermore,
such practices may limit the frequency of herbicide-resistance
alleles in any emerging weed populations (Christoffers 1999).

The sensitivity analysis results reported in this study
suggest the vulnerability of barley grass populations to
changes in emergence, fecundity, seed loss and dormant
seed mortality. Fecundity and seed loss results were
consistent with the findings of Gonzalez-Andujar and
Fernandez-Quintanilla (2004) for the similarly constructed
annual ryegrass model, giving confidence to this model.
Contrasting results concerning emergence and dormant
seed mortality may be explained by the incorporation of
climatic variability in the current model, which likely
varied the response of these parameters from year to
year. Unsurprisingly, seedling density (as influenced by
emergence), and fecundity, were also two major population
drivers that were influenced by each tactic within combined
programs in this study, leading to greatest population control
over time. Studying these areas in detail under field
conditions at various locations will facilitate the validation
of the model under different conditions. This will be
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particularly important in relation to the emergence
parameter, which had been determined under controlled
conditions. Such values could be expected to be lower under
field conditions, where emergence can be regulated by the
influence of early density dependence (Lortie and Turkington
2002) and the release of leachates by neighbouring seeds
(Murray 1998). Lower emergence under field conditions may
also result in greater plant size (and higher seed production)
in later life stages, an effect observed in other annual species
under field conditions (Lortie and Turkington 2002).

The predictions reported by the barley grass model
suggest a variety of strategic approaches that could be used
in practice for effective control of this weed in lucerne
pastures. Control tactics that target emergence, fecundity,
seed loss and seed dormancy within the barley grass life cycle
in any given year (i.e. via species competition, controlling soil
surface cover, prevention of seed production or inflorescence
removal) were predicted to be most effective for seedbank
control. Under field conditions, the correct timing of herbi-
cide applications in low-density populations are likely to
be particularly important for limiting barley grass seed
production later in the season, and repeat mowing tactics
applied during reproductive development may be useful
when applied to high-density populations, reducing herbicide
costs and constraining population size.

The model highlights the value of combined weed
management strategies for reducing barley grass seedbanks
in lucerne pastures over time. In dense stands, alternative
measures in the first year may be required to reduce the
residual population to more manageable levels. Assessment
of control costs and the value of livestock products grazing
such pastures under fluctuating market prices will also
be necessary in determining optimal control measures in
livestock grazing systems, models that may now be developed
based on this founding model system.

Supplementary material

Supplementary material is available online.
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