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Summary The dynamics of weeds in northern grain
cropping systems are complex, due to the relatively
variable potential growing conditions in any given year.
Weeds may germinate and grow during a fallow season
or may be forced to compete with a crop. Rainfall is
unpredictable. Due to this high variability in crop-
ping and rainfall conditions, soil moisture, nutrition,
and covering organic matter all vary widely from one
year to the next; similarly, interspecific competition
and seed bank dynamics are equally likely to vary.
Accordingly, any attempt to model the population
dynamics of northern region weeds appears to require
a relatively complex approach. We have coupled a
well-verified crop growth model (APSIM) with seed
bank and mating sub-models (implemented in Vensim)
in an attempt to deal with this level of environmental
variability, and to test the effects of various aspects of
the cropping system on the rate at which resistance to
glyphosate might evolve in local weed populations.
APSIM deals with the dynamics of the weeds and
crops during the growth phase. The Vensim extensions
deal with the effects of mating parameters (that is, the
effect of the level of self-compatibility in the weed
species) and seed bank dynamics, such as the level of
mortality in the seed bank, and the germination rate
in a particular season.
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INTRODUCTION

Northern grain region The cropping systems of the
northern Australian grain region, which stretches from
northern New South Wales to central Queensland, are
subject to considerable yearly and regional diversity in
growing conditions (Walker et al. 2005), particularly
the timing and extent of rainfall events. Cropping is
dominated by wheat in winter and sorghum in summer,
but various other crops are also grown more or less fre-
quently according to sub-region, including chickpea,
barley, canola, sunflower, mungbean (Osten ef al. in
press) and cotton (Walker et al. 2005). Both summer
and winter cropping are dependent on soil moisture
levels within appropriate planting windows.

Weed diversity and vigour also vary with climate
throughout the region and from year to year (Osten et
al. in press). Winter weeds include wild oats (4vena
fatua L.), turnip weed (Rapistrum rugosum L.) and (in
northern NSW) annual ryegrass (Lolium rigidum Gau-
din). Summer weeds include barnyard grass (Echino-
chloa spp.) and liverseed grass (Urochloa panicoides
Beauv.). Sowthistle (Sonchus oleraceus L.), the weed
most widely spread throughout the region, may be
present in both summer and winter seasons.

Control strategies for varying suites of summer
and winter weeds are made more complex by the
variability in timing and length of fallows, and by the
widespread adoption of minimum tillage cropping
strategies in the region. Following the introduction of
minimum tillage, herbicide use has become the pri-
mary means of achieving pre-planting weed control;
thus, there is increased pressure on weed populations
to evolve resistance to one or more of the herbicide
groups used.

Modelling weed populations The northern region’s
diversity of crops, weed species and climatic condi-
tions complicates both weed control and analysis of
weed dynamics. An effective model of the develop-
ment of herbicide resistance in this region must take
this variability into account in order to provide useful
predictions. Existing models of, or including, herbicide
resistance in Australian cropping systems include
simplified cropping processes and/or population dy-
namics processes (Diggle e al. 2003, Pannell et al.
2004). While they produce robust predictions of the
rate of herbicide resistance under typical conditions
for the regions in which they were developed, they
are insufficiently sensitive to provide comparisons
between rates of resistance evolution under the broad
set of agronomic tactics and cropping regimes used
in the northern grain region.

In order to attempt to account for this variabil-
ity and complexity, and to produce a set of detailed
recommendations for reducing the rate of herbicide
resistance evolution, we have elected to couple a
crop model with extensions allowing for aspects of
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population dynamics that crop models do not normally
consider. Using a crop model allows us to simulate the
weed population’s responses to highly variable growing
conditions (including climatic and agronomic factors)
over a number of years or decades, without needing to
produce a detailed model of competition and resource-
limited growth from scratch.

Crop models in general consist of a set of equa-
tions that model growth and yield-related biological
processes, giving daily or end-of-season predictions
of factors such as yield and biomass, from a set of
inputs including seeding rates, rainfall, soil type,
and fertiliser applications. The crop model APSIM
(Agricultural Production system SIMulator, Agricul-
tural Production Systems Research Unit) (Keating et
al. 2003) is a modular set of models that have been
shown to produce realistic yield predictions for a wide
variety of crops.

Crop models do not generally include simulation
of processes that occur outside of the crop growth cy-
cle; factors such as entry of seeds into the seed bank,
mortality in the seed bank, gene flow from outside
sources, gene proportions (such as for single-allele
resistance genes) and subsequent results of mating
within the population are not considered. However,
APSIM is able to create dynamic links with mathemati-
cal process models implemented in Vensim (Ventana
Systems, Inc), and this can be used to simulate the
‘missing’ aspects of weed population dynamics (Smith
et al. 2005).

Our aim is to produce a model that is able to simu-
late seed bank dynamics and evolution of herbicide
resistance in a variety of northern region weeds and
to simulate a realistic range of crop rotations, climatic
variations, and weed control strategies. We intend to
use the model to explore the problem and develop rec-
ommendations for weed control strategies that reduce
the rate of herbicide resistance evolution.

MATERIALS AND METHODS

Software environment The model software environ-
ment consists of a set of APSIM modules and a set of
control and parameter files for the APSIM simulation,
and a Vensim process model split into separate subsec-
tions for seed bank processes, mating processes, and
communication between APSIM and Vensim. This
approach is used to implement a combination of popu-
lation dynamics and population genetics as proposed
in Maxwell et al. (1990), which has formed the basis
of most herbicide resistance modelling in recent years.
The APSIM modules used in the model provide for
simulation management, weather, soil moisture and
nutrient balance, output of variables, growth of crops
and weed species, and competition between them.
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The test case presented in this paper includes a
rotation of winter wheat and sorghum in summer.
The test weed is barnyard grass; it is treated as three
freely-mating sub-populations consisting of three
genotypes (homozygous susceptible and resistant, and
heterozygous for a single dominant gene conferring
glyphosate resistance).

APSIM simulations Parameter and control files
for the APSIM sub-model specify a simulation of 7,
years, with specific start and end dates. For our initial
models, crop rotations include winter wheat with op-
portunity cropping of sorghum in summer. Herbicide
applications are specified as being triggered by weed
population N, given the elapsing of sufficient days
T,, since the previous application, and the absence of
covering crops. Sowing of crops and germination of
weeds from the seed bank are both currently controlled
by date, though it is anticipated that one of the major
improvements to the model will be to implement a
hydrothermal time germination predictor for weed
seeds and a more flexible conditions-based set of sow-
ing rules for the crops; similarly, the fallow system is
not yet fully implemented.

Herbicide applications are specified as affecting
each genotype differently: the susceptible population
suffers M mortality (default = 0.99); the resistant
population suffers M, mortality (default=0.001); and
the heterozygous population suffers M, mortality (de-
fault=0.15). APSIM is able to return a ‘stress’ factor
and a growth stage for its plant populations, and it is
anticipated that these will be used in future to drive a
more flexible system of predicting kill rates from any
given herbicide application.

One of the key advantages of APSIM is that it
operates through a scripting language, with events
triggered by conditional values of any of the variables
present in the modules being used — that is, rules
for applying weed control tactics can be conditional
upon any combination of (for example) date, day
of year, soil moisture, or in the case of our models,
weed population density, and different results of a
single rule can be applied to several variables. This
represents a significant programming advantage over
what is available in mathematical modelling packages
such as Vensim. Further, APSIM makes it relatively
simple to produce historically accurate simulations,
with realistic variation in on-farm decision-making
over several decades.

Vensim sub-models The Vensim model is split into
sub-models for seed bank processes, mating processes,
and communication with APSIM. The communication
sub-model is the simplest of these; it consists of a set



of variables that are set daily by APSIM, and which
are then used in various places throughout the other
Vensim sub-models.

The seed bank sub-model contains a set of state
variables (or compartments); specifically, three age
classes of seeds (that is, seed from the most recent
season; seed from the previous season; and seed from
two or more seasons before the current one) for each
of the three weed genotypes (homozygous suscepti-
ble, homozygous resistant, and heterozygous). Each
compartment has outflows for germination, which only
occur on the specified germination date, and annual
mortality (M, ,, ;), which is simplified as also occur-
ring on a single specified date. Age compartments
one and two also have an outflow for transfer to the
succeeding age class, and therefore age classes two and
three have a corresponding inward flow. It is currently
assumed that these flows are equal to the current value
of the transferring seed bank compartment, that is,
after seed losses from mortality have been accounted
for. The first age class has an inward flow represent-
ing seed rain. Each inward and outward flow may be
affected by one or more constants, all user-specified to
enable the user to parameterise the model for particular
weed species. The key state variables are constructed
as integrated differential equations resulting from the
daily accumulation of values of the flows in and out.
Thus, the changing values of the state variables are a
description of the dynamics of the whole system.

The mating sub-model also contains a set of
compartments. However, the values of these compart-
ments are determined in a single time step, used to
determine numbers of progeny in various classes, and
then discarded; thus, they are not dynamic in the sense
of'the seed bank compartments. This sub-model takes
the number of adults in each genotype at ‘mating day’
and determines the number of progeny (that is, seed
numbers in the succeeding generation) represented by
ova that carry the susceptible or the resistant allele in
each parent genotype. Obviously, homozygous parents
only produce a single class of ova and heterozygous
parents are assumed to produce an equal number of
resistant and susceptible ova. The model considers
both ‘self’ pollen and ‘loose’ pollen, and the amount
of selfing present in the population is given as P,. The
‘selfed’ pollen proportion is equal to the parent geno-
type’s pollen proportion, that is, 100% susceptible for
the susceptible parents, 100% resistant for the resistant
parents, and 50% of each for heterozygous parents. The
‘loose’ pollen proportion is given as proportional to the
total number of susceptible and resistant alleles in the
whole population, and this ‘loose’ pollen determines
the genotype of 1—P, of the total number of progeny
for each of the different sets of ova.
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RESULTS

Sample simulations under different assumptions for
the initial level of herbicide resistance in the population
were used to produce the data shown in Table 1. The
simulations were carried out using a clay loam soil,
with historical weather data collected at Goondiwindi
over 20 years. This simplified simulation runs with
winter wheat each year, and sorghum every second
summer. Barnyard grass is grown in summer as the
test weed, and the herbicide studied is glyphosate.
The same cultivars are used for wheat and sorghum
throughout the simulation, and the herbicide is as-
sumed to have been available from the beginning of the
simulation. The initial population is assumed to have
undergone no prior selection for herbicide resistance
and to consist of 40 seeds m™.

Table 1. Barnyard grass seed bank size and per cent
resistance to glyphosate over time, under different
initial resistance frequencies.

Initial resistance Weeds m? Resistance (%)
frequency After  After After  After
Sy 10y Sy 10y
1 x10* 1522.3 16122 78 99
1 %10 64.5 16023 4 35
1 x107 17.1  1617.1 <1 22
DISCUSSION

Barnyard grass is highly fecund; under all but very
high densities, plants can produce tens of thousands of
seeds per plant (Norris ef al. 2001). Accordingly, in the
model, populations spiral out of control very quickly
unless weed control is well above 99 per cent per year.
The results for adult weed densities after ten years of
simulation in Table 1 show that the model currently
predicts weed populations reaching a self-thinning
limit (derived from an arbitrary carrying capacity in
the current version of the model) within 5—10 years.
Rate of increase in the level of resistance in the popula-
tion appears reasonable, but further investigation and
testing are needed.

Future work The model as presented here is a base
version that must be parameterised in greater detail,
and will need to be improved in several areas. Further
work is needed on improving the relationships between
plant density and seed production, to ensure the model
accounts accurately for intra- and inter-specific com-
petition in both fallow and crop situations. APSIM
limits biomass production on an area basis, but does
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not include within-population mortality due to density
above a carrying capacity; at present this is modelled
through the Vensim components and further work is
needed to improve this aspect of the model. Further,
APSIMs yield reduction according to competition has
been validated within limits sensible for crop produc-
tion, and fine-tuning of the effects of competition on
seed production outside those limits is required in
order to use APSIM to simulate seed production in
weed populations. A future consideration is the issue
of variable germination: barnyard grass, along with
several other weeds of the northern grain region,
germinates in flushes throughout its growing season.
Individuals from later flushes are not likely to be af-
fected by applied control measures to the same extent
as those from earlier flushes. Further, the size and
timing of germination flushes is significantly affected
by current soil conditions. Accordingly, effective pre-
dictions about the population dynamics of these weeds
require a mechanism for simulating these flushes and
the effects of climate on flush germination. A cohort
system will be implemented as model development
continues. A more complete range of control tactics
will be implemented in the model, including a suite
of traditional regional tactics, and a suite of tactics
recommended by Australian researchers including the
National Glyphosate Sustainability Working Group
(www.weeds.crc.org.au/glyphosate/index.htm) for
reducing the rate of evolution of glyphosate resistance.
In particular, the model must be able to simulate the
effects of introducing no-till farming, and the roles
of rotation and complementary use of different herbi-
cide mode of action groups. These control measures
are simple to introduce to the model, but complex to
parameterise.
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